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FOREWORD 

This quarterly journal is one of a series of Technical Progress Re-

views prepared by the Oak Ridge National Laboratory at the request of the 

Division of Information Services, u.S. Atomic Energy Commission. This 

Review is intended to assist those interested in keeping abreast of sig-

nificant developments in the field of nuclear safety. Nuclear Safety is 

not a comprehensive abstract of all literature published in this field 

during a given quarter, but rather a mechanism for presenting concise re-

views of selected subjects as prevailing interest and available informa-

tion warrant. 

Coverage of the Review is limited to topics relevant to the analysis 

and control of hazards associated with nuclear reactors, operations in-

volving fissionable materials, and the products of nuclear fission. Pri-

mary emphasis is on safety in reactor design, construction, and operation; 

however, safety considerations in reactor fuel fabrication, spent-fuel 

processing, nuclear waste disposal, and related operations are also treated. 

Safety in the use of radioisotopes in industry, medicine, and research is 

excluded, as are most topics considered the province of health physics. 

Even with these exclusions, nuclear safety cuts across such diverse fields 

as nuclear physics, solid-state physics, mechanics, chemistry, meteorology, 

geology, seismology, metallurgy, law, and nearly all branches of engineer-

ing. The authors will therefore review material from these fields which, 

in their opinion, has a direct bearing on nuclear safety. 

Three distinctly different types of articles may be found in this 

issue of Nuclear Safety. In addition to the usual reviews of current 
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literature and special review articles on specific topics, this issue ini

tiates a new series of feature articles. The feature article is a solicited 

monograph by a nationally recognized expert on particular topics of interest 

selected by the editors. We are pleased to initial this new feature with 

an article on the Hydrodynamic Stability in Reactors by Eric S. Beckjord 

of General Electric Co. 

Except for the addition of the feature articles, the content and scope 

of Nuclear Safety are unchanged. The special articles permit discussion 

of pertinent subjects that cannot be adequately considered by reference 

to only the current literature. The current review articles, however, 

constitute the major portion of this publication. All incoming literature 

(including reports, books) American and foreign technical journals} and 

transactions) is examined for subjects within our area of interest. This 

material is collected} grouped} and reviewed by experts. With the possible 

exception of the invited articles, interpretations in any article represent 

the opinions of the editors, who are employees of the Oak Ridge National 

Laboratory. Readers are urged to consult the references to original work 

for more complete information. 

It is recognized that the critical evaluation of subject areas lead

ing to the determination of criteria cannot fail to stimulate contrary 

opinions. This is expected to be particularly true in the area of nuclear 

safety, since in many instances only preliminary information is available} 

the ramifications are many and varied, and opinion and judgment must be 

relied upon so heavily. While the editors do not propose that the pages 

of Nuclear Safety act as a clearing house for safety correspondence be

cause of the above facts, we have had for some time a policy which would 



iv 

permit the publication of statements of position at variance with those 

expressed by the editors. Such statements will be published after the 

editors have ascertained that a real difference exists and that the posi-

tion is reasonable. 

In addition to the invited contributors, many members of the Oak Ridge 

National Laboratory staff wrote review material, reviewed manuscripts, or 

otherwise contributed to this publication. Their contributions are grate-

fully acknowledged. 

W. B. COTTRELL, Editor 
W. H. JORDAN, Associate Editor 
C. G. BELL, E. E. GROSS, C. E. GUTHRIE, 
W. De LAGUNA, A. W. SAVOLAINEN, and 
C. S. WALKER, Assistant Editors, Oak 
Ridge National Laboratory 
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HYDRODYNAMIC STABILITY IN REACTORS 

Eric S. Beckjord* 

Stability in a nuclear reactor means that the power generation re-

turns to equilibrium after a momentary disturbance. In water-moderated 

and -cooled reactors, changes in flow or coolant density usually affect 

reactivity and hence power. Thus the question of stability in water re-

actors rests to a considerable extent on hydrodynamic effects. 

Hydrodynamic stability is of special interest to reactor safety be-

cause of the possible consequences to a reactor that does not have stable 

hydrodynamic characteristics. One possible consequence is that a large 

reactivity insertion will lead to a power excursion. A second possibility 

t5 fuel element burnout in cases where the instantaneous coolant flow varies 

wiaely from an average value. Altho-ugh the fuel element surface heat flux 

and average coolant flow might be in an operating region that is safe from 

burnout, an extreme flow transient could bring on the burnout condition. 

A third possible consequence is an erratic power signal caused by flow 

pulsations. Large signal fluctuations would make a reactor difficult for 

operating personnel to control. 

Hydrodynamic stability has been the subject of much study and experi-

mental work. The goal has been to establish the conditions for stability 

and the thresholds and causes of instability. This work has been done in 

*Mr. Beckjord, a Nuclear Power Plant Design Engineer, has been with 
the General Electric Company in Palo Alto, California since 1956. He 
graduated cum laude from Harvard College with an A.B. degree in Physics 
and received an M.S.E.E. degree from the Massachusetts Institute of Technology 
in 1956. From 1951 through 1954 he ~;erved as an officer in the United. 
States Naval Reserve. He is a member of Sigma Xi, the American Nuclee.r 
SOCiety, and the American Institute of Electrical Engineering and has 
authored numerous papers on reactor dynamics. 
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the BORAX and SPERT experiments and on operating power reactors such as 

Dresden, EBWR, and VBWR, to name a few. It has also been done in many 

nonreactor loop experiments. The common thread of the reactor and loop 

experiments is two-phase flow of saturated steam and water. The work is 

applicable in varying degrees to all water-moderated and -cooled reactors, 

including boiling-water reactors and pressurized-water reactors with nu-

cleate boiling in individual channels. But there is no single theory that 

describes two-phase hydraulic characteristics over the entire range from 

atmospheric pressure to 2000 psia. 

Hydrodynamic instabilities fall into two classes from the reactor 

point of view. The first class includes power-to-reactivity feedback in-

stabilities in which hydrodynamic phenomena predominate. To study this 

class, it is necessary to begin with the theory of reactor stability. This 

topic was reviewed by Welton1 and discussed by Schultz2 . Negative feed-

back from power to reactivity can be defined by the equation 

n( 1") - nb 
h(t -1") d1" n 

o 

where 

p(t) = excess reactivity, 

Pc = control reactivity, 

h( t - 1") = feedback reactivity kernel} 

n( 't) = reactor power, 

n = equilibrium power) 
0 

t = time, 

1" = time variable of integration. 
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Stability is determined from analysis of Eq. (1) and the usual reactor 

kinetic equations. Hydrodynamic phenomena predominate when small changes 

in key parameters of the core hydraQlics can change the feedback reactivity 

kernel, h(t - ~), enough to make the feedback loop stable or unstable. 

The second class of instabilities is reserved for hydrodynamic phe-

nomena that do not require a reactor for excitation. This class is readily 

studied by means of out-of-pile tests and loops. These instabilities, in 

the form of varying coolant flow rates or density waves traveling in the 

fuel channel, would affect the reactor in a way similar to external dis-

turbances. The reactor power would fluctuate with hydrodynamic variations, 

and the result would appear on the neutron-flux recordings. 

It is logical to separate two-phase hydraulics investigations into 

low-pressure and high-pressure studies. Low-pressure systems are generally 

less stable and more difficult to study than high-pressure systems. Under-

standing of the low-pressure, as well as the high-pressure, phenomena is 

important, however, to those concerned with bOiling-water power reactors 

in the case of reactor heating from a cold startup. A division between 

low-and high-pressure systems can be based on the facts that in the low-

pressure system the channel pressure drops have a large effect on change 

of phase, whereas in high-pressure sJTstems the effect of channel pressure 

drops is minor. A useful relation can be obtained by assuming thermody-

namic equilibrium and ignoring, for the moment, the difference in velocity 

between flowing water and steam. The total volume and enthalpy are 

v = M [~v + (1 - x)v ] s w 
(2 ) 
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and 

H = M [xh + (1 - x)h ] s w 
(3) 

where 

v = volume, 

M = mass, 

x = quality, 

v = specific volume, 

H = enthalpy, 

h = specific enthalpy, 

and sand ware subscripts that refer to steam and water. By making dif-· 

ference equations of (2) and (3), the change in volume divided by the initial 

volume for an isenthalpic change is fQ'tmd,to be~ 

/:;,V -= 
V -r 6\: 6Vw 

- (~- 1) :: = ~s] x -(~- 1) 

(~: - 1) x + 1 

& l:N. 
w w ---- +--

h - h V s w w 

With data from steam tables, the values of the quantity 6V/V were calcu-

(4) 

lated for a decrease in pressure of 1 pSi, at several operating preSSLITes. 

The results are given in Table 1. At atmospheric pressure, such a change 

would add 5.76 times the original volume by flashing of steam. The right 

hand column shows the quantity for equal parts by volume of steam and water, 

based on the correlation for void and quality of Martinelli.3 Thus, at 

100 psia, a volume expansion of 10% of the two-phase fluid would occur 
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Table 1. RELATIVE ISENTHALPIC VOLUME CHANGE OF 
SATURATED STEAM AND WATER AS A FUNCTION 

Pressure 
(psia) 

14.7 

25 

50 

100 

200 

500 

1000 

OF QUALITY 

b,v -xc v . 

101. 2x + 5. 76 
1600x + 1 

34.9x + 2.26 
963x + 1 

8.69x + 0.686 
492x + 1 

2.16x + 0.210 
249x + 1 

0.553x + 0.648 
123.5x + 1 

0.0786x + 0.0141 
46x + 1 

0.0196x + 0100443 
19.6x -1- 1 

b,v 
- for One-v 
Half Volume 
Fraction 

3 

1 

0.3 

0.1 

0.03 

0.01 

0.003 

a~ross a channel with a I-psi pressure drop. In this situation 100 psia 

might be chosen as the division between high and low pressure, because 

expansion would be larger than 10% at the lower pressure and would have 

la.rge effects on flow. At higher pressure the effects of expansion would 

become negligibly small. 

Low-Pressure Tests 

The SPERT I experiments providecl a vast amount of data on water re-

actor behavior near atmospheric pressure. A particularly interesting as-

pect of the tests was the spontaneous power oscillation that began after 

initial reactivity insertion and after shutdown. 4,5 Tests were run with 

a 2-ft and with a 9-ft head of water over the core aad vTith various ramp 
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rates and total reactivity insertions. Some of the observations were the 

following: 

1. The stable power level (of nondivergent oscillations) was found to be 

about twice as high with the 9-ft head as with the 2-ft head. The cor

responding reactivity in steam voids was about 15% higher with the 2-

ft head. 

2. For the same reactivity insertion, the peaks of the power bursts were 

from 3 to 10 times higher with the 9-ft head than with the 2-ft head. 

3. The period of oscillation was about 0.5 sec with water at ambient tem-

perature and about 1 sec with saturated water. 

It was not obvious from the data and observations whether these were feed

back or purely hydrodynamic oscillat~ons. Therefore, because of the dif

ficulties of isolation and measurement of the complex and interacting ef

fects in-pile, a program of out-of-pile studies was begun under simulated 

SPERT LA conditions. 

The experimental apparatus 6 was a natural-circulation, atmospherlc

pressure boiling loop. The heated section was similar to the SPERT coolant 

channel, with provision for modulation of the electrical heating power. 

In addition to customary temperature, pressure, and flow instrumentation, 

an x-ray densitometer was used to measure transient voids. Wright ami 

Zivi 6 ,7 ascertained the small Signal response of the channel steam void 

to sinusoidal power modulation from measurements made at frequencies from 

about 0.1 to 10 cycles per second. ~:'hey found a power-to-void response 

in which the amplitude, constant from 0 ~o 0.3 cps, decreased bY,a factor 

of 10 at 3.0 cps, recovered slightly, and then decreased again monotonically. 

The phase-lag angle reached 180 degrees at about 1 cps and increased in 
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proportion with frequency beyond 2 cps. These data, together with the 

measured SPERT IA steam void reactivity, comprise the Fourier transform 

of the reactivity feedback kernel, h, in Eq. (1). From this transforrrl 

and the transform of the reactor kinetics equations, a calculation of the 

instability threshold was made. Theory predicts instability when the gain 

of a negative feedback loop is 1 at the frequency giving a l80-degree phase 

shift to the return signal. The caleulations predicted the threshold at 

a power "somewhat above 260 KW, but l)elow 450 KW. "7 Actual SPERT IA tests 

Bhowed diverging oscillations beginni.ng at about 400 kw) in good agree

ment with the out-of-pile results. In summary, this work gave a convinc

ing demonstration that the immediate cause of the oscillations was the 

power-to-reactivity feedback. 

As it turns out) the story does not end there. Two other instabilities 

of a purely hydraulic nature were found with the same simulated channels. 

~:he first of these was a flow oscillation which occurred at about twice 

the power input required for the reactor feedback instability and at about 

the same frequency. Thus) it can be inferred that if the reactor feedback 

had not been decisive in SPERT lA, a spontaneous oscillation would still 

have occurred) but at a higher power. A phenomenological mode17) 8 was 

developed to describe the power-to-¥oid transfer functions, and it also 

indicated the flow instability at cor:.stant power. In particular, the model 

predicted that the frequency of oscillation would vary inversely with the 

nonboiling length of the heated channel and that the shorter the nonboiling 

length (less subcooling), the less stable the flow would be. The out-of

pile loop exhibited both characteristics. The cause of instability in the 

model was found to be a complex interaction between the channel inlet and 
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exit flows and the steam void} which is itself a feedback process through 

hydrodynamic pressure-drop variation and water-temperature variation in 

the channel. Nyquist plots of the feedback functions were shown to ap

proach the point of instability as the loop power input was increased and 

as the nonboiling length was decreased. 

The second instability was found in simulated SPERT IA channels of 

welded construction that gave poor steam-bubble nucleating characteristics 

compared with the riveted sections which were first tested. Flow oscilla

tions occurred at power levels below those which would lead to feedback 

instability in the reactor, but at about one-half the frequency, The ex

planation was not clear at the time} but energy storage in superheating 

of the water was suspected. The superheating was postulated to result 

from a lack of bubble-nucleating sites. In order to substantiate the hy

pothesis, constant inlet flow tests were needed so that the water tempera

ture could be determined as a function of position in the channel and, 

hence} the degree of superheat} if any. At this point it should be noted 

that this effect took place only in the simulated channel with poor bubble

nucleating characteristics. It was not observed in the actual SPERT IA 

reactor tests. 

The superheat energy storage hypothesis was confirmed in forced

circulation tests on similar channels at constant inlet flow. 9 The in

stability appeared in the form of large bubbles expanding, rising, and 

leaving the channel at the rate of about seven per second. Bubble forma

tion occurred~t a point where the water was indeed superheated by 1.9°C, 

based on the investigators calculations. One of the most interesting as

pects of this experiment is the I-psi pressure variation} coincident with 



the hydraulic oscillation) which was measured at the channel inlet. The 

saturation point along the channel changed with pressure and accounted for 

the water superheating. The variation in static head from the steam void 

bubble) the average length of which is 6 in.) accounts for only 0.2 of the 

l-psi variation. The remainder must be due to the acceleration and fric

tion of the water slug. The acceleration can be ealculated from the data 

in the report9 based on the distance and time over which the water slug 

accelerates. It can also be calculated by Newton's second law. Both 

methods give the surprising figure of 90 ft/sec2 as the average accelera

tion of the water slug from an initial velocity of 2.4 ft/sec required to 

eject the slug from the channel a distance of 8 in. in 0.105 sec. 

Low-Pressure Analysis 

Analytical prediction of the dynamics of low-pressure two-phase flow 

from basic principles has met with little success. Two of the major con

tributing factors to this failure are insufficient knowledge of two-phase 

flow mechanics and the question of thermodynamic equilibrium. The first 

hurdle requires assumptions on the velocity of steam relative to that of 

water. The second is usually bypassed by the assumption that the transient 

is a succession of equilibrium states. Experiments have) however) shown 

a number of exceptions) notably the superheating of water. 

The attempts at low-pressure analysis have none the less been useful. 

One of these) by Fleck)10 points out the momentum effects in the two-phase 

loop. An increase in steaming rate exerts a pressure in the boiling sec

tion that acts to accelerate the fluid above and to decelerate the flllid 

in the downcomer. Momentum conservation is an extremely important fact 

in the behavior of two-phase flow loops. In the example of the simulated 
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SPERT IA channel with poor nucleating properties, instability was observed 

at about the same power level in nat11ral circulation and with a pump. There 

was, however, a factor of 10 or so difference between the frequencies of 

oscillation. The essential difference between the two cases was that in 

natural circulation the sudden growth of the bubble acted in both direc-

tions and caused inlet flow variations, as well as exit flow variations. 

In the forced-circulation case the pressure was too small to make a no-

ticeable effect on inlet flow. 

Acoustic Waves 

Acoustic waves have for some time been suspected of playing a part 

in hydraulic instability, but their role has not been clearly established. 

At atmospheric pressure the acoustic speed is low because the medium is 

highly elastic. For adiabatic conditions, the sound velocity can be cal-

culated from Eq. (1) and the steam volume fraction versus Quality correla-

tion, EQ. (4). The calculated velocity of sound in a saturated steam and 

water mixture at atmospheric pressure is given below: 

Steam Sound 
Volume Velocity 

Fraction (ft/sec) 

0 3.7 
0.1 4.2 
0.2 4.7 
0.3 5.3 
0.4 6.0 
0.5 7.0 
0.6 8.0 

Although measurements for steam and water mixtures have not been reported, 

reduced sound velocities in air and water mixtures have been predicted 

and measured by Karplus. 11 
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In the case of the reactor, the question to be answered is whether 

or not an acoustic wave originating in the core can be reflected with suf

ficient amplitude from the region above to cause a void oscillation and 

a power oscillation. Fleck12 has considered this question and performed 

numerical calculations of reactor transients using compressible-flow hy

drodynamics equations. He concludes that such variations are not to be 

expected because of strong damping of acoustic waves in the medium. 

Gravity Oscillation 

Gravity oscillations can occur in systems with free surfaces or equiva

lent U-tube flow paths. These are most likely to be of concern in reactors 

at low pressures, because steam flashing or condensing can become a driv

ing force to the long water paths. The undamped natural period of U-tube 

oscillations is 

where L is the path length. This type of oscillation may have been a factor 

in the EBWR low-pressure oscillations at startup, as reported by Thie. 13 

High-Pressure Tests 

Operation and testing have shown that boiling-water reactors are more 

stable at high pressure than at low pressure. Nonetheless, it is neces

sary to understand both the reactivity feedback and the purely hydrodynamic 

phenomena at high pressures. Controlled reactivity disturbances, likE os

cillation of a control rod, have proved effective as a means of obtaining 

data. 

Rod-oscillation tests were made on the EBWR. DeShong and Lipinski14 

reported the analysIs of the results. The tests were done for the most 
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part at the design pressure of 600 psig and at progressively high thermal 

power levels up to 50 Mw. Equilibrium power was established for each test, 

and then the control rod was cycled through a short stroke at constant rates, 

from several minutes per cycle to se'veral cycles per second. The magnitude 

and phase of the neutron-flux variation relative to rod position were re

corded. Analysis of the data showed good agreement with an analytical 

model15 of the reactor feedback and system dynamics. The agreement was 

s cant because the parameters for the model were based on the reactor 

and system dimensions and steam table data, with the exception of the slope 

of the steam void reactivity versus :~ower curve. The latter value was 

adjusted in the model to give the best fit with the data. This result 

would indicate that the stability of the EBWR was determined by the feed

back mechanism. Further evidence is the fact that DeShong's16 extrapola

tion of data taken up to the 50-Mw level showed that the feedback instability 

threshold could be expected at about 66 Mw. The EBWR was then operated 

for short periods at 64 Mw and was still stable by a small margin. 

The feedback mechanlsm was apparently the dominant factor In the be

havior of BORAX IV at 300 pSia. Maxon, Schulze, and Thie17 concluded that 

the peaks in the measured transfer functions could be explained by a feed

back function having the magnitude of the known steam-void reactivity and 

the phase lag given by the fuel and steam-void time constants at the fre

quency of the peaks. 

The Dresden bOiling-water reactor is an interesting example to con

sider. Apart from the large thermal power of 630 Mw, it differs from 

SPERT IA, EBWR, and BORAX IV in the long thermal relaxation time constant 

of its 1/2-in.-diam U02-fueled rods. It has, also, an additional negative 
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feedback effect caused by the temperature rise in the low enrichment fuel, 

that is, the Doppler broadening of the U238 capture resonances. This ef

fect is almost independent of steam-void formation. Feedback control 

theory predicts that both effects aid stability. Tests on the reactor,18 

i.n fact, proved that this was the case; the power-to-:reactivity feedback 

loop was exceedingly stable. As a result, the Dresden reactor gave a clear

cut separation of feedback and purel~r hydraulic phenomena. In the ex

periments it was noted that the variations in neutron flux had a root mean 

square amplitude of 3% of the average. These measurements were made on 

j n-core ion chambers. The frequency spectrum of the "noise~! showed a pro

nounced peak at a frequency of 0.17 eycles per second at full power. The 

flnoise" did not originate in the core, inasmuch as control rod oscillation 

tests at that frequency did not exci~e any resonances in the flux response. 

The source of the noise was small amplitude hydraulic pulsations in the 

riser pipes between the reactor and the steam-separation drum. 

The Dresden steam drum is si tua-~ed about 90 ft above the reactor vef;

:~el, and 12 pipes 16 in. in diameter carry the steam and water mixture of 

a.hout 5% quality from the vessel. The small flow pulsations were detected 

by means of gamma-sensitive ion cham1)ers placed along side the risers. 

The peak in the "noise II spectrum of c.hese chambers, which measured racUa

tion from the N16 entrained in the r:i.ser flow, was identical with the pea.k 

in the "noise" spectrum of the core neutron flux. This was identified 

as a purely hydraulic phenomenon act:Lng as a disturbance to the reactor 

core. 

Just as out-of-pile tests were useful at low pressure, they have also 

been useful at high pressure. Hydrodynamic instability is not a new problem. 
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Flow pulsations have been a factor in steam boiler design for years. When 

they have occurred, the designers have suppressed them, usually with flow 

restrictions in the downcomer water path. It is only recently, with the 

advent of nuclear reactors, that the subject has become significant. In 

fairness, however, it should be noted that power reactors are operating 

at higher heat transfer and fluid flow conditions than the boilers of the 

past. In either case, test loops have been used many times to develop 

stable systems. 

The first test system used in connection with reactors was built by 

Wissler, Isbin, and Ammundsen19 to study the use of natural circulation 

for emergency reactor cooling. Although this loop was operated at atmos

pheric pressure, a discussion of it is pertinent here because the results 

have more in common with other high-pressure loop results than the simu

lated SPERT IA results. The loop consisted of a heater, a vertical riser 

pipe to a cooler, and a downcomer. When the temperature of the water was 

kept below the boiling point, stable equilibrium flow was established. As 

soon as boiling was permitted, however, the flow oscillated with a period 

of about 40 sec. Three major conclusions were drawn from the data analy

sis: (1) the force causing the pulsations was generated in the riser 

section and not in the heater section; (2) to sustain the oscillations, 

the product of the coefficient of expansion of the two-phase fluid and 

the vertical height of the riser had to exceed a number which was deter

mined by the frictional force acting on the system; and (3) the period of 

oscillation was approximately the transit time of the fluid up the riser. 

Although some of the details of Isbin, Wissler, and Ammundsen's work must 

be altered for high-pressure systems, the approach points the way to an 
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understanding of flow pulsations in high-pressure steam-water loops. The 

paper is worthy of more attention than it has received. 

Extensive tests with a 1000-psia natural-circulation loop were re-

ported by Levy.20 The loop included a 9-ft electrically heated test sec-

tion, for simulation of reactor fuel elements, a riser, a steam drum, and 

a downcomer return line. The total vertical height was about 24 ft, and, 

of this, the riser accounted for about 13ft. Flow pulsations were ob-

served over a broad range of exit steam qualities. They could be damped 

by downcomer restriction. Accompanying the loop flow pulsations were co-

herent pressure-drop variations measured across the 9 ft heated section 

and the riser. The period of oscillation varied from 2 to 4 sec, depend-

ing on the loop flow rate. The threshold of instability was found to be 

most sensitive to subcooling. As sub cooling vms increased, instability 

occurred at lower steam quality and steam void fraction and a higher loop 

flow rate. The effect of subcooling is summarized in Table 2. The first 

collllln of Table 2 gives the magnitude of the flow oscillation as a per-

centage of the average flow. It is thus a relative measure of stability. 

The remaining columns give the subcooling, mass flow rate, quality,and 

steam void fraction, respectively. 

Flow 
Oscillation 

(%) 

3 
5 

15 

Table 2. STABILITY CHARACTERISTICS OF A 1000-PSIA 
NATURAL-CIRCULATION BOILING-WATER LOOP 

Subcooling :Mass Flow Rate Steam Void 
(Btu/lb) (lb/hr' ft2) Quality Fraction 

x 106 

95 0.59 0.32 0.79 
110 0.73 0.15 0.67 
l23 0.82 0.12 0.62 
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The observations of Levy20 on burnout of the test section deserve 

comment. The temperature of the heater section was continuously measured 

to determine the burnout point, and this measurement was used to actuate 

a power circuit breaker for protection of the element. The actual burn

out thresholds had been determined prior to the stability experiments. As 

long as the loop was nonoscillatory, or only slightly so, it would operate 

close to the burnout threshold. When the flow was oscillating by 10 to 

15% near the threshold, however, burnout conditions occurred. Thus loop 

instability can cause burnout at average conditions that are normally be

low the threshold. The inference in such cases is that the instantaneous 

values of flow and steam quality exceeded the threshold. 

A series of flow stability tests on a channel operated over a pres

sure range from 600 to 1600 psia were described by Quandt. 21 A parallel 

connection of the heated section and a bypass channel were used instead 

of the single-path circulating-flow loops previously mentioned. This ar

rangement offered the advantage of eliminating, to a considerable extent, 

the effects of the loop on stability by permitting the experimenter to 

fix the pressure drop across the heated section. Examination of the data 

showed the same trends with respect to subcooling, mass flow rate) and 

steam quality as in the preceding example. 

High-Pressure Analysis 

An analYSis of the causes of instability in Levy's loop20 based on 

the equations of conservation of mass, conservation of energy, and of total 

forces acting showed three major factors.22 The first was the transit 

time of fluid across the two-phase portion of the loop. Changes in fluid 

conditions at the inlet of the two-phase section did not establish themselves 
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immediately across the whole section but, rather, required on the order 

of one transit time to do so. For example, the average steam void in the 

riser can be approximated by the transformation 

1 tIt r u(X,t)ax=rJ u(o,t)wdt 
o t....;(L/w). 

, (5) 

where 

L = riser length, 

u(x,t) == steam void fraction as a function~of position and time, 

w == fluid flow velocity. 

The average steam void determines the static head in the riser. The static 

head in turn determines the natural-circulation driving force in the loop. 

Thus, the transit time of the two-phase fluid introduces a delay in the 

effect of this force. Changes in frictional forces in the two-phase sec-

tion that result from void fraction changes are also delayed. If the loop 

is unstable, it tends to oscillate at periods in the vicinity of this 

transit time. 

The second important factor is the dependence of steaming rate on 

both subcooling and inlet mass flow velocity. This is shown in the fol-

lowing equation: 

Q == Q - IiI (h . - h. ) s W l 
(6) 

where 

Qs = heat rate forming steam, 

Q = total heat input, 

m == inlet water flow rate, 
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h = saturation enthalpy of water, 
w 

h. = inlet water enthalpy. 
1 

The steaming rate at fixed inlet subcooling thus decreases with increasing 

inlet velocity, and vice-versa. The consequence of this decrease is, after 

the passage of a transit time, to add to the water in the riser and to 

diminish the natural-circulation driving force. Deceleration of flow will 

follow, and then there will be an increase in steaming. Following this 

greatly simplified cycle, the possibility of oscillating flow can be seen. 

The third important factor is a frictional pressure drop in two-

phase flow sections that decreases with increasing water inlet flow. The 

phenomenon occurs under some conditions and can be clearly seen in the 

following way. The total volume flow in the two-phase section is the sum 

of the water-volume rate and the steam-volume rate. It can be derived 

from conservation of energy. By omitting the energy storage terms, it 

can be seen that 

v 
. 

_Q -+~ tl 
p A(h - h.) p A wsw w 

- = 
A 

where 

v = volume flow, 

A = cross sectional area, 

p = denSity, 

h = enthalpy, 

h - h. w J. 

-h 
w 

(7) 

and wand s are subscripts denoting water and steam, respectively. Equa-

tion (7) is revealing because it shows that the two-phase volume flow 

rate increases with inlet mass flow rate provided 
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1 

When the inequality is reversed, the two-phase volume flow actually de-

creases with inlet mass flow rate. In an example of the latter case in 

which the inlet water velocity is suddenly increased after a period of 

steady flow, the volume flow decreases in accordance with Eq. (7). Then 

the average steam void fraction begins to decrease and more flow area is 

available for the water in the two-phase section. The water will accord-

ingly decelerate. Thus the increasing inlet flow causes the actual water 

velocity in the two-phase section to decrease, and hence the friction pres-

sure drop also decreases. If the two-phase friction pressure drop is 

large enough relative to the friction pressure drops in the single phase 

part of the loop, a net decrease for the loop will occur, and this will 

cause instability or oscillation. Figure 1 shows a plot of the key func-

tion, 

1 , 

relative to system pressure and inlet subcooling. The region above the 

curve for N = 0 is a stable operating region. The region below is one 

of more and more probability of instability. 

The analysis shows in some detail the parameters that stabilize the 

system and those that do not. Briefly) restrictions in single-phase sec-

tions stabilize; so also does large fluid inertia in the downcomer. Re-

strictions in two-phase portions, high flow rates) and large subcooling 

together may destabilize. Chilton23 discusses this negative friction-



'0 
'iii 
a. 

UJ 
cr: 
:::> 
<f) 
<f) 
w 
0:: 
a. 

200 

100 

40 

20 

21 

UNCLASSIFIED 
ORNL-LR-DWG 70588 

INLET SUBCOOLING (Btu/lbl 

Fig. 1. Volume Flow Parameter. 



22 

pressure-drop phenomenon in a paper which shows how to avoid designing 

systems with such unstable regions. 

Oscillations in two-phase flow loops were also considered by Wallis 

and Heasley. 24 Their methods differ in detail from other presentations, 

but their conclusions about the causes of instability are in agreement 

with reference to the driving head in the riser and the period of oscil

lation. The effect of a restriction in the riser is considered in great 

detail and is found to be destabilizing. Their experimental results were 

obtained in a novel fashion: the working fluid was pentane, and the loop 

was constructed of glass and Tygon tubing. 

Conclusions 

1. Tests on experimental boiling-water reactors have shown the re

activity feedback mechanism to be the dominant factor in determining dy

namic performance. These demonstrations are extremely important to re

actor design, because the reactivity feedback mechanism is quite well 

understood, particularly at high pressure. Thus stable feedback can be 

achieved by proper design. 

2. Purely hydrodynamic instabilities have been observed in electri

cally heated test sections and flow loops, but their thresholds have been 

well beyond other limits on reactor power and flow, with the one excep

tion of the poorly nucleating SPERT IA simulated channel. 

3. At low pressure, the hydrod:rnamic instabilities noted were of 

two types: gross flow pulsations and density waves with constant inlet 

water flow. Substantial experimental progress has been made in descrtb

il~ the phenomena) but analysis and prediction of dynamic effects are dif

ficult tasks that are in early stages of development. One question that 
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should be resolved is why decreased sub cooling makes the low-pressure loop 

less stable, when it does just the opposite at high pressures. 

4. At high pressures, the only observed instability has been gross 

flow pulsations. These have occurred at high steam quality and high in-

let subcooling. Their analysis and prediction have been confirmed by tests. 

Stable hydraulic operation at high pressure is accomplished in design stages 

by reducing sub cooling or including sufficient velocity-dependent pressure 

losses in the single-phase water portions of the loop. 
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REACTOR SITE CRITERIA 

The Atomic Energy Commission has established criteria for use in 

evaluating proposed sites for stationary power and test reactors licensed 

by the AEC. The approved Site Criteria Guides were released in the Federal 

Register on April 12, 1962, and will be incorporated in Title 10, Code of 

Federal Regulations, as Part 100, effective 30 days from the date of pub-

lication. The approval of these was preceded by more than three 

years of intensive study, during whlch proposed guides appeared twice in 

the Federal Register1 ,2 for comments - which were profuse on both occa

siems 3 ,4 - and following which the proposed guides were extensively re

vised. The last revision incorporated many of the comments, and the pub

lished document has been designated a guide for an interim period until 

enough experience ca.n be acc1)mulated with reactors to permit the writing 

of more definite standards. 

The approved site criteria differ from their immediate predecessors 

in several significant pGints. A predominant point of objection vms the 

inclusion of a sample calculation of environmental and distance charac

teristics as an appendix to the proposed guides on the grounds that (1) 

the definite numerical values used in the sample calculation gave an as

pect of undue rigidity to the guides and (2) the example tended to em

phasize unduly the concept of environmental isolation. This objection 

was resolved not only by deleting the sample calculation from the guide 

and placing it in a separate documentS but also by identifying the cri

teria as interim measures and by stating that the "applicants are free 

and indeed encouraged to demonstrate to the Commission the applicability' 
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and significance of considerations other than those set forth in the 

guides. II 

other changes in the criteria were incorporated in an attempt to 

clarifY the intent of the Commission on specific subjects and to cover 

additional points that were raised by the comments. Thus some further 

clarification is now included on the following issues: (1) multiple re

actors at one site, (2) dependence upon isolation vs engineered safety 

features, (3) applicability to mobile reactors, (4) effect of population 

growth, and (5) population center distances concept, as follows: 

1. The siting criteria for multiple reactors at one site may be 

determined on the basis of the reactors evaluated individually if the re

actors are independent to the extent that an accident in one does not re

sult in a simultaneous accident or disruption of operation of adjacent 

reactors. 

2. The revised guides still reflect the Commission's emphasis on 

isolation, although the phraseology has been modified to indicate a po

tential willingness to accept engineered safety features on proven plants 

in lieu of isolation. 

3. Although the general safety concepts embodied in these criteria 

may be expected to be applicable to all power reactors, these guides were 

not meant to be directly applicable to other than stationary plants and 

have been restricted accordingly. 

4. No guidance is given on the implications of future population 

growth in the vicinity of a reactor, although it may be implied that each 

nuclear installation should acquire sufficient experience with engineered 
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safeguards to make it possible to rely on such factors rather than isola

tion as the surrounding population increases. 

5. The population center distance concept} although not entirely 

satisfactory} reflects an accurate guide to current siting practices. 

It was said to be retained in lieu of any better technique of both (a) 

limiting the total population exposure and (b) providing protection against 

excessive exposure doses to people in large centers where protective meas

ures may not be feasible. This latter reason, however, indicates Com

mission reluctance to accept containment systems at face value} inasmuch 

as the man-rem concept advocated both here 6 and by the ACRS7 is a direct 

means of specifing population expoSlll'e. 

Stipulations of Current Criteria 

The published site criteria document does not differ substantially 

in principle from the previous draft. The criteria define three distances 

from the reactor whi ch must meet ce:rtain conditions. These distances 

are the exclusion radius, the low-population distance, and the population

eenter distance. The population-center distance is defined as the dis

tance from the reactor to the nearest boundary of a densely populated 

area containing more than about 25}000 residents and is somewhat arbi

trarily taken as 1 1/3 the low-population distance. On the other hand, 

both the low-population distance and the exclusion radius are related to 

exposures which are calculated at those distances following the maximum 

credible accident. The exclusion area is the area immediately surround

ing the reactor that is under the control of the reactor operator and 

which is of such size that an indiv::~dual located at any p.oint thereint 

for 2 hr immediately following the maximum credible accident would not 
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receive a total radiation dose in excess of 25 rem to the whole body or 

300 rem to the thyroid. The low-population zone is the area immediately 

surrounding the exclusion area that contains residents, with the total 

number and density being such that there is a reasonable probability that 

appropriate measures could be taken in their behalf in the event of a 

serious accident. This zone is of such size that an individual located 

at any point on its outer boundary during the entire time of passage of 

the activity released from the maximum credible accident would not re

ceive a total radiation dose in excess of 25 rem to the whole body or 300 

rem to the thyroid. 

The site criteria also list the following factors that are to be 

taken into consideration when evaluating sites (and hence also when cal

culating exposures at the specified distances): 

1. Characteristics of the reactor, including the utilization of the 

reactor, design of the facility, features affecting activity release, and 

engineering safety features; 

2. Population denSity and use characteristics of the site environs, 

including the exclusion area, low-population zone, and the populatioE

center distance; and 

3. Physical characteristics of the Site, including seismology, me

teorology, geology, and hydrology. 

Calculational Procedures 

The example of the calculational procedures included in the second 

uraft as an appendix has been deleted from the criteria, but it has been 

expanded and incorporated into a separate report. s The report recognizes 

that there will be significant differences between d:i_fferent reactors 



and different containment systems. The analytical example that was pre-

sented referred specifically to the maximum credible accident} which was 

defined for pressurized- and boiling-water reactors. It was noted that 

other types of reactors would have "to postulate ••• corresponding maximum 

credible accidents ••• by similar analyses. II The fundamental assumptions 

on which the distances are calculated, with estimates of the degree of 

conservatism represented in each case} are quoted in the following: 

"1. Experts agree and experience to date} though limited, 
confirms that there is only an exceedingly small probability of 
a serious accident in reactors approved or likely to be approved 
for construction. [~ The probability is still lower for an ac
cident in which significant amounts of fission products are re
leased into the confined primary coolant system and a great deal 
lower for accidents which would release significant quantities 
of radioactivity from the primELry system into the reactor build-

"2. It is assumed that the reactor is a pressurized water 
type for which the :!Y'..8.xim1.:IIr.!. cred.i ble accident will release into 
the reactor building 100 perce:lt of the noble gases} 50 percent 
of the halogens and 1 percent of the solids in the fission pro
duct inventory. Such a release represents approximately 15 per
cent of the gross fission product activity_ 

"3. Fifty percent of the iodines in the containment vessel 
is assumed to remain available for release to the atmosphere. 
The remaining fifty percent of the iodines is assumed to absorb 
onto internal surfaces of the reactor building or adhere to in
ternal components. Rather than the assumed reduction factor of 
two} it is estimated that remoyal of airborne iodines by various 
physical phenomena such as adsorption, adherence and settling 
could give an effect of 3-10 reduction in the final result. 
Credit has not been taken for the effects of washdown or filter
ing from protective safeguards such as cooling sprays and inter
nal air recirculating systems. Washdown features and filtering 
networks could provide additional reduction factors of 10-1000. 

"4. The release of available (airborne) radioactivity from 
the reactor building to the environment is assumed to occur at 
a constant leakage rate of 0.1 per cent per day. The leakage 
and pressure conditions are as:::umed to persist throughout the ef
fective course of the accident, which for practical purposes, 
would be until the iodine activity becomes insignificant. The 
maximum pressure wi thin the reE,ctor building and the leakage rat.e 
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would actually decrease with time as the steam condenses from 
contact with cooling surfaces. By assuming no change in leak 
rate as a function of pressure drop, it is estimated that the 
final off-site doses calculated may be too high by factors of 
5-10. 

"5. Atmospheric dispersion of material from the reactor 
building is assumed to occur accofdipg to the well-known rela
tionship developed by O. G. Sutton (9] involving meteorological 
factors of wind velocity, atmospheric stability, and diffusion 
parameters. Application of this tr~atment to reactor hazards 
analysis was discussed in WASH-740, Ia] and AECU-3066. D-QJ Re
cently a simplified method of dispersion calculation has been 
proposed, by Pasquill Cl:jJ and Meade, Il-~ which reflects recent 
dispersion field tra.ils, as well as current dispersion theories. 
This method the same num~rical results as the Sutton method 
in the present application to a distance of about seven miles. 
Beyond this distance, the new Inethod predicts somewhat 
concentrations. 

116. The assumption is made that a shift in wind direction 
does not occur for the duration of the leakage of the fission 
products from the containment lJarrier. If leakage from the con
tainment barrier is assumed to occur over a significant time 
period, (in the order of days) a reduction factor of 2-50 could 
result from shifts in ~~nd directionc. Wind meandering from any 
one centerline direction might also result in a reduction factor 
of approximately 3. 

"7. Atmospheric dispersion is assumed to occur under in
version type weather conditions. For weather conditions which 
exist for percent or so of ~~he time at most sites J the at-
mospheric dispersion conditions could be more favorable, by 
factors of 5-1000. Il~ 

"8. Cloud depletion as g:::oound deposition (particulate fall
out) is not assumed during cloud travel. Such deposition during 
cloud travel could reduce the low population zone distance by 
factors of 2-5. 

119. In calculating the d~_rect gamma dose, credit is not 
taken for shielding by the containment structure and applicable 
reactor shielding or topography_ In some cases it is recognized 
that such shielding could reduce the direct gamma dose by a 
factor of 2-1000. 

1110. Decay of fission products is assumed while they are 
confined to the containment bu=~lding but is not assumed during 
their transit to the receptor point. The decay enroute is not 
significant for the conditions of release considered here but 
would lower the calculated doses slightly if included. 
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"11. In determining the whole body direct gamma dose} only 
the external gamma dose due to the fission products contained 
in the reactor building was considered significant for the as
sumed conditions. The whole body direct gamma dose due to the 
cloud passage for the assumed conditions would contribute on the 
order of 1-10 percent of the total whole body direct ~amma dose 
at the exclusion and low population zone distances. I1g If 

The report5 explains that 

If even if the postulated maximum credible accident should, occur 
and if the external containment shell remained intact, the result
ing exposure doses would probably be many times lower than those 
calculated by the indicated method. 

nOn the other hand [ref. 5 continuesL there are potential} 
conceivable conditions which would result in larger fission pro
duct releases than those assumed to be released in the maximum 
credible accident} and the consequences could be more hazardous. 
Other potentially more hazardous factors than those represented 
by the example calculation include the following conditions. 

"1. Total radioactivity releases to the containment vessel 
could theoretically be up to six times as large as those assumed. 
Release of long-lived fission products to the containment vessel 
could theoretically be up to 99 times as large as that assumed. 
These greater releases would affect doses to the lung} bone} and 
total body. 

"2. For some sites} the atmospheric diffusion conditions 
for a small proportion of time could be worse than those assumed 
in these calculations. Such diffusion conditions could result 
in an increase in the inhalation doses. 

113. If the external containment structure should be ren
dered completely ineffective at the outset of the accident} the 
consequences of the "maximum credible" accident would be in
creased many orders of magnitude. In such a case, the dose from 
the cloud and ground contamination could become significant in 
determining the external dose. II 

With the above frame of reference, the report then defines in de-

tail the analytical techniques and procedures common to most reactor haz-

ards reports for calculating external and internal exposures from a 

fission-product cloud. Data are presented for meteorological conditions, 

as given below) which are indicative of the slow dispersion conditions 
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expected to apply between 15 and 25% of the time in most areas of the 

United States. 

Wind speed, u 

. Vertical virtual diffusio::1 
coefficient, Cy 

Horizontal virtual diffusion 
coefficient, Cz 

Stability parameter, n 

1 meter/sec 

0.40 metersn/ 2 

0.07 meters n/ 2 

0.5 (dimensionless) 

The results of calculations em:?loying a containment structure leak-

age rate of O.l%/day were used to determine reference values of distances 

for water-cooled and -moderated rea,::!tors of various power levels. The 

reference values thus obtained are listed in Table I-l. 

"The estimated radii for power reactors are graphically re
presented in Figures 1 and 2. For the exclusion'distance, doses 
from both direct gamma radiation from the reactor building and 
from iodine in the cloud escaping from the reactor building were 
calculated, and the distance established on the basis of the ef
fect requiring the greater isoJ.ation. Figure 1 shows the con
trolling dose for various power levels. 

I1Under the conditions ass·'lIDed, the doses resulting from the 
inhalation of the isotopes of iodine are controlling for the lm'T 
population zone distance and population center distance. How" 
ever, it is possible that such may not always be the case and 
this should be checked for eacl1 case under consideration. The 
low population zone distance results from integrating the ef
fects of iodine 131 through 135. The population center distance 
equals the low population zone distance increased by a factor of 
one-third. Figure 2 shows the relationship between the inhala
tion and direct dose for variO'.Js power levels. 11 

The TID documentS concludes with a comparison of the site distances 

obtained by the above analytical me·~hod with those that have been au-

thorized for operating reactors or reactors authorized for construction. 

These values are given in Table I-2. 
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Table I-I. SITE CRITERIA RADII FOR REACTORS OF 
VARIOUS POWER LEVELS 

Thermal Exclusion- Low- Population-
Pop11lation-Power Area Center 

Level Distance Zone Distance 
(Mw) (mi) 

Distance (mi) (mi) 

1500 0.88 13.3 17.7 
1200 0.77 11.5 15.3 
1000 0.67 10.3 13.7 

900 0.63 9.4 12.5 
800 O. 8.6 11.5 
700 0.53 8.2 10.9 
600 0.48 7.2 9.6 
500 0.43 6.5 8.7 
400 0.37 5.4 7.2 
300 0.31 4.5 6.0 
200 O. 3.4 4.5 
100 0.25 2.2 2.9 

50 0.21 1.4 1.9 
10 0.13 0.5 0.7 

Conclusions 

"One may justly conclude, as the Commission has done, that al
though it is generally recognized that insufficient experience 
with reactors has been accumulated to permit the writing of 
definitive standards that would provide a quantitative correla
tion of all factors significant to the question of acceptability 
of reactor sites, it is possible to provide more guidance than 

exists as to the factors considered by the Commission 
in evaluating reactor sites. CC'he proposed guide ••• is intended 
as in interim measure until the state of the art allows more 
definitive standards to be developed. The guide is a starting 
point that the nuclear community an understanding of the 
basis on which the Commission vill revi'ew proposed sites while 
providing flexibility and freedom for any applicant to demon-' 
strate the applicability and sj_gnificance of considerations 
other than those set forth in the guides. The proposed guides 
do not represent a different approach to reactor siting than 
has been used to date but rather represent an attempt to 
articulate those practices. Application of these criteria will 
result in reactor sites in general agreement with those approveo. 
to date but sufficient flexibi=_i ty has been provided to allow 
for considerations that might J_ead to locations that vary from 
current practice. II 



Table I-2 .. CALCULATED AND ACTUAL SITE DISTANCES FOR SELECTED REACTORS 

ExclUB i on-Area Low- Population-Center 
Thermal RadiUB Population- Distance 
Power Area 

Reactor Level 
(Mw) Calculated Actual Calculated Calculated Actual Distance (mi) (mi) (mi) (mi) (mi) 

Dresden 630 0.50 0.50 7.4 9.9 14.0 
Consolidated Edison 585 0.48 0.30 7.0 9.4 17.0 
Yankee 0.42 0.50 6.3 8.4 21.0 
PRIX! 300 0,31 0.75 4.5 6.1 '7 c; \...d 

I • -' v 

PWR 270 0.31 0.40 4.1 5.6 7.5 
Consumers 240 0.30 0.50 3.9 5.2 .0 
Hallam 240 0.30 0.25 3.9 5.2 17.0 
Pathfinder 203 0.29 0.50 3.4 4.6 3.5 

PG&.E 202 0.29 0.25 3.4 4.6 3.0 
Pniladelphia Electric 115 0.26 0.57 2.4 3.2 21.0 

1'1A.SA 60 0.22 0.50 1.6 2.1 3.0 
CVTR 60 0.22 0.50 1.6 2.1 25.0 
Elk River 58 0.22 0.23 1.5 2.0 20.0 
VBWR 50 0.21 0.40 1.4 1.9 15.0 
Piqua 0.21 0.14 1.4 1.8 27.0 



It is of interest to note that ref 5 tabulates both the conservative 

and nonconservative factors that are involved in the determination of ex-

posures at the distances. Excluding the assumed atmospheric 

dispersion (which appears on both lists), the conservatism in the cal

culation of inhalation exposure may range from 103 to 106, Against these 

are ranged three "potential conceivable conditions" which result in 

exposures; namely, (1) actiYity release, (2) poorer atmospheric 

diffusion, and (3) simultaneous failure of the containment structure. 

Whether or not these three factors are conceivable, as suggested, 

is a question of semantics. Thus it is theoretically possible for the 

total activity release to be up to Bix times as as that assumec1 

(since the release assumed was approximately 15% of the total). In yehT 

of the fuel meltdown experiments that have been performed, the limit on 

the attainable temperature even in a core meltdown, and the known chemical 

reaction behavior of the fission-product elements, however, many respon

sible technical people would conclude that 100% release is not conceivable. 

On the other hand, the second nonconservative factor - poorer atmospheric 

(Hffusion - is not only conceivable but has a 25% probability of occur-

renee, which must be 

volved in the calculation. 

against the other conservative factors in-

The point of greatest concern, however, involves "conceivable" ac-

cidents which could render ineffective the containment vessel, or any 

other engineered safety features, for that matter. This question lies 

at the center of site-evaluation policy today. Present technology is 

adequate to provide containment or safety features or both for nuclear 

facilities at only nominal~ncreases in cost that would permit the location 



of such facilities in population centers and still meet the existing re

quirements for exclusion radius and low-population distance. This pos

sibility is precluded, however, in the present site criteria by the spe

cified population-center distance, which is included as a direct result 

of the lack of confidence in the in"::;egri ty of the existing containment 

systems in the time of need that led the AEC to consider the consequences 

of such an eventuality. The reviewer anticipates that as confidence in 

the integrity of containment syste~s (as well as other engineered safetJ' 

features) is developed through experience and as the need fbr nuclear 

power increases, the present site c::-i teria based on distance will give 

way to criteria based on total pOPQLation exposure. Such site criteria 

would still employ the exclusion-area concept as a means for limiting the 

maximum exposure to anyone individ-".J.al, and the low-population zone and 

population-center distances would ev"olve into a total population exposure 

reqUirement. At such time as this development transpires, the task of 

the AEC will be to establish criter:la for containment systems and engi

neered safety features, and such cr:L teria are possible. 

It will be many years, however, before sufficient experience haE 

been developed to permit this reorientation of siting cy. In the mean-

time, the existing site criteria provide a workable and generally con-

sistent basis for siting reactors. The criteria codify existing ce 

the economic assessment of nuclear power in of a clearly and 

defined s policy. As noted above, however, these site criteria are 

not without certain deficiencies which should be in mind~ 

1. Granting that the value of engineered safety features will be 

subject to the subjective judgment of the Commission's hazards evaluation 



personnel for some time to come, neither the report nor the criteria give 

a substantive indication of the conditions under which distance may be 

traded for engineered safety features. 

2. The population-center distance is currently an arbitrarily se

lected concept and will probably renain so until it can be related to the 

total population exposure. 

3. As with the concept of popluation exposure, the ramifications 

of population growth were not resolved in the present documents but are 

said to be the subject of further Commission study. 

4. The equivalence of the thyroid exposure of 300 rem to the whole

body exposure of 25 rem has not been established. 

5. Application of the criteria to mobile reactors, such as the N.S. 

Savannah, has been specifically precluded, even though the N.S. Savannah 

has a pressurized-water reactor in E steel containment vessel, the most 

common of the species of nuclear plant that the criteria and supporting 

document are directed toward. It iE, probable that the development of a 

consistent siting policy for stationary and mobile reactors will await 

th~ solution to points 1 and 2 above. (William B. Cottrell) 
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HAZARDS OF FAST-BURST FACILITIES 

This discussion of the hazards of fast-burst facilities is limited to 

the hazards associated with facilities of the type developed at Los 

Alamos,14-24 that is, the Godiva reactors and their descendants. For sev

eral years after World War II, ~he Los Alamos Scientific Laboratory car

ried out a series of experiments with the Godiva-type reactors that con

sisted of controlled nuclear excursions triggered by bringing to a critical 

state assemblies of metallic uranium and plutonium. These experiments were 

referred to, more or less facetiously, as I!tickling the dragon's tail, " 

with such characterization being appropriate only to that class of prompt

burst experiments in which reactivity was added and removed mechanically 

and in which quench mechanisms dependent upon fission-energY,release did 

not contribute significantly to the shutdown process. The most important 

single safety feature of a fast-burst reactor is that its negative tempera

ture coefficient is capable of limittng the magnitude of any nuclear ex

cursion. 

The hazards of a fast-burst facility may be categorized as those as

sociated with controlled nuclear exclITsions. If a proper procedure is de

veloped and followed, the nuclear excursion is self-limiting, causes LO 

damage to the reactor, and has no unexpected effects. It has been estab

Ij.shed at Los Alamos1 4 and elsewhere, however, that in the region of in

terest for experimental work the fast-burst reactor is highly sensitive 

to changes in criticality. An ,unanticipated increase of 50 cents to a 

dollar in reactivity at an inopportune moment can cause a nuclear excursion 

that will destroy the reactor. A reactivity increase of more than a dollar 
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could cause correspondingly greater damage. In fact, it is difficult to 

set a reasonable upper limit on the magnitude of the excursion that would 

occur if the reactivity were deliberately increased at the wrong time. 

Thus it is conceivable that such a facility could be operated in a manner 

that would convert it into a low-yield weapon. The Godiva facilities at 

Los Alamos were developed by people who were familiar with weapons technology, 

and the procedures for operation were prepared with full cognizance of the 

dangers. 

A maximum credible accident is definable only in terms of a very 

specifically worked-out procedure for operation that is correlated with 

safety instrumentation and interlockE:. If the operating procedure is fol

lowed, only unanticipated movement of experimental facilities or unplanned 

deviations from the specified procedure can cause unexpected reactivity 

increases in the crucial period. It can reasonably be concluded there

fore that unanticipated reactivity increases of one dollar or more are 

unlikely for the fast-burst reactors now in existence, such as those of 

the Godiva series at Los Alamos, the Sandia Pulsed Reactor, 25, 26 the Kukla 

Reactor at Livermore, 27 and the Health Physics Research Reactor2S,29 to 

be operated at the Oak Ridge National Laboratory. Reactivity increases 

of 50 cents to one dollar would cause nuclear excursions of up to 101S to 

1019 fissions, and, while such excursions would result in the destruction 

of the core, such destruction would terminate the excursion, and the re

lease of fission products could be controlled. The excursion would not 

therefore be hazardous to the public or to the operators of the reactor. 

As mentioned above, however, if the established safe operating procedure 

is not followed, there is no way to set an upper limit on the magnitude 
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of an excursion. The probability of an excursion greater than 1019 fissions 

can be evaluated and shown to be low, but for a reactor that generates sev

eral thousand pulses over a period of years there would be a reasonable 

probability of a large excursion. The probability factor deserves considera

tion in any fast-burst reactor hazards analysis. 

Reactor Description 

A typical fast-burst reactor consists of a spherical (e.g., Godiva I) 

or cylindrical (e.g., Godiva II) assembly of unmoderated, unreflected uranium 

metal fully enriched in U235 • Such 93% enriched material is designated 

Oralloy. Systems using Pu239 (e.g., Je2ebel) have also been studied. Because 

of the relatively poor mechanical properties of Oralloy and plutonium und.er 

thermal-cycling stresses, 28 reactors utilizing these materials are effec~ 

tively limited to fission yields of about 1016. Details on these systems 

and the experiments performed are available in a series of articles on 

~ast-neutron critical assemblies that was published in Nuclear Science and 

Engineering30 in December 1960. Some of the individual articles in this 

f3eries are explicitly referenced in this review. 

The Godiva II reactor is 6.9 in. in diameter and 5.7 in. in height. 

In comparison, the Health Physics ReElearch Reactor (RPRR) at ORNL is a 

right cylinder 8 in. in diameter and 9 in. high. Although the half-widtl:, 

of the burst in Godiva II is to some extent dependent upon the amount of 

excess reactivity and the environmental tamping, it is usually of the ord.er 

of 100 IJ.sec or less. This characteristic half-width is associated with 

all the fast-pulse reactors in operation today. The importance of this fact 

:1.s emphasized by the limitations of available instrumentation. No reliable 

system exists at present that will scram a fast-burst reactor in such a small 



time interval. Hence the burst must be inherently self-limiting, usually 

by thermal expansion. Scram mechanisms are used with fast-burst systems 

to bring the reactor into a disassembled configuration that is below de

layed critical; however, the characteristic operating time of a scram cir

cuit is, at best, several milliseconds. 

The Los Alamos studies, from wh~ch most of the presently known fast

burst reactors derive, indicate the desirability of having the following 

components .. in the core assembly. 

1. A safety block. This usually represents at least $20 in reacti vi ty. 

Vfuen it is removed, the reactor should be subcritical with respect to nearly 

every kind of environmental circumstance. Unfortunately, this precaution 

is not absolute. In most cases, the remainder of the core will be critical 

if surrounded in whole or in part by some effective moderator, such as 

water. This factor must be considered in storing the core in a concrete 

vault; that is, the probability of flooding must be minimized. This factor 

also restricts the range of experiments that can be performed. 

2. Two mass-regulating rods. In aggregate these are fuel rods "rith 

a total reactivity worth of about $2 to $3. These rods are used to adjust 

the delayed-critical configuration or the assembly in its experimental en

vironment. Their reactivity worth, therefore, represents a further re

striction on the range of permissible experiments. 

3. The burst rod. This rod is customarily adjusted so that it will 

add approximately $1 of reactivity to the system in as short a time as pos

Sible, usually several milliseconds. 

The performance of a reactor of this type can be improved by construct

~ng the core out of an alloy of uranium and another metal. For example, 



the HPRR utilizes a fuel alloy that includes 10 wt % molybdenum. 28,29 This 

uranium-molybdenum alloy has significantly better mechanical and thermal 

properties than unalloyed fuel material and is not pyrophoric. Bursts of 

up to 1017 fissions can be obtained with this alloy without damaging the 

reactor. A significantly larger U2J5 inventory is required, however, which, 

in turn, may constitute an additional hazard. 28 

Reactor Operation 

The fast-burst reactor can be operated in two modes, that is, in the 

burst mode and in the steady-state mode. The hazards associated with steady

state operation are those customarily associated with the operation of a 

reactor that is at delayed critical but, in this case, operating at a 

relatively low power so that the hazards are nominal. The hazards are pri

marily those associated with instrumentation L.nd reliability. 

In the burst mode, however, a different situation prevails. The general 

operating procedure is outlined belovr: 

Step 1. Experimental equipment and objects are assembled about the 

disassembled core. 

Step 2. All people leave the building or the area where the experiment 

is to take place. Suitable provisions are made to ensure that no unauthor

ized persons are present. 

Step 3. After all required safety precautions have been taken, the 

reactor is carefully brought to delayed critical by the insertion of the 

safety block, which, as mentioned above, is a piece of fissionable material 

so large that in its absence the reactor is substantially subcritical, and 

insertion and adjustment of the mass-regulating rods. This procedure, which 

is described in detail in many of the hazards summary reports, takes place 
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in the presence of a source of neutrons sufficiently strong for progress 

toward criticality to be followed closely. 

step 4. After the system has been brought to delayed critical, the 

safety block and the neutron source are removed. At this point the mass

:regulating rods may be adjusted to vary the magnitude of the desired burst. 

A waiting period of 15 to 20 min is then observed to permit the neutron 

population in the reactor to decrease. If desired the waiting period can 

be extended until the neutron population has decreased to the spontaneous 

fission level of U238, at which point the neutron population will be very 

low. 

step 5. The safety block is then rapidly inserted, followed by the 

burst rod, which is usually capable of being inserted in a matter of sev

eral milliseconds. Insertion of the burst rod increases the reactivity 

about one dollar, and the final asserrcbly, if nothing abnormal has happened, 

is several cents above prompt critical, and its fission yield can be esti.

mated from graphs such as those shown in Figs. through 1-6, which were 

taken from Ref. The general conclusions to be drawn from these graphs 

are semiquantitatively applicable to this class of reactors. 

When the reactor is operated as in steps 1 through 5 and there are no 

unexpected changes in reactivity as a result of unanticipated movement of 

the experimental facilities or the mass-regulation rods, the resulting 

fission burst is highly reproducible. The time at which it occurs is not 

reproducible, however; in fact, the time may vary from as little as a frac-

tion of a second to more than 10 sec (see 1-3), depending upon how 

low a background of neutrons is present when the burst rod is inserted. 

Approximately 50% of the bursts occur, however, between 1 and 3 sec after 
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1-3. (to be reproduced from 
and Eng., 8(6), December 1960). 

10, p. 703, of Nuclear Sci. 



50 

Fig. I-4. (to be reproduced from Fig. 11) p. 705) of Nuclear Sci. 
and Eng.) 8(6») December 1960). 
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Fig. I-5. (to be reproduced from Fig. 12, p. 705, of Nuclear Sci. 
and Eng., 8(6), December 1960). 
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Fig. 1-6. (to be reproduced from Fig. 13) p. 706} of Nuclear Sci. 
and Eng.} 8(6), December 1960). 
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insertion of the burst rod, although a delay of 45 sec was obtained on one 

occasion by using special techniques. During the period while waiting for 

the neutron population to decrease, and also during the period while wait

ing for the burst after the reactor is prompt critical) it is absolutely 

essential that there be no changes in reactivity. Such changes in re

activity could be caused by the motion of objects exterior to the core 

of the reactor in a direction that would result in increasing the prob

ability of collision and return of a neutron that has left the reactor. 

It should be mentioned that in this \leak-source mode of operation a statis

tical situation exists in which the behavior of the reactor is not governed 

by the usual kinetic equations. A neutron may cause a fission, but the 

neutrons which are produced by the fission may leak out of the reactor with

out themselves causing fission. It is the finite probability of this type 

of leakage that is responsible for the uncertainty in the time interval fol

lowing the insertion of the burst rod and the occurrence of the burst. The 

burst is terminated by thermal expansion of the reactor in several micro

seconds. 

Step 6. The re.actor is scranunecl by anyone of several independently 

operating systems. 31 Thermal expansion alone reduces the reactivity to 

below prompt critical, but scram action is necessary to go below delayed 

critical. 

Sununary and Conclusions 

The imposition of strict administrative procedures and regulations 

governing all experiments that are performed with a fast-burst reactor is 

the only means available at the present time for regulating the amount of 

reactivity that could conceivably be added to the system during the critical 
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period in the fast-burst production sequence. Thus there is great emphasis 

on procedures. Hansen32 has calculated that with a ramp reactivity insertion 

in the presence of a weak source, the resulting yield may be over two orders 

of magnitude greater than that calculated from the kinetic equations. 

The safe operation of this kind of reactor depends therefore on (1) 

carefully trained operating personnel, (2) a carefully thought out written 

procedure that the operators are tra:~ed to follow closely, and (3) the 

presence of reliable instrumentation and interlocks to assist the operators 

in following the procedures. 33 

Various procedures and modes of operation are being considered in order 

to enhance the safety features of fast-burst reactors. One method, for ex

ample, is to operate in the presence of a source of suitable strength so 

that the fluctuation in the neutron population will not occur. Such opera

tion has to be rather preCisely regulated, however, because there tends to 

be a kind of reciprocity; that a predictable pulse may occur at an un-

predictable time or, if the source is of intermediate strength, the time of 

burst may be predictable but the magnitude of the burst may not be control~ 

lable to a sufficient degree of prectsion. This mode of operation ts being 

studied for use with ultrafast burst rods that can be inserted in a millisec

O:ld or less. 26 Another possible safety feature would be the use of various 

ultrasonic or microwave devices for detecting motion by means of the Doppler 

shift effect. Such devices might be used for surveillance of the experi

mental equipment exterior to the reactor to detect motion that might other

wise be unobservable. Initial reports from the manufacturers of such de

vices are not, however, encouraging. 

In summary, the characteristics of some fast burst reactors are com

pared in Table I-3. (P. H. Pitkanen) 



Table 1-3 SOME CHARACTER1S'r1CS OF FAST-BURST REACTORS 

Core geometry 

Core composition 

U235 inventory 

HPRRa 

( ORNL) 

Cylinder 

90% U235 

10% Mo 

Total 103.46 kg 

Safety block 10.1 kg (~20) 

Control rods 1.7 kg ($1.95) 
0.7 kg ($0.83) 

Burst rod 0196 kg ($1.15) 

Reactivity coefficient -0.30 
(cents/o C) 

Maximum burst yield 

Burst half-width 

Neutron leakage of 
maximum burst 

Fission yield of maxi
mum credible accident 

-1. 8 X 10 l '1 fissions 

-48 I1sec 

1. 3 X 1017 

..... 1019 fissions 

aExperimental values given. 

Godiva lIb 
(LASL) 

Cylinder 

100% U235 

57.7 kg 

11.6 

~l 
($2.25) -1 kg 

",1 kg (~1. 05) 

...... -0. 

2.7 X 1016 fissions 

-50 !J.sec 

4 X 1016 

1018 fissions 

SPRc 

(Sandia) 

Cylinder 

100% U235 

57.239 

11. 6 kg 

1.059 
1. kg ($3) 

0.983 kg (~1.07) 

~-0.20 

~2 X 1016 fissions 

",50 I1sec 

3 X 1016 

1018 fissions 

bnesign or experimental values given according to availability. 

cDesign values. 

Kuklac 

(Livermore) 

Sphere 

100% U235 

60.13 

7.2 kg 

0.84 (~$1. 60) 
O. kg (~1. 60) 

1.03 kg (~1.10) 

",-0.20 

2 X 1016 fissions 

7.10 !J.sec 

2.8 X 1016 

1018 fissions 

\.)1 
\}1 
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REACTOR OPERATOR LICENSING 

The Atomic Energy Act of 1954, as amended, provides the legal basis 

for Commission regulation of civilian atomic energy activity. The policy 

of Congress in enacting this legislation and the purposes of this legisla

tion are set forth in the first three sections of the statute. The Act 

also establishes a comprehensive system for integrating licensing controls, 

including, in Section 107, the licensing under the Act of individuals as 

operators of various classes of utilization facilities or production fa

cilities. The specific requirements for the issuance of operators' li

censes to indiv~duals for the manipulation of reactor controls are stated 

in the Code of Federal Regulations, Title 10, Part 55, Operators' Licenses34 

and Proposed Revisions. 35 

Number of Licenses Granted 

Since late 1955, over 1000 operator's licenses have been granted. 

Some licenses have been amended several times to include another class of 

reactor as the individual progresses from' reactor to reactor. Unfortunately, 

this practice, coupled with the practice of training and licens a power-

reactor operator on a different, small reactor, confuses the simple analy-

sis attempted here. Table I-4 shows the basic (original) licenses issued 

and not the number of people operating a certain class of reactors. The 

licenses are separated into three arbitrarily selected classes: (1) 

electrical-power-producing reactorsj (2) high-power research reactors, 

that is, research and testing reactors with power levels of 1 Mw (thermal) 

or greater that usually operate continuously; and (3) low-power research 

reactors, that is, research reactors with power levels less than 1 Mw (ther

mal)) including critical facilities. The total number of license applications 
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Table I-4. REACTOR OPERATOR'S LICENSES GRANTED UNDER 
ATOMIC ENERGY ACT 

Number of Licenses Granted 

Electrical-Low-Power High-Power 
Year Power- Yearly Cumulative 

Research Research Producing Subtotal Total 
Reactors Reactors Reactors 

1955 2 0 0 2 2 
1956 13 9 0 22 24 
1957 97 19 8 124 148 
1958 113 66 30 209 357 
1959 97 55 22 174 531 
1960 122 43 38 203 734 
1961 104 58 59 221 955 
1962a 272 1227 

aEstimated at four times first quarter grants. 

is plotted versus years in Fig. I-7 to show the number of persons apply-

ing for their first Itcense) And hence the number of persons entering the 

civilian-reactor operating field. 

?resent Licensing Practices 

A valid AEC reactor operator's =_icense permits the holder of the li-

cense to manipulate the controls of a particular reactor in accordance with 

approved procedures and subject to authorization by the owner of the re-

actor. Persons not licensed are allowed to manipulate the controls of the 

reactor only under the direction of and in the presence of a licensed op-

erator. 

The requirements 34 for approval of an operator's license applicatiorl 

are (1) a physical examination showing that the physical condition of the 

applicant is not expected to cause operational errors which might endanger 

public safety) (2) certification by the operator i s organization that the 
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1956 1957 1958 1959 1960 1961 1962 
CALENDAR YEAR 

Fig. 1-7. Operatorts License Applications and Licenses Granted During 
Calendar Years 1956 Through 1962 (Estimated). 
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applicant has learned to operate the controls in a safe and competent man

ner; and (3) satisfactory scores on an operating test and a written exami

nation on the reactor. The written examinations and operating tests are 

administered by the ABC Division of Licensing and Regulation, ABC site rep

resentatives, or consultants to the AEC from universities and national 

laboratories. The examiners are persons who have had practical experience 

in operating reactors and are familiar, in varying degrees, with reactors 

similar to those to be operated. 

Considerable variance in the examinations occurs. The written ex

amination may last from 3 hr to two full days, depending on the magnitude 

of the systems involved and on the person1s ability to transmit his know

ledge on paper. The operating test usually does not exceed 6 hr. It con

sists of observation of reactor startup and operation as performed by the 

applicant, questions about the purposes of the various instrumentation and 

11ardware systems, questions about procedures, and demonstration of under

ntanding and use of radiation-monitoring devices. Oral examinations are 

~ncluded in the operating test. Frequently a plant tour or simulated per

forwance of a procedure for operating the major auxiliary systems is in

cluded. 

The written examinations normally have the following eight sections: 

1. Principles of Reactor Operation. 

2. Significant Design Features. 

3. Operating Characteristics. 

4. Instrumentation and Control Mechanisms. 

5. Safety and Emergency Systems. 

6. Fuel Handling. 
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7. Emergency and Standard Operating Procedures. 

8. Radiation Safety Practices. 

Sample questions and requests that illustrate the level of the writ

ten examination are: 

1. Why are delayed neutrons important in the control of reactors? 

2. Sketch the primary system coolant flow path} showing major co~

ponents and location of important instrument sensors. 

3, What control rod motion would you expect follOwing a programmed 

reduction in power level from 100% and 50%? 

4. List and describe the circumstances wherein complete containment 

isolation is necessary and how this is accomplished. 

5. What is the probable cause and prescribed action when Radiation 

Area Monitor-3 alarms from a real cause7 

6, Under what circumstances must a Radiation Work Permit be used? 

Essay-type question are used primarily. The examination is, in gen

eral} more comprehensive than detailed. The combination of a written ex

amination and a performance test is designed to determine the applicant's 

knowledge of both reactor theory and reactor control. The AEC recommends 

that license applications be filed only by those persons whose services 

will actually be utilized as licensed operators. 

The initial startup crew of a neiv reactor must present evidence of 

previous operating experience at a ccmparable facility. Often} determina

tion of a comparable facility is difficult for semiexperimental reactors. 

Since the normal operating test is net possible for the startup crew} a 

rigorous simulated startup is substitl;.ted, and the previous experiences of 

the applicants becomes even more impcrtant for determining eligibility for 

licensing. 
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Reasons for Revising Present Practices 

Licensing of reactor operators began late in 1955, following passage 

of the Atomic Energy Act of 1954, which provided for non-AEC-owned and 

-operated reactors. Before 1954 the AEC had directly or indirectly, througt 

contractors, been responsible for the operation of all U. S. reactors. 

The AEC was charged under the 1954 Act with assuring the public that 

the operation of nuclear facilities "muld not present an undue hazard to 

health and safety. Therefore, it was necessary for the regulatory organi

zation to ensure that only well-qualified individuals performed or directly 

controlled the daily operation and me,intenance of reactor facilities. 

The original regulations provided, in essence, that the operator must 

understand and be familiar with the reactor mechaniSms, eqUipment, and op-

erating procedures; must be able to read and interpret control instrumenta

tion and to manipulate controls safely; and must know the purpose and func

tion of the applicable radiation-moni.toring eqUipment. Since the early 

licensed operators were, in general, quite experienced in the operation. 

of governmen.t-owned reactors and had participated in the design of the re

actors they operated, these requirements were easily met. 

Safe operation of a reactor implies more, however, than skill in bring

ing a reactor critical or in predicting a critical rod position from in

verse multiplicatipn data. The combined technical and administrative: prob

lems of proper maintence, fuel accountability, radioactive-waste dispcsal, 

and hazards evaluation reqUire, at times, considerable knowledge and effcrt. 

For low-power research reactors, the inherently intermittent and experi

mental nature of the operation assures that well-qualified individuals are 

involved in daily routine and are in control. Thus it is possible to 
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determine that all features of operation are handled by competent person

nel. On the other hand, for continuously operating research and testing 

reactors and for power-producing reactors, it has become desirable to have 

two types of operators: (1) a conve~tional operator who performs routine 

tasks according to established procedures and has little, if any, authority 

and (2) a more experienced well-qualified person who understands reactor 

theory as well as operation and is able to prescribe nonroutine actions. 

Such a division of responsibility is normal in the operation of industrial 

~l1achines on a continuous basis according to preset procedures with un-

changing hardware. 

The need for revision of the lieense practices became evident in 1958 

when operation of nuclear power stations by electric utility companies 

commenced and a large number of persons was required for the routine op

erating tasks. Also, about the same time, some of the older facilities 

began to settle into quaSi-routine operation, and additional laboratory 

technicians were licensed to perform the more routine operations. While 

industry could be accommodated beca~se of the broad scope of the regula

tions regarding licenses, other reg~Latory aspects were undergoing a simi

lar growth process, and it took considerable interpretation to determine 

,just what could or could not be done in situations not covered by pro·· 

cedures. In addition, the special problems involved in licensing operators 

for the startup of new reactors whose operating charaeteristics were, yet 

to be fully demonstrated led to esta1)lishing certain additional ground 

rules requiring previous experience at comparable reactors. This practice 

is called "cold ll licensing, since the reactor is still IIcold," as distin

g11ished from IIhot" licensing wherein the applicant is actually able to 

bring the reactor to power during the operating test. 
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Proposed Licensing Practices 

Aside from the revisions to better specify the present practices) the 

Inajor change is the addition of a second class of operator) the Senior 

Reactor Operator (SRO). The major dHference between the SRO and the pres

ent Reactor Operator (RO) is stated In the Code of Federal Regulations) 

Title 10) Part 55) Paragraph 22) which descrlbes the written examination 

for the SRO. 3.5 

The SRO is expected to know as much and perform as well as the RO) 

in addition to knowing (1) administrative matters) including conditions 

and limitations of the procedures for changing the Facility License and 

Technical Specifications; (2) procedlrres} equipment} and limitations in

volved in fuel handling and changing the core and control rod configura

tions; (3) details of reactor theory and operating characteristics; and 

(4) radiation hazards and procedures involved in nonroutine situations 

and in waste disposal. 

The RO is expected to know and perform as before, except that know-

__ edge is not required of the administrative affairs} of \letails of reactor 

theory and reactivity effects, of nonroutine aspects of radiation hazards, 

and of waste disposal. This change c_oes not downgrade the RO but merely 

recognizes that the manipulator of a reactor's controls does not need to 

know all the details of plant operation. This definition of the responsi

bilities of the RO and SRO is intended to make training and testing for 

operatorfs licenses as realistic as the early operator-licensing activities. 

These changes in operator-licensing practice are, of course, reflected 

in proposed revisions of Part 50) Licensing of Production and Utilization 

Facilities. 36 The proposed revisions require the deSignation of a senior 
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operator and define his responsibilities for routine and nonroutine opera

tion. It is stated that the senior operator must be either present at the 

facility or readily available on call during routine operation. For non

routine operation, the SRO must be present at the facility. This emphasizes 

that the SRO is responsible for nonroutine operation because of his special 

knowledge and experience. It is expected that the examinations and tests 

for a Senior Reactor Operator's License will not be substantially more 

difficult than those for a present "cold" license and that the examina

tions and tests for a Reactor Operator's License will remain essentially 

the same as for a present "hot" license. (E. N. Cramer) 
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IAEA SYMPOSIUM ON REACTOR SAFEl'Y AND HA..ZARI.S 
EVALUATION TECHNIQUES 

Peter Morris* 

The International Atomic Energy Agency convened a symposium on Re-

actor Safety and Hazards Evaluation Techniques in Vienna, Austria from 

May 14 to 18, 1962, as part of its program of scientific meetings. The 

purpose was to provide an opportunity for a comparison of the policies 

and procedures of various countries in the field of reactor safety. Ap-

proximately 225 people participated, representing some 30 countries and 

six international organizations. About 45 papers were delivered orally 

on the following subjects: 

1. Review of reactor accidents and incidents. 

2. National practices and principles. 

3. Design and construction. 

4. Siting and containment. 

5. Control devices and instrumentation. 

6. Administration. 

7. Hazards evaluation. 

Safety assessment. 

*Dr. Peter A. MorriS, Assistant Director for Reactors, Division of 
Compliance, AEC, was associated with the AEC Headquarters Division of' In
spection from October 1957 to July }_960. From 1951 until 1957, Dr. Morris 
was employed by E. I. du Pont de Nemours & Co., Inc., at the Argonne Na
tional Laboratory at the Du Pont home office in Wilmington, Del., and at 
the Savannah River Laboratory. From 1946 to 1948, he was with the Bartol 
Research Foundation. He received the B.A. degree in mathematics from 
Swart~~ore College in 1943 and the Ph.D. degree in physics from the Uni
versity of Virginia in 1951. He served in the U. S. Air Force from 1943 
to 1946. Dr. Morris is a member of Sigma Xi and Phi Beta Kappa honorary 
societies and of the American Nuclear Society. 
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The general opinions of the cipants were that the sessions were well 

worthwhile for the exchange of information and that similar sessions should 

be convened in the future. It was generally felt, however, that the sym-

posium covered too broad a range of cs. Since it was the first of 

its kind, this possible fault probably could not have been avoided. There 

did appear to be general interest in symposia dealing with more specific 

areas of reactor safety and hazards evaluation. 

There were no really novel technical advances reported at the sym

posium. Some new research work was described and some new analytical and 

administrative developments were discussed. A few observations of more 

than routine interest are cited below. 

In the U. K. the effect of iodine on thyroids is treated differently 

for children than for adults. The percentage of children in the vicinity 

of a reactor site is used in estimating the exposure following a possible 

incident. 

In general there appears to be little quantitative knowledge con

cerning solubility and retention of iodine in water, steam) or mixtures 

of iodine and steam. 

Farmer of the U. K. Atomic Energy Authority Health and Safety Com

mittee stated that hazards evaluators should have recognized competence. 

In response to a question) he stated that the Authority evaluators have 

had five to eight years of experience in atomic energy in industry or in 

the Authority or have had five to eight years of experience in industry 

USing a specialty acquired at a University. So far as codification is 

concerned, only very broad statements can be made; such as, release of 

fission products should be prevented. The Authority does plan to issue 
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guidance documents on such things as operating procedures and maintenance. 

International development of such guides does not appear feasible. It is 

doubtful whether operators will be _icensed in the U. K., and it is un

that there will be any final conclusion in the standards area. 

Laurence of Canada made a strong statement in support of extra E.hut

down capability at all times, including periods when a reactor is shut

down. To the writer, this position seems to be feasible, in the sense 

of cocked safety rods, only for certain classes of reactors. The principle 

is a good one, however, and can probably be made applicable in specific 

situations with attention to specific methods (for example, bags of boron 

readily available to an open water reactor with rod drives removed). Other 

points made by Laurence were that a reactor is least safe when shut down. 

Because of thiS, containment should not be violated during shutdown con

ditions. Orders should be written and specific and the work done should 

be recorded. There should be an independent audit of procedures and pro

posed changes, and there should be records of faults (malfunctions). He 

emphasized that the first principle of reactor safety is to learn from 

experience. 

Krasnoyarov of the U.S.S.R. gave a detailed account of the reactivity 

coefficients associated with the fast reactor BR-5. There were a number 

of positive components, of the order of 10-5 k/Mw associated primarily 

with geometrical effects, such as changes in dimensions of the fuel column 

with nonuniform heating. None of these were considered serious from a 

reactor control standpoint, and, in extrapolation to a large power reactor, 

they were said to decrease. This reactor reached its full power of 5 Mw 

In 1959. It has achieved up to 5 at. % burnup of the plutonium oxide fuel. 
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It was stated that there was some xenon and some radioactivity in the 

blanket gas but that this was not a serious problem. Oscillatory tech

niques for determining the transfer function have not yet been used but 

are now planned at reduced power and reduced flow. Step-function inpl1ts 

of reactivity were used to study stability. 

Concerning underground construction of reactor buildings, a Swed5_sh 

reported in oral discussion that in rock the leak rate was found 

to be 50% in 5 hr at 0.8 atmosphere overpressure. In a cave th::'s 

lnight be extrapolated to 10 to 20 hr. It was stated that underground con

struction costs about 5% more than conventional construction and that leak 

rates are about 300 times greater. 

A mockup of the French reactor Hapsodie has been used to study explo-

sions. In a 3/l0-scale vessel, water in place of sodium, the release 

of 2.25 X 106 calories resulted in a burst reactor vessel and transfer of 

1 to 2% of the energy to the rotating plug on the top of the mockup. 

Considerable discussion took concerning failure rates of safety 

:3ystems and the use of coincidence s:rstems. It was of special intereBt 

that the actual experience at Chalk River confirms the fact that nuclear 

systems are not independent and should not be so treated in ca:'_

,~ulating the reliability of a coincidence system. 

As part of his summary remarks, Farmer (U.K) suggested that the eon-

~ept of a maximum credible accident '.;ras assuming too large a role in the 

::mcJ.ear industry and pointed out that such a concept was not used as H 

basis for legislation in the rail industry, for example. He proposed as 

areas for specific work the need to agree on doses received by bones, body, 

etc., rather than biological consequences, from the release of fixed amounts 

of such is as 1 131 , Ru206 , Pu239 , Ce144, etc. 
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Proceedings of the symposium, including the oral discussions, will 

be published by the lAEA within several months. 
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BURNOUT IN BOILING BEAT TRANSFER 

Of the many aspects of boiling heat transfer, the one most important 

to nuclear safety is the peak, critical, or burnout heat flux. Below this 

heat flux, the temperature of the heated surface in a boiling system ex

ceeds the saturation temperature of the coolant by only a few tens of degrees 

Fahrenheit, and the excess temperature may be adequately predicted with any 

of a number of available correlations, for example, the correlation of 

Forster and Grief. 1 At the burnout heat flux, however, a transition is 

made at the heated surface from efficient nucleate boiling to high-thermal

resistance film boiling that can cause the surface temperature in a constant

heat-input system to exceed the melting point of the solid. The general 

status of this problem, as well as that of other aspects of boiling (such 

as bubble dynamics, void volume production, pressure drop, and flow stability) 

may be found in the recent general reviews of Emmerson2 and of Balzhiser and 

co-workers,3 as well as in the older but still valuable reviews of Roberts 

and Bowring4 and of Bonilla.; It should also be noted that information on 

boiling has appeared in the Russian literature, much of which has been sum

marized in a number of monographs, particularly those written or edited by 

Kutateladze. 6,? This review deals with selected recent developments con

cerning boiling burnout; because of space limitations, it cannot be exhaus-' 

tive. 

Pool-Boiling Burnout 

An especially simple derivation of the form of Kutateladze's well

known equation for the burnout heat flux under saturated pool-boiling condi

tions? has. been published by Bragg and Smith,S who obtained the dimension

les s relat ion: 



76 

(CPbO) pool, sat l
ag a(p - p )Jl/4 

=KLp c Z v 
v V p2 

V 

( 1) 

in which CPbo is the burnout heat flux, K is a constant, Lv is the latent 

heat of vaporization of the coolant, Pz and Pv are the liquid and vapor 

densities, respectively, a is the surface tension, gc is the mass-to-force 

conversion constant, and a is the local acceleration normal to the heated 

surface. Although the authors' value of the coefficient K (0.62) is about 

four times as large as the experimental average, the form of the equation 

is identical to that of Kutateladze's,7 and from the derivation, the authors 

postulate the physical explanation that burnout occurs when the buoyant ac-

celeration of the bubbles away from the surface is no longer great enough 

to keep the bubbles clear of their successors. 

Since Kutateladze published Eq. (1), it has been rederived on several 

bases by Zuber, 9 by Sterman,lO and by Chang and Snyder,ll and all available 

evidence indicates that at least the primary factors influencing saturated 

pool-boiling burnout are included in the equation. Although available pool 

burnout data (-120 pOints) give a maximum K range of 0.08 to 0.23, a study 

of the data had led the reviewer to the belief that a K of 0.15 (±0.03) is 

the most representative. The variatj.on of the observed K values arises, 

in part at least, from the intrinsic random nature of the boiling process, 

whereby values characterizing the peak flux condition fluctuate about the 

most probable value. 

Acceleration Effects. Equation (1) shows that (CPb) 1 t should 
o poo )sa 

vary with the fourth root of the local acceleration. This variation, which 

is of considerable importance in space-vehicle nuclear reactors operating 

in a reduced-gravity environment., bas been substantially confirmed 
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experimentally by Ivey.12 Approximately 160 burnout fluxes were measured 

with water in a rotat ing pool for 1 < a/ g < 157 g f s) t:.t b < 20° C J ano. at su 

essentially atmospheric pressure. The final result) based on experimental 

burnout values which scattered approximately ±10% about the mean) was 

(q,) a: (a/g) O. 273 
bo pool ) 

where g is the local gravitational acceleration. A similar result has 

been obtained in another pool study13 for the narrower acceleration range 

of 10 < a/g < 44. Enhancement of burnout heat fluxes obtained by increasing 

a/g by swirling the coolant was previously reported for the forced-flow tube 

case for both subcooled boiling14J15 and for boiling with net vapor genera-

tion. 16 It is planned to incorporate twisted-tape vortex generators in an 

operating boiling-rubidium loop in order to reduce the possibility of burn-

out. 17 

Acoustical Effects. As a part of a program "Of research on burncut 

phenomena and methods of increasing burnout heat flux in nuclear reactors)" 

an attempt has been made to assess the effect of acoustical energy on the 

saturated pool boiling of isopropanol at a horizontal) steam-heated copper 

tube at atmospheric pressure. 18 The frequency ranges investigated were 20 

to 38)000 cps. Plots of heat flux vs the temperature difference between 

the saturated steam and isopropanol vapor for each frequency showed that) 

in general) the burnout heat flux was not significantly affected) although 

the temperature difference at the critical heat flux) t:.t 'tJ was slightly crl 

increased. Heat fluxes in the normal transition boiling region) howeverJ 

were greatly increased (~500% of norrral») and fully developed film boiling 

appeared to be absent even at temperature differences far above the 6t 't. crl 



An interesting experimental technique was used in this study to measure 

the relative area of the heated surface wetted by the liquid phase during 

boiling. At the initiation of burnout, this method gave a 60% wetted area, 

in fair agreement with Ellion's measurement19 of 50%. The boiling-heat-

transfer correlation of Forster and Greif1 also predicts 50%, but the con-

clusion of Chang and Snyderll - that the average liquid-solid contact area 

at the critical flux is approximately 25% - is at variance with these data. 

Translations of two unreferenced Russian papers are included in Ref. 

18. One, by A. P. Ornatskii and V. K. Shcherbakov ("Intensification of 

Heat Transfer in the Critical Area wUh the Aid of Ultrasonics ") , gives 

results for atmospheric-pressure subcooled pool boiling of distilled water 

from a horizontal d-c-heated Nichrome wire. The strength of the ultrasonic 

waves, emitted by a bottom-mounted transducer at 1 Mc, was 1.5 to 2.0 

watts/cm2 • It was observed that the ultrasonic field greatly increased 

the bubble separation frequency. The observed increases in critical heat 

flux increased with the degree of subcooling, from approximately 30% C.t 

~t b = 0 to approximately 80% at ~t b = 80°C. su su 

Transient Pool Boiling. Al~hough not concerned directly with burnout, 

a study of transient pool boiling of atmospheric-pressure water on metal 

ribbons with energy generated at an exponentially increasing rate sho~ld 

be mentioned. 20 The experimental conditions, typical of those in a reactor 

experiencing a prompt-critical excursion, encompassed pool subcoolings of 

2 to 112°F and exponential periods of 5 to 80 msec. Although the data (sur-

face temperature variation and void volume development) exhibit decided 

trends, the system proved to be extremely sensitive to minor random varia-

tions, and the results were reproducible only within broad limits. The 
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subject study, which is an extension of the work of Rosenthal and Miller, 21 

constitutes the first phase of a continuing investigation that should prove 

to be of considerable interest. The effects of flow and of elevated pres

sure are being investigated. 

Subcooled Forced-Convection Burnout 

A new generalized two-term additive prediction method has been de

veloped22 in which one term represents the boiling contribution to the 

burnout heat flux in the absence of forced convection and the other the 

equivalent forced-convection contribution in the absence of boiling. The 

predictions of this superposition method have been compared with all avail

able experimental data (1263 pOints) for burnout with flowing, wetting 

liquids in the absence of significant net vapor generation. The data com

pared ar.e for seven fluids in axial, swirl, and cross flow in tubular, 

annular, rectangular, and rod geometries over broad ranges of flow cOLdi

tions: velocities of 0.05 to 174 fps, pressures from 4.2 to 3000 psia, 

subcoolings from 0 to 506°F, centrifugal intensities of 1 to 57,000 gis, 

and burnout heat fluxes from 0.1 X 10 6 to 37.4 X 106 Btu/hr·ft 2• 

When the data that can be shown to be not entirely representative of 

burnout under the experimental conditions are excluded, a selected data 

field of 815 tests remains. For these data, 95% of the predictions agree 

with the experimental values within L;.O%. 

The correlation may be summarized as follows: 

(3) 



so 

where 

[1 
+ (PpVl }O. 923 (Cp21:l5tLvSUb)~ (~bO)bOil = [Eq. (1)] X J (4) 

and 

( 5) 

In these equations) the subscripts "boil" and "nbl! denote boiling and non-

boiling) respectively, c is the constant-pressure specific heat) I:lt b 
P su 

is the subcooling) h is the surface heat-transfer coefficient) and t and w 

tb are the wall and bulk coolant temperatures) respectively. The bracketed 

term of Eq. (4) is Kutateladzefs empirical dimensionless subcooling factor 

for pool-boiling burnout) as described by Bonilla. 5 Zuber's more recent 

and presumably more general subcooling factor9 may also be used. The wall 

temperature at burnout) (t )b ) is evaluated with Bernath's generalized w 0 

plot 23 of the liquid-film superheat at burnout) (I:lt t)b) versus the resa 0 

duced saturation temperature) T tiT. The constant K in Eq. (1) was sa c 

selected in the range 0.12 to 0.17. 

The additive nature of the correlation allows it to escape the wtdely 

variable Hconstants ll and exponents that tend to characterize most available 

broad-range burnout correlations. In the additive approach) the importance 

of each variable depends on the relative contributions of the boiling and 

convective terms to the total heat flux at burnout. 

Effects of Spacer Ribs. In some reactor fuel-element assemblies) 

coolant-channel dimensions are maintained by spacer ribs bearing on sur-

faces that are transferring heat. If the ribs insulate a portion of the 
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heat-transfer surface from the coolant, heat generated in the fuel beneath 

the rib must be conducted to other portions of the element before being 

transmitted to the coolant. The temperature beneath the rib rises to ac-

complish this heat transfer, and the local heat flux adjacent to the rib 

increases. The only correlation available (to the knowledge of the re-

viewer) for the prediction of the boiling burnout heat flux for this case 

has been recently proposed by Mirshak and Towell. 24 

Twenty-two tests were conducted with water pumped vertically downward 

past d-c-heated flat strips of copper-nickel alloy and of type 304 stainless 

steel (1 to 2 in. wide and 20 in. long) that were cooled on one side and 

locally insulated by vertical, axially oriented ribs of Micarta, 1100 

aluminum, and silicone plastic. Some ribs were laterally centered, some 

were positioned at the edge of the heated surface, some were laterally 

vented (71% of length cut out) to permit cross flow, and others were solid. 

The following variable ranges were covered in the experimental program: 

rib tip width, 0 to 0.146 in.; clearance between rib tip and heated sur-

face, 0 to 0.047 in.; heater strip thickness, 0.025 to 0.163 in.; flow 

channel thickness, 0.120 to 0.250 in.; angle between rib and heated sur-

face, 60 to 90 deg.; velocity, 15 to 35 fps; pressure, 30 to 70 psia; local 

subcooling, 30 to 70°C; and burnout heat flux, 1.26 X 10 6 to 2.70 X 106 

Btu/hr. ft2. 

The experimental burnout data were correlated within a maximum devia-

tion of ±12%, for xo/ikY ~ 0.020, by the semitheoretical equation 

(~ ) 1 + 28 (xo~~ky) 'l'bo ideal I f i:i.y 

( 6) 
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where Xo = half of rib-tip width, in ft; k = thermal conductivity of heated 

surface, in Btu/hr'ft 2 , c F/ft; y = thickness of heated surface) in ft; C = 

clearance between rib tip and heated surface) in in.; (4)bo)rib = average 

heat flux from the surface when the local heat flux near the rib reaches 

burnout conditions. The value of (4)b )'d l' the burnout heat flux of the o 1. ea 

surface without ribs or other hot spots) was calculated in this study with 

an empirical equation developed earlier at the Savannah River Laboratory 

from the results of 65 burnout tests: 25 

479)000{1 + 0.0365 V){l + 0.0131 P){l + 0.00507 At b) (7) su 

where 4>bo is in units of Btu/hr'ft2 ; V = coolant velocity) in fps; P == 

local coolant pressure,in psia; and At b = local subcooling (saturation 
su 

temperature minus bulk temperature), in of. Equation (6) does not predict 

failure of the heated surface as a result of melting beneath the rib prior 

to heat-transfer burnout) which was found to occur when xo){kY > 0.020. 

No significant variation in 4>bo was found when the included angle 

between the rib and the heated surface was varied from 60 to 90 deg, be-

tween vented and solid ribs) or between edge- and center-mounted ribs. 

Although viscous drag of the coolant on the rib surface would be expected 

to affect the 4>bo by locally reducing the coolant velocity and subcooling) 

three tests with ribs that bounded but did not overlap the heated surface 

(xo = 0) showed that this effect was insufficient to alter the normal spread 

of the data taken with "ideal" surfaces (without ribs). 

The authors note 24 that Eq. (6») applicable only to a surface cooled 

on one side and adiabatically bounded on the other, may be modified to 
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apply to a surface with opposed ribs cooled on both sides by replacing y 

in the term xo/Y'kY by y/2. A fuel piece with unopposed ribs that is cooled 

on both sides burns out, according to the first-order prediction of the re-

port, when the calculated heat flux from both surfaces attains the heat flux 

given by 

I I 
= - ( 8) 

2 + 28 (xo/{ky) 

Limited burnout data with spacers taken at ORNL for the High Flux 

Isotope Reactor geometry have been compared26 with the predictions of a 

preliminary version of Eq. (6), and the predictions were in satisfactory 

agreement with the maximum decrements in burnout flux experimentally de-

termined. This paper provides information in a previously neglected area 

and constitutes a beginnIng toward development of a completely generalized 

correlation of ¢bo for this case. 

Bulk-Boiling Forced-Convection Burnout. As noted two years ago by 

Susskind,27 it is still true that no single correlation or combination of 

equations is available that will permit generalized prediction of the ctiti-

cal heat flux with good accuracy for forced convection with significant 

net vapor generation. Several important qualitative features of this heat-

transfer regime have, however, become more firmly established and generally 

recognized during this interval. In this section, the important conclusi.ons 

of several reports will be taken as a group, and no one report will be ex-

haustively reviewed. For vertical tubes, the general heat-transfer char-

acteristics have been reviewed and outlined by Collier28 as follows. 
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At mass velocities relevant to nuclear reactors (G > 105 lb/hr.ft 2), 

most of the quality (ratio of the mass in the vapor state to the total mass 

of the coolant) region is in the annular or dispersed flow regimes. The 

bubble or froth flow regions, within which the ordinary nucleate boiling 

process can take place, occur only at low qualities even at high pressures. 

In these regions, the boiling coefficient is increased by increases in pres

sure or heat flux (but is little affected by G), and the burnout mechanism 

is the same as in the subcooled region. In the regions of annular or dis

persed flow, however, evaporation is believed to take place at the liquid

'rapor interface of the liquid film without bubble nucleation at the heated 

surface) a mechanism which has caused these regions to be identified jointly 

as the two-phase forced-convection (or "climbing-film") region. The liquid 

film is quite thin (a few mils thick), and the heat-transfer coefficients) 

which are increased by greater vapor velocities but are little affected by 

heat flux, are so high at moderate pressures (30,000 to 60)000 Btu/hr·ft 2 .oF 

at 700 to 1000 psia) that their exact values are of little consequence. The 

critical condition in the two-phase forced-convection region is believed to 

be caused by disruption of the liquid film, and is therefore associated with 

an entirely different mechanism than in the lower enthalpy (subcooled and 

low-quality) regions, within which tl~e nucleate boiling takes place. The 

f'burnout If heat fluxes in the convection regime consequently increase .lith 

film thickness, although the heat-transfer coefficients below burnout vary 

in an inverse manner. Since a thinner liquid film results from an increased 

vapor veloCity, either increased quality at constant G or increased G at 

constant quality reduces the ¢bO for this region. This is in contrast to 

the subcooled and low-quality regions, where increased velocities increase 
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the ¢bo' Bennett, Collier, and Lacey29 have reported that for water-steam 

mixtures at 1000 psia in an internally heated annulus the ¢bO falls rapidly 

when the linear steam velocity in the test section reaches N50 to 60 fps. 

As quality increases, the convection regime is followed by the liquid

deficient region, which may be characterized by two distinct heat-transfer 

mechanisms, depending on the level of the surface temperature. If the drop

lets entrained by the vapor cannot wet the surface when they impinge, that 

is, if the surface temperature exceeds the Leidenfrost point, the heat

transfer coefficients are almost identical to those for dry steam at the 

same mass velocity and pressure. If, however, the surface temperature is 

low enough to allow the impinging droplets to wet and evaporate, the heat

transfer coefficients may be three to six times those for dry steam. 

Effect of Quality. Pertinent burnout data from England, Russia, Italy, 

and the U.S.A. are in substantial agreement that at higher pressures and 

mass velocities the burnout flux decreases monotonically with increasing 

quality, and lines of constant mass velocity cross over near the saturated

liquid point (where the effect of G is minimum) to give an inverse effect 

of G on ¢bO through most of the quality region. 

At lower pressures and mass velocities (especially the latter), Russian 

data30 show that the curve of ¢bo versus quality (x) may pass through a mini

mum at the saturated liquid point and then rise through a maximum at a 

moderate quality (x A:l0.2 to 0.5). This type of behavior, termed "pulsatingH 

in the Russian literature, is most likely to occur when conditions are favor

able for the existence of flow oscillations - for example, when the section 

immediately upstream of the heated length contains a compressible medium 

or when the test-section pressure drop is a large fraction of the loop 
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pressure drop. That there is no positive indication of this effect in 

the American literature is believed by Collier 28 to be traceable to dif-

fering experimental techniques in the two countries, false interpretations 

of the data having been caused by the action of the automatic burnout pro

tection devices commonly used in U.S. programs. The coordinates of the 

maximum point on the ~bO vs x curve are a function of G, the quality at 

the maximum ¢bo increasing and the maximum ¢bo itself decreasing with de

creasing mass velocity.3D 

The important point has been mad.e 28 ,3D that with increasing pressure, 

veloCity, and coolant enthalpy, the boiling crisis with two-phase flow 

degenerates in the sense that the surface-temperature increase experienced 

after reaching the critical heat flux becomes smaller and may be small 

enough that physical burnout does not result when the nominal "burnout" 

heat flux is exceeded. The "degeneration II under these conditions is caused 

by the combination of the large dry-steam heat-transfer coefficients at 

high pressure and mass velocity and the reduced critical heat fluxes at 

high quality. The physically limiting heat flux in 'such a case exceeds 

the critical heat flux at which the 1iquid film disrupts or totally evapo-

rates. 

Other Effects. The effect of LID on ¢bo remains uncertain. Although 

Pexton31 indicates that an LID effect might exist in low-quality boiling 

at low G and in subcooled boiling at low subcoolings, but probably not for 

x > 0.15, the Russian data3D show a large effect of length (at constant 

diameter) on the ¢bO when the inlet condition is subcooled and the flow is 

pulsating. The same data3D show that the length dependence is considerably 

reduced by increases in pressure or Dass velocity. The effect of diameter 
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on ¢bo also remains inconclusive, although there is a fairly general trend 

for ¢bo to increase with decreasing diameter. 30 ,31 

The effect of pressure on the critical heat flux in this region is 

not yet fully determined, since most two-phase burnout data have been taken 

near 2000 psia. Some data28 ,30,31 indicate, however, that the maximmn ¢bo 

occurs near 500 psia, in contrast to the peak at ""1100 psia that is char-

acteristic of saturated-pool-boiling burnout fluxes with water. 

Burnout Conditions. Some 1861 experimental, forced-convection quality 

burnout points for water from 11 sources have been conveniently compiled,32 

along with four Reynolds nmnbers for each point based on differently defined 

viscosities. The compilation is presmnably a first step toward developing 

an improved correlation of burnout heat fluxes for the bulk-boiling region. 

Minimmn curves of burnout heat flux versus quality which give the 

lower limit of available data have been proposed for water in the region 

of 1000 pSia by Pexton31 and, more recently, by Janssen and Levy.33 The 

simple equation proposed by Pexton: 

( ~ ) 0.085 'l'bo min ----= (9) 

wherein ¢bo is expressed in units of Btu/ht'ft2 and x is weight fraction 

vapor, is in substantial agreement with the connected three-segment boundary 

proposed by Janssen and Levy.33 In each case, however, the proposal is ex-

tremely conservative with respect to many of the data, some of which are six 

to fifteen times the corresponding curve values. 

Burnout in Boiling Liquid-Metal Systems. Nearly all available in-

formation pertaining to the current status of liquid-metal-boiling technology 
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has been collected in ref. 3, which also includes additional material re-

lated to boiling and two-phase-flow phenomena in general. Burnout data 

for liquid-metal coolants are quite sparse, and only one new measurement 

is currently available. 

Noyes 34 has measured saturated pool-boiling burnout heat fluxes for 

sodium at 0.5 to 1. 5 psia that give a broadly extrapolated (th) 1 t 't'bo poo ,sa 

at 1 atm abs of approximately 1.9 X 106 Btu/hr'ft 2 • He has correlated 

his results, along with some of the pool data available for H2 0 and four 

organic liquids, with the liquid-phase Prandtl number, NPr' to obtain 

the dimensionless equation: 

0.144L P 'vv 
(4)bO) pool, sat = ----NO. 245 

Pr 

(10) 

which, is presumably applicable to wetting liquids at low reduced pres-

sures. Unlike Eq. (1), which evolved from the purely hydrodynamic theory 

of burnout, Eq. (10) includes transport properties in the form of the Npr• 

~~ereas Borishanskii's modification35 of Eq. (1) predicts a decreased ~o 

when the viscosity is decreased, Eq. (10) indicates the inverse. Should 

Eq. (10) prove to be general, it can be utilized in Eq. (4) in place of 

Eq. (1). 

An additive burnout-heat-flUx prediction method [Eq. (3)] gives values 

of 4>bo for potassium and rubidium (for P = 1 atm, V = 10 fps, a/g = 1, and 

~t b = 60 to 180°F) that are comparable to those for water under similar su 

flow conditions. This is in considerable contrast with the corresponding 

predictions of Griffith's relation36 (tens of millions of Btu/hr.ft 2) and 
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of Bernath's correlation23 (hundreds of millions of Btu/hr.ft 2). Details 

of these comparisons have been reported. 37 (W. R. Gambill) 
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FISSION-PRODUCT RELEASE FROM U02 

The safe operation of a clad fuel element containing U02 depends in 

large measure on a knowledge of the behavior of the fission gases. Lewis 38 

has calculated an internal pressure of 3550 psia on the fuel element cladding 

after a burnup of 10,000 Mwd/MT if the element is operated at 1000°C and all 

the fission gas is confined to a volume equal to 5% of the U02 volume. 

Below 1600°C, most of the fission gas generated is contained within the 

U02 structure, and the amounts and conditions of release have been studied 

by numerous investigators, many of whose reports have been reviewed iL pre

vious articles in Nuclear Safety. 39,40 A considerable degree of uncertainty 

still exists, however, as to the magnitude and mechanism of fission-gas 

release. Since dense, sintered U02 compacts do not have a homogeneous struc-

ture, differences in specimens, as well as in experimental techniques, ac-

count for the wide variations of the available data. 

Diffusion Model 

It has been generally accepted by many investigators 41 - 47 that the 

primary fission-gas-release mechanisnl is diffusion under normal operating 

conditions. Diffusion coefficients are difficult to calculate because of 

the semiporous nature of the sintered U02 body, and, in an attempt to 

circumvent these difficulties, a model was adopted which considered the 

particles of the sintered body to be spheres of uniform radius a and the 

resulting releases as functions of D/a 2, which is frequently called the 

apparent diffusion coefficient or diffusion rate constant, D/. This rrodel 

has been called the "Booth!! model 39,41 the !!Lustman" model 46 or as it , , , 
will be referred to here, the flequivalent-sphere II model. Both Booth and 
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Lustman derived this model from well-established literature on the diffusion 

of gases in solids during their early work with U02' In addition to the 

particle-shape assumption, the equivalent-sphere model ignores effects of 

grain boundaries, closed porosity, thermal gradients, stoichiometry, burnup, 

ionizing radiation) temperature changes) grain growth, and pore migration. 

Consequently, at Chalk River, where Booth did pioneer work on the equivalent

sphere model, the model is conceded to have only limited relation to fission

gas release from high-density U02 at high heat ratings. 38 Lewis asserts 

that ''Even as a characterization, the measured D' (1400"C) is ambiguous ll 

and "It therefore seems unlikely that n' values measured in a laboratory 

experiment would be valid for regions: of the fuel above 1200°C."38 These 

conclusions appear to contradict those of Toner and Scott, 40 who stated 

that reasonable estimates of fission-gas release from pressed and sintered 

U02 could be made from D' measurements for modest heat rating. 

There is a need therefore for a diffusion model that will allow the 

prediction of fission-gas release from U02 during power production. The 

model will have to account for the experimental observations of fission

gas release that are discussed in the following sections of this article. 

Activation Energy 

Fission gas is released from U02 by diffusion as an exponential func

tion of temperature. Toner and Scott 48 have found in postirradiation an

nealing experiments that diffusion release occurs at temperatures as low 

as 400°C and that an activation energy of 14.7 kcal/mole prevails between 

400 and 800°C. Anderson et al. 49 observed three different activation 

energies while studying thoron emanation from U02 powder. These were 81 

kcal/mole above 1100°C, 38 kcal/mole between 800 and 1100"C, and 20 kcal/mole 
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below gOO°C. The reviewer has conducted in-pile experiments in which 

activation energies of 30 to 40 kcal/mole were observed between 700 and 

1000°C for xenon, krypton, and iodine isotopes. 43 

Activation-energy measurements have been obtained by postirradiation 

heating of lightly activated fuels, as well as by in-pile measurements. 

The activation energies obtained from postirradiation measurements generally 

range from 65 to 30 kcal/mole for temperatures between 1000 and 1600°C. 

Lustman50 found a decrease of activation energy as the oxygen-to-uranium 

ratio increased; that is 65 to 74 kcal/mole for a ratio of 2.0 and 30 

kcal/mole for a ratio of 2.1. On the other hand, the reviewer found no 

change of activation energy as a sample progressively oxidized during ir

radiation. 43 Booth and Rymer41 found no significant difference in the ac

tivation energy of fused U02 and low-density sintered U02- The reviewer 

also found the in-pile activation energy for fused and high-density sintered 

U02 specimens to be the same. 51 Stevens et al.,42 on the other hand, meas

ured a very high activation energy of 120 kcal/mole between 1000 and 1500°C 

for single-crystal U02_ 

It is well to recall that activation-energy measurements are obtained 

by plotting the logarithm of the amount of gas released vs the reciprocal 

of the absolute temperature. This plot usually produces a straight line. 

Since the Arrhenius equation 

predicts a straight-line, the slope of which determines the activation 

energy, it is logical to conclude that the gas release occurs by diffusion 

with an activation energy determined by the temperature dependence. There 
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are, however, two disturbing points that mar this conclusion. First, since 

U02 has no phase changes in the temperature ranges mentioned, how can sev-

era149 different activation energies exist as a function of temperature? 

Second, how can the wide range of activation energies obtained in different 

experiments be explained? 

Lewis38 has concluded that 

D = Doe-E/ RT 

is too simple a representation to account for the observations of xenon 

diffusion in uranium dioxide, and he has introduced a model that gives 

D = n"A
2 

e-E/ RT 
3't'0 

'There 't'o is a characteristic time of vibration in the solid lattice ("'-'10-13 

sec), n is the fractional solid angle within which movement is possible, 

and "A is the distance between sites capable of accommodating the diffusing 

atom. Lewis further postulates that E may change close to a surface, that 

closed pores present a deep trap, and. that surplus oxygen affects the activa-

tion energy of xenon. Moreover, the effect of surplus oxygen on the activa-

tion energy of xenon is a function of temperature and is influenced by the 

presence of hydrogen. Lewis38 also cites evidence that gas atoms adsorbed 

on the surface of U02 can be excited over potential barriers and into inter-

stitial traps by irradiation. These traps can be formed by irradiation and 

t.he atom can be moved from trap to trap by irradiation. If this theory is 

correct, it would appear to follow that diffusion rates out of U02 would also 

be accelerated by irradiation. 
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It is a common postulate that excess vacancies produced by irradiation 

can accelerate diffusion for a given temperature. If the temperature is 

increased) the thermal vacancy production will increase) but the irradiation 

vacancy production will remain constant. The change of the diffusion co

efficient relative to the temperature change would be less because of this 

constant irradiation effect. Activation energies are determined by the 

change in diffusion coefficient when the temperature is changed. It is 

probable that the apparent activation energy required for an interstitial 

atom to move through U02 by thermal diffusion would appear to be lowered 

in the presence of irradiation. 

Comparatively few experimenters have measured activation energies 

during irradiation and) in general) the activation energies measured dur

ing irradiation tend to be less than those measured in postirradiation 

tests. Stubbs and Webster52 have measured out-of-pile activation energies) 

as well as in-pile activation energies) although not in the same tempera

ture range. They find that their in-pile activation-energy measurements 

at 300 to BOO°C are much lower than their out-of-pile activation energy 

measurements at SOO to 1400°C. Saunders53 has noted that the activation 

energies for fission-product diffusion in graphite during irradiation are 

lower than those calculated. This has been interpreted as an indication 

that less work is required to produce a lattice vacancy adjacent to an im

purity atom. In combination with the increased vacancy formation rate 

under irradiation) this would account for the lower value of activation 

energies. 

There is indirect evidence that the mobility of atoms in a U02 lattice 

is increased by irradiation. Cottrell et al. 54 noted that 1Evidence exists 
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that gross cracking of sintered U02 cannot be repaired by resintering of 

the fuel body out-of-pile under normal conditions; however, under irradia

tion, cracks have been repaired in U02 specimens known to possess cracks. 

The repair process is not yet understood. II Brite55 has found that fuel 

elements composed of fused U02 particles increased their heat transfer 

characteristics during the initial part of the irradiation. This increase 

was attributed to interparticle sintering and bonding when the U02 was at 

a maximum temperature of 900 to 1000°C during irradiation. 

It might be expected that the activation energy of an inert element 

would be a function of the atomic radius. Actually, evidence indicates 

that all the rare-gas isotopes have the same activation energies. The re

viewer found the same activation energies for xenon, krypton, and iodine 

during irradiation. 43 Auskern45 found that helium has the same activation 

energy as xenon. Booth and Rymer41 concluded that iodine diffuses at the 

same rate as xenon and that xenon and krypton show no significant differences. 

Stubbs and Webster52 found the same activation energy for krypton and xenon 

during irradiation. 

Density and Surface Area 

It has been clearly established that U02 fission-gas retention in

creases with density56 and that the BET surface area decreases with density.54 

Some experimenters, 40 using neutron-activation techniques) have correlated 

D' measurements with external surface-area measurements. From this cor

relation, they have concluded that D' at l400°c can be calculated solely 

from external surface-area measurements and that fission-gas release during 

irradiation at modest heat ratings can be predicted from preirradiation D' 

measurements. These two conclusions imply that fissioYl·-gas release from 
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U02 during irradiation is solely a function of preirradiation external 

surface area and temperature. These conclusions are valid, however, only 

for stoichiometric U02 that has a BET surface area much larger than the 

geometric surface area. 57 Furthermore, since U02 of more than 95% density 

has an external surface area approaching its geometric area, thermal crack

ing during irradiation could increase the external surface area by an order 

of magnitude. 58 

stoichiometry 

The fission-gas retention properties of U02 are very sensitive to 

the exact ratio of oxygen-to-uranium. This was demonstrated by Stubbs and 

Webster52 when they added oxygen to helium sweeping over an in-pile speci

men and increased the fission-gas-release rate by a factor of 10 in 7 hr. 

\fuen hydrogen was substituted for oxygen, the fission-gas-release rate 

gradually returned to the original value. 

Carroll and Baumann47 found that oxidation during irradiation increased. 

the steady-state fission-gas release by a factor of 100 at 1000°C. Morgan 

et al. 56 irradiated encapsulated nonstoichiometric U02 and correlated the 

total fission-gas release during irradiation with the oxygen-to-uranium 

ratio. Linder and Matzke (as reported by Auskern45 ) found the xenon d.if

fusion coefficient increased by a factor of 10 as the oxygert-to-uranium 

ratio went from 2.00 to 2.02 and by another factor of 10 between 2.02 and 

2.12. Numerous other experimenters have also observed that excess oxygen 

increases the temperature-dependent fission-gas release from U02.41,44,59 

Closed Porosity 

The surface area of closed pores in a sintered U02 compact will be 

approximately e~ual to the BET surface area when the pellet density is 
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90 to 92% of theoretical. As the dellsity of the U02 increases, the area 

of closed porosity becomes much greater than the external (BET) surface 

area. 60 Grinding experiments were performed at Chalk River to determine 

the amount of fission-gas trapped in closed pores, and the measurements 

indicated that, for 97%-dense U02, the closed-pore surface area was a factor 

of 40 larger than the external surface area. 60 

While Lewis38 has postulated a "knock-on" mechanism for fission gas 

to re-enter the U02 structure from a closed pore, this effect should be 

small until considerable pressure buildup has occurred. However, it is 

generally agreed that a closed pore represents a "deep trapll for fission 

gas. Thus, the effectiveness of U02 fuel in retaining its fission gas may 

well depend upon the amount of closed porosity in the sintered fuel. The 

surface area decreases and the closed porosity increases as a function of' 

increasing density of sintered U02 • These two effects would account for 

the better fission-gas retention of high-density U02' Fission-gas escape 

to closed pores is not considered in the equivalent-sphere model and may 

be one of the most significant limitations of the model. 

It has been experimentally demonstrated that closed pores in U02 can 

migrate during irradiation at high temperatures and thermal gradients. 38, 60 

This migration is accomplished by evaporation of the U02 from the hotter 

pore surface and deposition on the cooler surface. The direction of the 

movement is thus toward the hotter portion of the U02 • Lewis 38 has described 

laboratory experiments in which pore migration was accomplished by maintain

ing the U02 in a high thermal gradient for 12 hr. The high-temperature side 

of the U02 was at 2300°C in this case. A compacted U02 powder irradiated 

for only 3 min (at some unknown high temperature) showed more pronounced 
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pore migration than the specimen from the 12-hr heating test. The specula

tion is that irradiation may accelerate pore migration, although not enough 

data exists to form a firm conclusion. 

The migrating pore will probably absorb all entrapped fission gas in 

its path. If the pore reaches a surface at the hottest portion of the 

fuel, the store of fission gas will be released to add to the diffusion 

release. If the hottest region of the fuel does not have an open surface, 

the gas gathered by the pore migration will be subtracted from the diffusion 

release. It is unlikely that pore mj.gration is significant at temperB.tures 

less than 1500°C. 

Grain Growth During Irradiation 

Two types of grain growth have been observed during irradiation, 

columnar and equiaxial. The columnar structure could be due to the solidifi

cation of a molten region of the U02; however, Lawson and MacEwan (as re

ported by Lustman61 ) conducted out-of-pile tests to demonstrate that a mi

grating void will leave a columnar grain behind. Such columnar grain growth 

may occur at temperatures as low as l800°C in high-density U02 • 

The equiaxial grain growth will occur at temperatures as low as 1500°C, 

with the amount of growth depending on the composition and sintering tem

perature of the U02) as well as the temperature and time of irradiation. 

mlen a columnar structure develops, whether by melting or void migration, 

all fission gas trapped in that area is probably released during the grain 

growth. There is no indication, however, that equiaxial grain growth re

leases fission gas. Fission products have been found to concentrate at 

grain boundaries; 62 however, there is no evidence that fission gas diffuses 
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preferentially along grain boundaries at moderate burnups. Also, there is 

no experimental evidence that grain size has any effect on fission-gas re

lease during irradiation. 

Burnup Effects 

As irradiation continues, increasing amounts of fission products ac

cumulate within the U02 crystal lattice. These would be expected to eventu

ally cause distortion, swelling, and a change of the fission-gas-release 

rate. The measured changes are less than predicted by theory, 63 and lat

tice expansion in sintered U02 does not occur until burnups of 21.5 x 1020 

fissions/cm3 (60,000 Mwd/MT).64 Bleiberg et al. (as reported by Lustman 65 ) 

irradiated thin plates of U02 to high burnups, measured the thickness in

termittently during the course of irradiation, and noted no changes until 

a burnup of 20 X 10 20 fissions/cm3; thereafter, more or less abrupt thick

ness increases were measured. The plates were heated to 1000°C after ir

radiation to obtain data on fission-gas release as a function of burnup. 

No changes of fission-gas release were detected until specimens with burn

ups in excess of 9 X 1020 fissions/cm3 were tested. Thereafter the fission

gas release increased exponentially with burnup. 

From these data, it may be inferred that fission products are retained 

in U02 in such a way as to cause no structural change, possibily by concen

tration at grain boundaries. 62,64 Also, the fission-gas release increases 

sharply with burnup before structural damage or swelling occurs. In any 

event, fission-gas-release rates can be expected to increase rapidly for 

burnups in excess of 30,000 MWd/MT. 
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Precursor Diffusion 

Experimenters have often assumed that iodine remained fixed at the 

point of fission and that diffusion began after the xenon was formed from 

the iodine decay. This assumption is erroneous; several experiments have 

demonstrated that iodine diffuses through U02 at a rate comparable to tha,t 

for xenon diffusion. 43,44, 53, 66 Thus an atom of xenon that diffuses from 

U02 has also diffused for some distance as iodine. 

Recoil 

Recoil release may consist of an atom recoiling free of the fuel at 

the moment of fission and being stopped by the gas surrounding the fuel, 

or the recoil atom may impinge upon the solid materials surrounding the 

U02 and be released later. The recoil atom may plow a furrow along the 

surface of the U02, disturb the atoms along the path of the furrow, and 

thus increase fission-gas release from the disturbed area. 67 One common 

factor for all types of recoil release is that the release is directly' 

proportional to the fission rate and has no temperature dependence. 

Carroll and Baumann47 and Stubbs and Webster52 have shown that the 

amount of fission-gas release by recoil is small compared with the terr,pera

ture-dependent release at temperatures above 500°C. Lewis,38 in discussing 

recoil and knock-out release, has said, IIBoth are relatively small effects 

and most certainly they occur, but contribute little to the build-up of 

gas pressure. II 

Burst Release 

The term IIburst release" is used. to designate a momentary increase 

of fission-gas release that is usually caused by a temperature change. The 
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most commonly observed burst is that produced when irradiated U02 is heated. 

One current explanation is that excess oxygen has contaminated the specimen 

surface, and, as the U02 is heated, the oxygen-to-uranium ratio changes to 

a different value to match the new temperature. During this structural 

change the fission gas is released at an accelerated rate until the oxygen 

attains its new equilibrium composition. 

There appears to be little doubt that excess oxygen will increase the 

magnitude of the heating burst. 42 In postirradiation heating, it is observed 

that heating bursts occur when the temperature of the U02 is first increased. 

Thus, several heating bursts may be observed if the specimen temperature is 

increased in steps. If the U02 is cooled and then reheated to the same tem

peratures, it is found that the bursts have diminished or vanished. 68 

During in-pile experiments, Carroll and Baumann47 cycled the tempera

ture of U02 specimens by inserting aLd withdrawing them from the reactor. 

Heating bursts were diminished by this treatment, as though a reservoir 

were depleted; however, the steady-state release remained unchanged. It 

was also demonstrated that a change in stoichiometry could produce a burst 

by passing a reducing sweep gas over an oxidized in-pile specimen to lower 

the oxygen-to-uranium ratio. A large and prolonged burst was produced as 

the oxygen content was reduced, although the specimen temperature did not 

change. 

The reviewer has observed that when the temperature of an in-pile fused

crystal U02 specimen is increased, a heating burst and increased steady

state release occur. If the specimen is then cooled to its original tem

perature, the steady-state release decreases to its original value, but with

out a ''burst'' or "dipll in the release rate. 69 These observations do LOt 
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support the view that an oxygen-to-uranium composition change occurs during 

heating, because the change should reverse during the cooling. 

Lewis 38 has postulated that U02 has a higher diffusion coefficient 

near the surface than within the specimen. The initial rapid burst followed 

by slower release would be in accord with this postulate. 

A basic difference between in-pile and postirradiation testing is that 

the region of the U02 that causes the heating burst during in-pile testing 

will be flrecharged fl as irradiation continues. The reviewer has found in 

in-pile thermal-cycling tests that every increase of the temperature (above 

600°C with 1 hr between cycles) has resulted in a heating burst. 

In postirradiation testing, the U02 is heated and the total fission

gas release is plotted as a function of time. The plot shows an initial 

burst that may amount to 90% of the total release and then a slow increase 

with time. 42,44,70 If the total release is plotted versus the square root 

of time, a linear increase results after the initial burst. The diffusion 

coefficient is determined from the slope of this line~ This method of 

analysis is equivalent to assuming that the initial release is completely 

independent of the diffusion process. There remains some question whether 

the fractional release should be plotted versus the square root of time or 

the square of the fractional release should be plotted versus time. These 

plots yield finite intercepts at zero time because of the initial heating 

burst and, because the value of the intercept enters into the diffusion 

calculation, the different methods yield different results. Since as much 

as a factor of 20 in calculated diffusion coefficients may exist between 

the two methods, the difference of procedure is important. 70 
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In general) the heating burst is considered to be caused by a surface 

effect) either an oxygen-contaminated layer or a surface zone with a higher 

diffusion coefficient than the bulk of the fuel. Postirradiation diffusion 

rneasurements are made after the fission gas has emptied from this region; 

however) during irradiation) fission gas is released from the regions of 

the fuel that cause the heating burst) as well as other regions. This region 

might contribute the major part of the steady-state fission-gas release dur

ing irradiation. If a diffusion coefficient is to be used to calculate the 

fission-gas release during irradiation) it must include all important com

ponents of diffusion release. The fact that calculations of diffusion co

efficients from postirradiation heating experiments do not include release 

from this region may be the greatest error. 

Some U02 specimens have released bursts of fission gas when they were 

cooled from elevated temperatures. 44, 47) 68 These bursts have been observed 

in both postirradiation and in-pile tests. In postirradiation tests) 

Rothwel1 68 observed that as much as 33% of the total fission gas within 

the specimen was released while cooling from 2000°C) where comparatively 

small steady-state releases occurred. 

Although Rothwell found the cooling burst to be influenced by the 

cooling rate of the specimen (more rapid cooling produced a larger burst), 

thermal stress cracking did not appear to be the cause of the cooling burst. 

After a cooling burst) the specimen was reheated and it gave the same steady

state diffusion release. Cracking would have exposed more surface area) 

which should have produced greater diffusion release on reheating. Parker 

et al. 44 also found cooling bursts while conducting postirradiation tests. 

The bursts were not as large as those observed by Rothwell) 68 however. 
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Cooling bursts have been measured during irradiation by the reviewer. 43 

A U02 specimen was cooled to 100°C from temperatures ranging from 1100 to 

790°C. The amounts of Xe133 and Xe135 released in these cooling bursts had 

a constant relation to the steady-state release. The same amount of Xe133 

and Xe135 was liberated during cooling as would have been released during 

18 and 7 hI', respectively, of steady-state operation. Thus, the larger 

the temperature change during cooling, the larger the burst. The revj.ewer 

also concluded that in-pile cracking had not caused the bursts, since after 

the burst the steady-state release had not changed. 

The isotopic content of the fission gas found in the reviewerts ex~ 

periment was different during cooling bursts than during steady-state re

lease. The ratio of Xe 133 to Xe 135 1-laS 5.9 during steady-state release 

and 22 during the cooling burst. 43 The xenon ratio measured during the 

cooling burst identified the cooling burst with the release of a store of 

trapped gas at radioactive equilibrium. 

The cooling burst is not caused by the same mechanism as the heating 

burst. Heating bursts are observed 1-lith all specimens} but cooling bursts 

are not. When a fused-crystal U02 specimen was irradiated in a reducing 

atmosphere; heating bursts were produced during irradiation; but there were 

no cooling bursts. 67 The gamma emission spectrum of the fission-gas during 

a heating burst was the same as for steady-state release, but the spectrum 

of the cooling burst was vastly different from both. 43 

Eothwell and the reviewer have attributed the cooling bursts to changes 

of oxygen-to-uranium composition when the temperatures were lowered. 

Rothwell used a helium sweep gas with a small amount of hydrogen present 

to make the sweep gas slightly reducing. He postUlates that at 2000°C, 
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in the presence of hydrogen, the equilibrium oxygen-to-uranium ratio is 

less than 2.0. The specimen would have to lose oxygen to attain this 

equilibrium, and the excess oxygen would be removed by the sweep gas. When 

the specimen was cooled, a new equil:l_brium oxygen-to-uranium ratio requiring; 

more oxygen was formed. Since no additional oxygen was available, the 

structure formed into U02.0 + U metal, and, during this structural change, 

fission-gas was released. This theory is supported by metallographic ex

aminations which show the presence of metallic uranium in Rothwell's spec i

mens. 68 

The in-pile specimen that produced the cooling bursts measured by the 

reviewer43 gradually became oxidized to U02+ during irradiation. The 

equilibrium proportions of U02 + U409 • U308 probably changed with tempera

ture, although no loss or gain of oxygen would be necessary for these changes. 

When this specimen was at temperatures between 800 and 1100°C, an equilibrium 

oxygen-to-uranium composition occurred that was a smooth function of tem

perature for this range. When the specimen was cooled, fission gas was re

leased during the molecular rearrangement required to' attain the new oxygen

to-uranium composition. The amount of rearrangement would depend upon the 

temperature range through which the specimen was cooled. 

Conclusions 

The release of fission gas from U02 during irradiation is controlled 

by factors that are still not well understood. Although the major portion 

of the fission gas is released by a form of diffusion, no diffusion model 

has yet been proposed that can account for the observed release rates. 

Diffusion coefficients calculated from postirradiation heating measure

ments may yield deceptively low diffusion coefftcients if burst releases 
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are ignored. Diffusion coefficients obtained in this manner should be used 

only to characterize the U02. Unless many other characteristics of the U02 

are well identified, fission-gas-release calculations based solely on BET 

surface-area measurements are so limited in application as to have little 

practical value. 

The best available information for total fission-gas release during 

the lifetime of a fuel element is still obtained from prototype tests. These 

are expensive and time-consuming, and continued effort is necessary to de

velop models to predict fission-gas releases. The best fission-gas-retention 

properties are found in high-density (>95%), stoichiometric U02, with a low 

external surface area. Present data indicate that the fission-gas release 

will not be more than 1% if the highest U02 temperature is less than 1500°C, 

the burnup does not exceed 30,000 Mwa/MT, and thermal cycling is not ex

cessive. (R. M. Carroll) 
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RADIATION EMBRITTLEMENT OF REACTOR PRESSURE VESSELS 

The brittle failure of large steel structures71 is a widespread prob

lem that has attracted the attention of engineers and scientists to an ever 

increasing extent in the past two decades. The dramatic failures of mer

chant ships following the advent of welded ship construction in the early 

years of World War II have been widely discussed) 72-74 as have many brittle 

failures of bridges) pressure vessels) pipe lines) and storage tanks. 75 

The investigations and analyses that followed as the aftermath of these in

cidents showed that the origin of the failures lay in the tendency of a 

broad class of metals and alloys to exhibit low-temperature brittleness. 

This tendency is increased as a result of exposure to radiation) and hence 

the possible embrittlement of reactor pressure vessels in service is a 

matter of concern from the standpoint of nuclear safety. 

Low-Temperature Brittleness 

The phenomenon of low-temperature brittleness has plagued metallur

gists since the early days of the large-scale use of steel, and it remains 

today as one of the chief metallurgical problems. 76 The literature in this 

field is quite extensive), and a number of bibliographies, 77-80 books, 81, 82 

and review articles 83, 84 are available. A characteristic feature of the 

metals that exhibit low-temperature brittleness is the presence of a ductile

to-brittle transition over a rather narrow range of temperatures. The tem

perature at which the ductile-to-brittle transition takes place is not an 

inherent constant of the material. Instead, the ductile-to-brittle transi

tion temperature depends upon the type of test used to measure it and the 

specimen geometry. The transition temperature usually increases with the 
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loading rate of the test and the triaxiality of the stress state to which 

the sample is subjected. Many tests have been devised to evaluate the 

ductile-to-brittle characteristics of metals. They may be classified71 

according to the type of loading (tension, bending, tension plus bending) 

and according to whether the samples are welded or notched. 

The ductile-to-brittle transition may be described in terms of the 

low-strain-rate uniaxial-tension test. Above the transition temperature, 

upon the application of higher and higher tensile stresses, the metal under

goes elastic distortion until the yield stress is reached. It then exhibits 

uniform plastic deformation until a mechanical instability takes place in 

which the metal suffers a localized reduction in area or Irnecking. II Finally 

the metal fractures at the neck as a result of a tearing or shearing action. 

This ductile behavior entails the absorption of a considerable amount of 

energy prior to fracture. In contrast, when the metal is stressed below 

the transition temperature, very little plastiC deformation takes place. 

The fracture is largely the result of cleavage, for which relatively little 

energy is required. In brittle fracture, the fracture occurs as a result 

of the initiation and propagation of a cleavage crack. With respect to 

the integrity of large structures, the insidious nature of the brittle 

fracture process lies in the fact that, once the crack reaches a large 

enough size and acquires a sufficiently high propagation speed in a sus

ceptible portion of the structure, it can continue at high speed into other 

parts of the structure and result in sudden, catastrophic failure. 

The energy absorbed before fracture takes place in the low-strain

rate tensile test may be used as a measure of ductility, or, more precisely, 
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"toughness."* For steels the ductile-to-brittle transition would occur 

at quite low temperatures. On the other hand) when impact loading of notched 

samples is the testing technique employed) the transition temperature is 

higher. A number of notch-impact tests have therefore been devised in which 

the resistance to fracture is measured in a more convenient temperature 

range. Also} the transition temperatures measured in notch-impact tests 

are more representative of temperatu~es at which service failures have taken 

place. In the Charpy and Izod impact tests)85}86 a notched sample bar is 

struck a single blow by a swinging pendulum and the fracture energy is 

measured by the reduction in the energy of the pendulum upon breaking the 

sample. The test is repeated on a n'J.mber of identical samples at various 

temperatures} and the fracture energy is recorded as a function of test tem-

perature. A typical impact curve is shown in Fig. 11-1 for Charpy-V notch 

samples of a pressure vessel steel. 87 It may be seen that} for this material 

and type of test) the fracture energy is high (40 ft-lb) above OaF and low 

(less than 10 ft-lb) below-100°F. Since the fracture energy versus tem-

perature curve is not a perfect step function} a fracture-energy value must 

be chosen at which to specify the ductile-to-brittle transition temperature. 

It should be mentioned that impact tests may be analyzed on the basis 

of criteria other than the fracture energy. By examining the fractured sur-

face} it can be determined which areas have fractured as a result of shear 

(fibrous appearance) and cleavage (granular or faceted appearance). Hence) 

a "fracture-appearance transition temperature" at} say} 50% fibrous fracture 

*The terms "ductilityll and "toughness" are both used as antonyms of 
"brittleness. II In the current usage) IIductilityll denotes plastic deforma
tion prior to fracture} as indicated) for example) by the uniform elonga
tion before necking or the reduction in area between onset of necking and 
fracture in a tensile test. "Toughness" refers to the work required to cause 
fracture and is thus a measure of both strength and ductility, 
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may be used to characterize the behavior of the material. The fracture

appearance transition temperature (sometimes called the "fracture transition 

temperature") is governed by the propagating crack and not by the conditions 

at or near the root of the notch at which the crack is initiated. As a 

result} the ductility transition temperature (based on the fracture energy)} 

is more sensitive than the fracture-appearance transition temperature to 

such factors as notch geometry} loading rates} and welding variables. There

fore} the ductility transition temperature has greater relevance to service 

conditions and is considered to be preferable as a fracture criterion to 

the fracture-appearance transition temperature. 88 The lateral contraction 

at the root of the notch is also used as a measure of ductility in notch

impact tests. 71 

In the testing of reactor pressure vessel steels} the CharpyV-notch 

impact test is probably in widest current use} but other types of test are 

employed as well. For this discussion, it is helpful to mention} in addi

tion to the Charpy test} the drop-weight test,85}89-91 the explosion-bulge 

test,85,89}92 and the crack-arrest test. 85 ,93,94 These three tests serve 

to determine} respectively, the nil-ductility transition (NDT) temperature} 

the fracture transition elastic (FTE) temperature, and the crack-arrest 

temperature (CAT). These quantities playa part in the analysis of service 

failures and the establishment of design criteria. 

In the drop-weight test, the specimen is struck by a falling weight} 

and a crack is started in a small brittle weld bead on one of the plate 

surfaces. Stops are arranged so that the surface on which the bead is 

welded is loaded in tension to the yield stress. The NDT temperature is 

determined by the temperature at which the sample breaks completely~ Thus) 
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the drop-weight test is a "go, no-go II test that determines the temperature 

at which a small flaw will propagate through the specimen and produce a 

brittle fracture. As a result of tests on ship-fracture steels, it was 

concluded95 that the NDT temperature represents the highest temperature 

for the initiation of brittle fracture in conventional steel structures. 

Despite the fact that the term "NDT temperature" is defined specifi-

cally with reference to the drop-weight test, it has become common practice 

to use the term more generally to indicate the ductile-to-brittle transition 

temperature, as determined by other tests. For the Charpy V-notch impact 

test, it is possible to correlate the drop-weight NDT temperature with the 

temperature corresponding to a certain Charpy V-notch energy. This energy 

varies somewhat from one steel to another. For reactor pressure vessel 

steels, such as A201-B, A212-B, AJ02-B, AJ50-LF-l, AJ50-LF-3, AJ36, and 

Al05, this correlation energy is consideredB9 to be in the range of 20 to 

30 ft-lb. Because of the smaller size of the Charpy V-notch sample 

(75 mm X 10 mm X 10 rom) as compared with the drop-weight sample (14 in. X 3.5 

in. X 3/4 in. or 5 in. X 2 in. X 5/8 in.), the Charpy sample is considerably 

more convenient for reactor experiments. Therefore, in many cases in which 

the results of irradiation are quoted as "changes in NDT temperature, II the 

changes are likely to have been measured using notched-bar impact tests and 

not drop-weight tests.* Irradiation experiments B9 have been carried out 

using drop-weight samples, however, in which it was demonstrated that the 

shift in the Charpy V-notch transition temperature (30 ft-lb level) because 

of the irradiation was equal to the shift in the drop-weight NDT temperature. 

*In this discussion, changes in notched-bar ductile-to-brittle transi
tion temperatures are referred to as changes in NDT temperature. 
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The test plate for the explosion-bulge test 85 ,89,92 on which a brittle 

crack-starter weld is applied is 14 in. s~uare by about 1 in. thick. The 

plate is explosively loaded so that the weld bead is placed in tension. A 

hold-down die is used so that the edges of the plate are only elastically 

loaded. The FTE temperature is taken to be the highest temperature at which 

the fracture propagates through this elastically-loaded die-supported re

gion. At approximately 60°F below the FTE temperature for pressure vessel 

steels, the temperature corresponding to the NDT temperature is reached. 

Below this temperature the plate breaks without bulging, that is, without 

visible plastic deformation. Thus the FTE temperature is the temperature 

above which a crack will not propagate through a region of the sample that 

is stressed at or below the yield stress. 

The crack arrest or Robertson test 23,24 involves the use of a large 

rectangular plate at least 12 in wide. The specimen is subjected to a 

uniform tensile stress. In one variant of the test, the test piece is held 

in a temperature gradient and a rapidly running crack is started across the 

test piece from the cold end. At a given stress level, the temperature is 

observed corresponding to the point at which the shear lip thickens or the 

crack stops. This temperature, the "crack-arrest temperature" (CAT), as a 

function of the applied tension stress determines the CAT curve. The CAT 

for loading at the yield stress is correlated with the FTE temperature. In 

a subse~uent discussion of the actual reactor pressure vessel, it will be 

seen that the fact that the FTE temperature is approximately 60°F higher 

than the NDT temperature for reactor pressure vessel steels 80 plays a 

part in the design criteria for reactor pressure vessels. In another 

modification of the Robertson test, the test piece is held at a uniform 

temperature and a "go no-go II test is applied in which the crack either 
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succeeds or fails to propagate entirely across the plate at a given applied 

stress. 

Effect of Irradiation 

The important experimental results of tests on the effects of reactor 

irradiation on the fracture properties of steel began to appear in 1952 

(ref. 96), and a considerable amount of information has been generated since 

that time.97-101 The principal effects of the irradiation are to increase 

the NDT temperature and to lower the ductile fracture energy, as may be 

seen in Fig. 11-2 (ref. 87). The increase in the NDT temperature, particu

larly) has led to concern that a pressure vessel steel that is normally 

ductile at a particular temperature will, upon irradiation, become brittle 

at that temperature, and thus the integrity of the pressure vessel will 

be in jeopardy. At this point it should be emphasized that it is difficult 

to correlate the NDT temperature determined under test conditions on a 

particular type of test sample and steel with the temperature below wpich 

a large structure composed of the same steel is susceptible to brittle 

fracture. This is especially true for irradiated steels, since there is 

no history of failures on which to base such a correlation. For steels 

in the unirradiated condition, however, a large background of ship72-74 

and nonship75 failures is available .for analysis. For these cases, it is 

felt B9 )95 that the NDT temperature correlates well with service performance. 

In particular, in the service-failure cases investigated) it was shown 

that the brittle fractures always occurred at service temperatures below 

the rIDT temperature determined in laboratory drop-weight and Charpy V-notch 

tests. 
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A key question is how the increase in NDT temperature upon irradia

tion varies with the neutron-exposure dose, i.e. with the integrated neutron 

flux. In Fig. II-3, a plot 89 is given of the NDT temperature increase for 

a number of pressure vessel steels as a function of the integrated flux of 

neutrons with energies greater than 1 Mev. It is striking that, although 

a wide variety of steels is included in Fig. II-3, the points appear to 

cluster in a band corresponding to a range of about 100°F in the NDT tem

perature increases and a ratio of about 2.5 in the neutron exposure. Thus, 

it appears that the radiation-produced increase in the NDT temperature is 

not very sensitive to differences in the steel chemistry or heat treatment, 

or, indeed, to the initial NDT temperature before irradiation. It should 

be pointed out that current neutron-dosimetry techniques do not give very 

accurate determinations of the neutron exposure, particularly for the higher 

energy neutrons. Furthermore, for the data shown in Fig. II-3, differences 

in irradiation temperature, dose-rate, and neutron spectrum may contribute 

to the scatter in the plotted points. Despite these difficulties, analytical 

expressions have been given102,103 for the dependence of the NDT temperature 

increase, ATNDT, on the integrated neutron exposure, ~, of the form 

.6.TNDT = ~1/3 (1) 

where A is a constant. More recent information, 104 however, suggests that 

a square-root dependence on the integrated flux may give as good a fit as 

the cube-root dependence. 

Some additional discussion should be directed to the effect of the 

temperature of irradiation. It has been known for some time that the ef

fects are less at irradiation temperatures in excess of approximately 500°F 



117 

UNCLASSIFIED 
500 r-______ -._~ _____ ~.-__ ~ __ 0_R_N_L_-,~L-R--~DW~G-7~O-6~IO 

"-
L 400 
uJ 

'" <[ 
w 
0:: 
Q 

:s 
w 300 
a: 
::::J 

!;i 
0:: 
uJ 
"
::E 
uJ 
I-
Z 
o 

IRRADIATED AT <: 450°F 

I- A212B, A201 
'{i A302B, SA336 
;;? 100 f---~c:;c- +--c----- WE L 0 META L ~---t---·--·~-1 
>- ;A212B, A302B 

BASE PLATE) 
T-~ HY-BO 
SA350LF-1 (MOD) 

o ~-------~----------~--------~----------~ 
lO,a 10'9 10 20 10 21 1022 

INTEGRATED FAST ("" I Mev) NEUTROn DOSE (r,eutronsjcm 2) 

Fig. 11-3. Increase in NDT Temperature Versus Integrated Neutron 
Flux for Various Steels (from Pellini, Steele, and Hawthorne, ref. 89). 



118 

than at lower temperatures. It has been suggested recently) 103) 105)106 

however) that the curve relating embrittlement to irradiation temperature 

passes through a maximum between approximately 300 and 500°F. This ob

servation is of obvious importance i~ the design and operation of pressure 

vessels) but it also has a bearing on the fundamental understanding of the 

nature of radiation embrittlement. The fact that an increase in irradia

tion temperature at first increases the extent of the embrittlement in

dicates that the property changes upon irradiation are not due solely to 

the presence of the radiation-produced defects. In addition) the atomic 

rearrangements that take place in the course of the motion of the defects 

may be of some consequence. 

Several studies have been conducted89)106-108 on the effectiveness 

of postirradiation annealing treatments in recovering the initial notch

ductility of pressure vessel steels. The percentage recovery does not 

appear to depend on the exposure dose) but it decreases with increasing 

irradiation temperature. In the case of an ASTM A212-B steel irradiated 

below 212°F) 50% recovery of the NOT increase was observed106 upon iso

chronal annealing (1 1/2 hr at each step) up to approximately 600°F. In 

another investigation of a steel of this type) it was found89) 108 that 

long-time annealing at 600°F following irradiation at 300°F produced re

embrittlement. The nature of the recovery processes upon postirradiation 

annealing is not clear) and more work of this type needs to be done. This 

is particularly true in view of the possibility of removing) to some ex

tent) the effects of irradiation on actual reactor pressure vessels by 

periodically heating the affected portions of the vessel to above the normal 

operating temperatures. 
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The effect of radiation on other mechanical properties of steels than 

notch toughness has also been investigated.99-102 It was found that ir-

radiation increased the yield stress and, to a lesser extent, the ultimate 

tensile strength. The indentation hardness was also increased. In addi-

tion, it was found that irradiated steels exhibited less uniform elongation 

and reduction in area. Furthermore, the yield point phenomenon that is 

characteristic of mild steels was no longer apparent after irradiation, 

and there was a decrease in work-hardening capacity. It is to be expected 

that these changes in properties are but another aspect of the same metal-

lurgical consequences of irradiation that are the cause of the notch 

brittleness discussed above. 

Several theoretical approaches 83, 84,109 to the problem of brittle 

fracture have stressed the relationship between yielding and fracture prop-

erties. It has been pointed out110 that brittleness occurs whenever the 

yield stress is raised sufficiently by methods other than refining the 

grain size. The yield stress of polycrystalline metals is often analyzed 

according to the Fetch equation, 83 

where a is the lower yield stress and d is the average grain radius. The y 

quantities a. and K may be given interpretations in terms of dislocation 
~ y 

interactions: a i is the friction stress created by obstacles to dislocation 

motion and K is a measure of the stress necessary to release a dislocation y 

from a locked source. According to the measurements of Hull and Mogford111 

on a carbon-silicon steel, the increase in a resulting from irradiation 
y 

arises chiefly by virtue of an increase in ai' and Ky is relatively little 
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affected. For high-purity iron, also, irradiation produces an increase 

in cr , but in this case K is observedl12 ,l13 to decrease, i.e. the in-y y 

crease in yield stress is greater for the more coarse-grained samples. 

The inter-connection between yielding and brittle fracture is illustrated 

in the following equation for the ductile-brittle transition given by 

Cottrell: 110,l14 

(3) 

where cr , d, and K have the same significance as in Eq. 2; p is a dimen-
y y 

sionless quantity of the order of unity that depends on the stress state; 

f.J. is the shear modulus; and I' is the effective surface energy per unit 

area of the fracture surfaces. When the left side of Eq. 3 is small,the 

material is expected to be ductile; when it is large, the material may be 

brittle. Thus, brittleness is retarded by reducing the grain size, the 

yield stress, and K. For a given grain size, this equation shows that y 

the increase in cr upon irradiation may be partially offset by a decrease 
y 

in K. Unless this is the case, the increased yield stress upon irradiay 

tion will have an increased brittleness associated with it that more than 

cancels any benefit derived from the greater yield stress. 

The increase in yield stress upon irradiation is a mixed blessing in 

another respect. Since the ultimate tensile strength is increased upon 

irradiation a smaller amount than the yield stress, there is less of a 

difference between the stress at whieh yielding begins and the stress at 

which the mechanical instability operates that results in necking. This 

is a point to be considered, because this difference in stress normally 
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serves as a safety factor that is invoked when a stress excursion occurs 

and the yield stress is exceeded. 

This discussion has indicated that, to a large extent, radiation em-

brittlement is a consequence of the higher stresses at which dislocations 

move, and this, in turn, is the result of the barriers to dislocation mo-

tion presented by the defects produced by the irradiation. Accordingly, 

in the next section, attention is given to a sketch of some of the basic 

concepts concerning radiation damagel15-118 to metals and alloys. 

The Fundamentals of Radiation Damage 

Even in the absence of irradiation, metals and alloys depart froln 

perfect crystallinity, in that the regular array of atoms on lattice sites 

is disturbed by the presence of point defects (vacancies, interstitials, 

impurity atoms) and extended defects (dislocations, stacking faults, grain 

boundaries, precipitation particles). Bombardment by energetic particles 

and electromagnetic radiations, however, causes many additional atoms to 

be displaced from lattice sites. In the case of neutron irradiation, trans-

mutations also take place, but the changes in properties resulting from 

this Ifradiation-alloying" are normally small compared with those caused 

by displacements. 

In order to calculate the displacement production rate, a reactor 

spectrum is considered for which the number of neutrons per square centi-

meter per second per unit energy range at energy E is ¢(E). Then, the 

number of neutron elastic scattering events per second per atomic site 

that involve neutrons with energies between E and E + dE is given by 

d (dn
s
) = cr (E) ¢(E) dE 

dt s 
(4) 
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where u (E) is the elastic scattering cross section as a function of neutron 
s 

energy. Now, when a neutron of energy E strikes a lattice atom, the atom 

mayor may not be displaced from its lattice site, depending on how much 

energy is transferred to it. It follows from the conservation of energy 

and momentum that if the neutron is scattered an angle e in the center of 

mass system, then the energy, T, transferred to the lattice atom is given 

where T , the maximum energy transferred, is m 

T = m 

4mM 

(m + M)2 
E 

( 5) 

, ( 6) 

where m and M are the masses of the neutron and the atom, respectively, 

and E is the energy of the neutron. At this point, the assumption is 

usually made that the neutron scattering is isotropic, i.e., that all energy 

transfers from zero (glancing collision) to T (head-on collision) are m 

equally likely. In this case, the average energy transferred, T, is one-

half of T or, from Eq. 6, m 

2mM 

(m + M) 2 
(7) 

The anisotropyof neutron scattering increases with the energy of the neutron 

and the atomic number of the target atom. The departure from isotropy gives 

rise to a preference for scattering in the forward direction (smaller e in 

Eq. 5) and for low-energy transfers. As a result, an energy-dependent 
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correction factor, f (f < 1), should be inserted in the right-hand side of 

Eq. 7 to allow for the anisotropy. For iron and l-Mev neutrons, the differ-

ential cross section for elastic scattering is observedl19 to vary over the 

entire range of angles by a factor of about 4. Also, for fission neutrons 

the correction factor, f, for iron is estimatedl15 to be about 0.57. A 

calculation has been carried out which takes into consideration the effect 

of anisotropy of neutron scattering in iron;120 however, in this brief 

account, the effect of the anisotropy of neutron scattering will be ignored, 

In this case, it can be seen from Eq. 7 that 

T :::: 0.034 E ( 8) 

for iron (M/m = 56). From Eqs. 3 and 7 J the rate of energy transfer to 

the lattice per atomic site as a result of collisions of neutrons with 

energies between E and E + dE is given by 

d - :::: ---..- E a (E) cp(E) dE (
dE:) 2mM 
dt (m + M) 2 s 

( 9) 

assuming that the struck atom always receives the average transferred 

energy from the neutron of energy E. 

It is also necessary to consider how effective the transferred energy 

is in producing displacements. An idea that is quite basic to radiation 

damage theory is the concept of the displacement energy, T
d

, This is the 

energy necessary to displace an atom from its lattice site. For metals, 

T is thoughtl15-11$ to be about 25 ev. From Eq. 8, the corresponding 
d 

neutron energy is Ed ~ 740 ev. Another point is that the models of defect 

production lead to the conclusion1l5 - 11 $ that the displacement production 

process operates as though one-half the transferred energy is effective in 
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producing displacements and the other half is dissipated in subthreshold 

interactions. As a result, the rate of displacement production becomes, 

from Eq. 9, 

1 
==-d 

2Td 

1 
=-

mM 
--- E (j (E) c/>(E) dE 
(m + M) 2 s 

(10) 

Before attempting to evaluate the intergral of Eq. 10, the mechanism 

by which the struck atom loses energy as it moves through the lattice must 

be considered in more detail, since it comes to mind that when the velocity 

of the struck atom is greater than the velocity of the slowest electron 

in the solid, the atom loses energy chiefly by ionization and electronic 

excitation and not by collisions with other atoms. For metals, a rule 

of thumbl15 is that ionization predominates when the energy of the atom 

exceeds its mass number in kev. This energy is called the "ionization 

threshold energy, " T. For iron, then, T == 56,000 ev and, from Eq. 8, c c 

it can be seen that the corresponding neutron energy is E == 1.9 Mev. Thus, 
c 

all neutons of energy greater than 1.9 Mev are considered to be only as 

effective in producing displacements as a neutron of this energy. Then, 

the integral of Eq. 10 is written 

dnd 1 mM 
K=- X 

dt Td (m + M)2 

where K is the displacement production rate. A lower limit of 2Ed is used 

in the first integral in Eq. 11. This follows from the fact that, if a 
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projectile atom having an energy between Td and 2Td knocks an atom from 

its lattice site, the projectile atom will itself become trapped at the 

site and no additional displacement will be created. 

It is possible to estimate120 the energy dependence of the elastic 

scattering cross section, a (E). However, for the present purpose, it is 
s 

assumed that the cross section is constant at a value of about 3 barns. 121, 122 

Then Eq. 11 becomes 

i 

li f Ec E q,(E) dE + E f 00 <P (E) dE] 
2E c E 

d c 

(12) 

To illustrate the effect of variations in the energy distribution of the 

neutrons, it is useful to evaluate Eq. 12 for a fission spectrum and for a 

graphite-moderated spectrum. For the fission spectrum, use is made of the 

function 

(13) 

where the constant a has the value given by Cranberg et al.,123 i.e., a = 

0.775 Mev-1• For the graphite-moderated spectrum, the calculations of 

Robinson, Oen, and Holmes124 may be employed, although no analytical func-

tion is available in this case. The constant Nf and the corresponding 

quantity for the Robinson, Oen, and Holmes spectrum are adjusted so that 

the same flux of neutrons of energy greater than 2Ed = 1470 ev is contained 

in the two distributions. If the flux of neutrons with energies above 

2Ed is taken to be 1013 neutrons/cm2e ·sec, from Eq. 12 it is found that the 

displacement production rate per atomic site is about 3 X 10-$ sec-1 for 

the fission spectrum and about one-third this value for the graphite-
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moderated spectrum. It is interesting to note that if sulphur or nickel 

threshold detectors (effective threshold energies about 3 Mev) were used 

to measure the flux, the integral flux above 3 Mev for the fission spectr~m 

would be observed to be about six times greater than that for the graphite-

moderated spectrum, although the damage is calculated to be only a factor 

of 3 greater. Nickel and sulphur threshold detectors are sometimes used 

to monitor the flux in reactor experiments on steels and, in fact, the flux 

at operating reactor pressure vessels. The above illustration emphasizes 

the fact that some damage is produced by neutrons below the sulphur or nickel 

threshold to which these detectors are not sensitive and that, therefore, 

the use of these detectors without further analysis may lead to erroneous 

conclus ions. 

The effect of differences in neutron-energy spectra in reactor en-

vironments is even more striking in connection with another mechanism for 

radiation damage. 125 Upon the capture of a slow neutron by an atom, one 

or several capture gamma rays are emitted with energies that may be as high 

as 10 Mev in a time that is short compared with the period of an atomic 

vibration. In order to conserve energy and momentum, the atom must r~coil 

with an energy 

where E is the gamma ray energy, M is the mass of the recoiling atom .• 
y 

(14) 

and c is the speed of light. The capture gamma rays are actually given 

off with a spectrum of energies, and thus the average recoil energy, T
R

, 

is given by 
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where E2 is a weighted average over the capture gamma-ray spectrum. A 
!' 

compilation of capture gamma-ray spectra has been prepared by Troubetskoy 

and Goldstein. 126,127 The maximum gamma-ray energy for iron is given as 

10.16 Mev and the average squared energy over the spectrum yields an aver-

age recoil energy of TR = 390 ev. The number of neutrons absorbed per 

second per atomic site is ~thcrth' where ~th is the thermal-neutron flux 

and cr
th 

is the thermal-neutron absorption cross section. If it is assumed, 

as before, that the effective energy cost of a displacement is 2Td, then 

the displacement production rate resulting from Cn,!,) recoil events is 

K(n,!') (16) 

and, us the values crth = 2.62 barns, 122 ~ = 390 ev, and Td = 25 ev, 

it is found that 

For a thermal-neutron flux of 1013 neutrons/cm2 ·sec, the displacement pro-

duction rate for Cn,!,) damage is about 2 X 10-10 sec-1 • Thus, for the same 

total flux of neutrons, it is calculated that the thermal neutrons are less 

effective in producing displacements by a factor of 150 than the neutrons 

in the fission spectrum. For the graphite-moderated spectrum, the corre-

sponding factor is 50. 
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Some experimental evidence for (n,y) recoil damage has been obtained 

on metals128-130 and non-metals. 131,132 A determination130 of the magnitudes 

of the (n,y) recoil damage and the fission-neutron collision damage has been 

made for copper, for which the capture gamma-ray spectrum and neutron ab

sorption cross section are not greatly different from that for iron. For 

~opper, the neutron collision damage rate per fission neutron was found130 

to be about 31 times greater than the (n,y) recoil damage rate per thermal 

neutron, as indicated by the rates of increase in electrical resistivity 

upon irradiation at 4°K. The corresponding theoretical value for this 

ratio, including a correction for the anisotropy of neutron scattering, 

is 58. In view of the approximations in the theoretical calculation, this 

discrepancy is not unreasonable. 

A consideration of the motion of the radiation-produced defects leads 

to a distinction between radiation effects on metals and on alloys. When 

radiation-produced defects anneal out of a pure metal, the state of the 

metal after annealing should be quite similar to the pre irradiated state. 

But, for alloys, the motion of defects may produce a change in the relative 

atomic arrangement of the different types of atoms in the alloy. If the 

initial atomic arrangement corresponds to a nonequilibrium configuration, 

it may be expected that the motion of defects produced by irradiation will 

facilitate a change toward the equilibrium arrangement. The processes of 

precipitation and ordering in alloys are prime examples of such diffusion

controlled atomic rearrangements. The properties of complex structural 

alloys are known to be quite sensitive to precipitation and ordering re

actions. Thus, some attention should be paid to the part played by these 

diffusion-controlled reactions in the response of pressure-vessel steels 
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to radiation environments. A review of the literature up to 1956 on the 

effect of radiation on diffusion-controlled reactions in alloys has been 

given by Thomas. 133 More recently, neutron-irradiation studies in this 

area have been carried out on Fe_Cl34-1l8 Fe_Cr_C,139 Cu_Fe,140 Cu_Be,14l 

Cu_Zn,142-l45 Cu_Al,146-148 Cu_Ni,149,150 and Ni_Be. l5l 

The phenomenon of the radiation enhancement of precipitation and 

ordering reactions has a bearing on the question of the specific effect 

of dose-rate (or instantaneous flux) on the rate and extent of changes in 

properties upon irradiation. This question may be important in connection 

with pressure vessel embrittlement because of the fact that the testing of 

pressure vessel steels is carried out at high dose rates in materials test-

ing reactors, whereas the vessel is subjected in service to low dose rates 

for a long period of time. For alloys in which diffusion takes place by 

a vacancy mechanism,l52 the rate of atomic rearrangement depends upon the 

total number of vacancy jumps per second per atomic site, which is given 

by 

--- = 
dt 

vv v , 

where v is the concentration of vacancies and Vv is the jump-rate per 

vacancy. Upon irradiation, a dynamic process is established in which 

(17) 

vacancies are being introduced as a result of the bombardment and are being 

annihilated in the course of annealing. Dienes and Damask145 have pointed 

out that the dynamic equilibrium number of vacancies will depend upon the 

mechanism of the annihilation and have given an analysis of radiation-

enhanced diffusion. In simplest terms, distinctions can be made between 
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the cases of annihilation at fixed sinks (such as dislocations) and anni-

hilation by interstitial-vacancy recombination. For fixed sinks, the anni-

hilation rate is proportional to the number of vacancies present at a given 

time, and the rate equation for the number of vacancies becomes 

dv 
dt = K - ct'I , (18) 

so the dynamic equilibrium number of vacancies is 

K 
v~-(X (19) 

where a is a constant. If it is assumed that the dynamic equilibrium is 

established in a time that is short compared with the irradiation time, 

then, from Eq. 17, the number of vacancy jumps per second per atomic site 

is 

--:0= , ( 20) 
dt 

and the number of vacancy jumps in time t, assuming a constant displacement 

production rate, K, is 

(21) 

Two reactor environments must also be considered that have the same 

spectral distribution of neutrons but have a different total flux. If the 

total fluxes (total numbers of neutrons/cm2'sec) are taken as Fl and F2, 

the expression in Eq. 12 shows that the displacement production rates will 
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be proportional to Fl and F2 and the numbers of vacancy jumps in times 

tl and t2 for the two irradiations will be related by 

=--:- ( 22) 

where q,l and q,2 are the time-integrated fluxes or total doses. Since the 

amount of atomic rearrangement depends upon the number of vacancy jumps, 

it may be concluded from Eq. 22 that, for fixed-sink annealing, the same 

effect will be realized for equal total doses, i.e. for q,l = q,2, regard-

less of the dose rates, Fl and F2• 

A different conclusion is reached, however, for the case of inter-

stitial-vacancy recombination. Since an equal number of vacancies and 

interstitials is produced by the radiation, the rate of vacancy annihila-

tion is proportional to the square of the number of vacancies at a given 

time. The equations analogous to Eqs. 18 to 21 are 

dv 2 
dt == K - pv (23) 

v = (K/p)1/2 (24) 

, (25) 

(26) 
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The ratio of the number of jumps for the two reactor environments with 

the same spectra and total fluxes Fl and F2 is by 

( 27) 

It may be seen that the relative number of jumps depends specifically on 

the dose rates Fl and F2 in such a way that, for the same dose, a greater 

number of jumps and therefore more radiation-enhanced diffusion takes place 

when the total dose is received at a lower dose rate over a period 

of time. 

The experimental information dealing with the dose-rate effect is 

rather sparse. Reference has been made in the literature89 to a comparison 

of the increase in NDT temperature for experiments on the same steel in the 

Brookhaven Graphite Reactor (BGR), on the one hand, and in the Low Intensity 

Test Reactor (LITR) and the Material Testing Reactor (MTR), on the other. 

For the BGR irradiations, the dose rate was a factor of 10 smaller than 

for the LITR and MTR irradiations. For the same dose (approximately 

cm2 at energies greater than 1 Mev), the increase in 

~rnT temperature for the BGR irradiations was observed to be from 50 to 

than the average of the increases in NDT's from 

the LITR and MTR irradiations. The conclusion is not clear-cut, 

since the ratio of the thermal flux to the flux above 1 Mev was a factor 

of 8 for the BGR experiments than for the LITR and MTR 

Thus, it is difficult here to separate the dose-rate and spectrum effects. 

In another case,153 impact tests were conducted on a manganese-molybdenum 

steel irradiation at lower dose rates than are usually employed. 



133 

The NDT temperature was observed to increase to a somewhat greater extent 

than for the same type of steel irradiated to the same dose at higher dose 

rates. But, here again, the results are somewhat inconclusive because of 

the possible influence of factors other than dose rate. A study1 4$ has been 

made of the effect of dose rate on the irradiation enhancement of short-

range ordering in Cu-Al. For this reaction, the kinetics appear to be 

governed by interstitial-vacancy recombination annealing leading to Eq. 27, 

rather than fixed-sink annealing, which gives Eq. 22. 

Before leaving the subject of the fundamentals of radiation damage and 

turning to the pressure vessel itself, it might be well to summarize the 

considerations and, particularly, to recount the approximations and aSS 1JffiP-

tions involved. Equation 12 the displacement production rate result-

ing from neutron collisions. In deriving this expression, the following 

assumptions were made: (1) that the neutron scattering is isotropic and 

that, based on isotropic scattering, a neutron of a given energy always 

delivers the average transferred energy T, Eq. 4, to the lattice atom, (2) 

that a sharp ionization threshold T exists above which the struck atom 
c 

loses energy entirely by ionization and electronic excitation and that this 

energy is equal to the mass number of the atom in kev, (3) that, effectively, 

only one-half the transferred energy is used in producing displacements, 

and (4) that the elastic scattering cross section may be taken to be inde-

pendent of the neutron energy. Equation 12 shows that the neutron collision 

damage depends upon the neutron spectrum down to energies in the kev range. 

Since most threshold detectors are sensitive only to neutrons above several 

Mev, care must be exercised in their use as measures of the significant ex-

posures. Consideration of the radiation damage from (n,l) recoil events 
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led to Eq. 16 for the production rate from this mechanism. No attempt 

was made to distinguish between the effects from displacements resulting 

from neutron collisions and (n,y) recoil; however, lattice atoms are set 

into motion with lower energies for (n,y) recoil events and, therefore, 

the damage may be less complex. In any case, it may be expected that this 

type, of damage will be important for highly thermalized neutron environments, 

although rather little experimental work has been done in this area. Finally, 

there is the question of radiation-enhanced precipitation and ordering re

actions in alloys. The theoretical considerations indicate that such effects 

may, depending upon the mechanism of vacancy annealing, be a function of 

the dose rate. The analysis assumes, however, that the defects produced 

by the irradiations are distributed at random and that the time to establish 

the equilibrium number of defects during irradiation is short compared with 

the time in which the precipitation or ordering takes place. Whether these 

conditions are satisfied in particular cases is rather difficult to de

termine. Nevertheless, radiation-enhanced diffusion may be of consequence 

whenever the initial configuration of an alloy does not correspond to the 

equilibrium state. 

The manner in which the subjects of fracture and radiation damage are 

combined in the problem of the radiation-embrittlement of reactor pressure 

vessels was considered. Fracture and radiation damage are, individually, 

exceedingly complex phenomena and not at all well understood from first 

principles. Yet, such information and understanding as have been collected 

and created are being used to guide the engineer in the safe design, con

struction, and operation of reactor pressure vessels. In the next issue 

of Nuclear Safety, attention will be directed to the vessel itself, and an 
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attempt will be made to analyze the unique features of the reactor pressure 

vessel and to assess the present status of its safety. (M. S. Wechsler and 

R. G. Berggren) 
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FUEL ELEMENT LEAK DETECTION 

Several new devices for the detection and location of fuel cladding 

failures have been reported since this subject was last reviewed in Nuclear 

Safety.l The two most significant items are the automatic gas chromato

graph and the isotopic exchange column. A device for exposing fuel ele

ments for pool-type reactors to leakage flux and then examining them for 

cladding defects and a device for detecting minute amounts of fissionable 

contaminants on new fuel plates have also been developed. A few reports 

concerning the recent application of cormnonly used devices to new power 

reactors are also reviewed. 

Gas Chromatography 

Kritz of the Savannah River Laboratory has developed an automatic 

gas-chrorr~tograph fuel clement monitor (GCill4).2-5 The gas sample for 

analysis by the chromatograph may be obtained in most water-cooled reac

tors either from the gas blanket in the pressure vessel or from the de

aerator that is generally provided for the removal of entrained air a.nd 

radiolytic gases from. the coolant. The GCRM is designed to separate from 

a sample of blanket or deaerator gas the radioactive noble gases, XeLon 

and krypton, which will appear in increased quantities if there is a fuel 

element leak. The activity of the noble gas fraction is measured with a 

scintillation detector. 

A gas chromatograph works on the principle that gases of different 

atomic weights present in a gas sample will move at different speeds 

through a molecular-sieve column and will be eluted by a carrier gas (in 

this case helium) at different time intervals after injection into the 
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column. The GCRM accepts a sample of reactor gas, injects it into a sieve 

column, sequentially rejects the oxygen, nitrogen, and other gases, and 

then passes the argon and later the krypton into a sampling chamber for 

scintillation counting. All this is done by a system. of clock-sequenced 

solenoid valves. This device has a sensitivity to concentrations of krypton 

and argon of the order of 10-12 mole %. The entire sampling and counting 

sequence takes 10 min. 

This device shows real promise, especially where an alarm delayed 

by 10 min from the time of rupture can be tolerated. The device is ideally 

suited to the application for which it was intended at Savannah River. 

Part IV of the report series5 contains a set of drawings and instructions 

for duplication of the instrument bJ' others. 

Isotopic Exchange 

About a year ago mention was made in Nuclear Safety1 of a test at 

Battelle Memorial Institute of an AgBr-loaded column that was monitored 

for delayed neutrons. The available information at that time was con

tained in the BMI progress report ctted. 6 A development report on the 

device is now available7 which reveals that the reviewer erred previouslr 

in confusing the principle of isotopic exchange with that of ion exchange. 

Ion exchange involves the removal of cations or anions or both from aqueous 

solutions by adsorption into an organic resin that releases in excha~ge 

the H+ or OH- ions. Isotopic exchange, however, is best described by- the 

equation for this case: 

AgX + X* r=: AgX* + X 
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The development report 7 suggests the use of a small column filled 

with fused Ag1 through which a of reactor water can be passed and. 

the column can be monitored for the delayed-neutron activities of BrS7 

and 1137. A column life of up to 9000 hr with water temperatures up to 

180°F is reported for laboratory development tests made with gamma

emitting tracers. The column has not yet been used with a reactor or an 

in-pile loop, but a prototype instrlooent for practical testing is being 

prepared. 

Method for Detecting Failed Pool-Type Reactor Fuel Elements 

A method for the testing of individual pool-type reactor fuel ele

ments has been described by Toledo et al. S The fuel element to be tested 

is placed into a special guide tube located in the grid plate near the 

reactor core, and a supply of compressed air is slowly bubbled through 

the fuel element while the reactor is operated at low power (for example, 

10 kw of a maximum permissible 5 MW). The air is exhausted into a hood

like shroud fitted over the top of the fuel element. A tube carries the 

effluent air from this collector shroud through a water trap and into 

filters and activated charcoal traps that are then examined for accumulated. 

activity. The results of each test are compared with the results for a 

dummy fuel element. 

This method is simple, and the equipment should be inexpensive to 

fabricate. Since the necessity for the separation and removal from ser

vice of defective fuel elements is imperative to ensure adherence to the 

stringent requirements placed on training reactors, this method 

will probably find wide usage in pool-type reactors being operated at 

universities. 



Those who wish to use this system should heed the suggestion8 that 

a very rigid fuel element guide tube and mounting be used to obviate in

advertent reactivity increases from a toppling element. Further, the 

glass and rubber tubing used in the experimental system should be re

with stronger materials. 

Preirradiation Testing of Fuel Elements 

The sensitivity of a fuel element monitor to small leaks is affected 

by the surface contamination of the fuel element. In fact, calculations 

of expected sensitivity must be based on the specification of an allowa1::1e 

amount of fissionable material on the fuel element exterior after fa"bri

cation. The adherence of the fuel element vendor to such a specification 

then determines the subsequent success of the leak detector. 

A completely transistorized contamination monitor for checking new 

fuel elements has been reported by Allen, 9 who developed the monitor for 

NPD fuel rods. The prescribed level of contamination for NPD rods is 

0.013 ~g of uranium per cm2 , which yields a counter signal of 70 to 140 

counts/hr against a background of counts/hr. A complete set of cir

cuit diagrams is included in the report on this monitor. 9 

Applications to New Reactors 

An article by LapsleylO of the Savannah River Laboratory describes 

improvements in the design of a wire-precipitation device. Three of these 

are to be used on the Heavy Water Components Test Reactor. The report 

states that for 100-cfm gas flow through the precipitation chamber, a 

blar~et-gas gross activity increase by a factor of 6 yields a count rate 

inc:rease of 160. This is a system gain of 25. Background rejection is 

such that only 1.3% of the count rate is due to activity not deposited on 

the wire. 
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A complete analysis of the failed element detection and location 

(FEDAL) system proposed for the Carolinas-Virginia Tube Reactor has been 

reported by Andonedis. 11 The system proposed is an adaptation of the 

Heath ion-exchange monitor to a reactor with multiple coolant channels. 

An intricate system. of selector valves is used to pipe a sample from each 

of the tube assemblies into a monitor without the anion resin in the de

tector column if a high alarm is initiated by a monitor with anion resin 

in the detector column which monitors the mixed coolant continuously. 

The sequential selector system is for location of the defective tube as

sembly, while the continuous system is for the detection of a leak. Data 

are presented in the report11 for each fission-product isotope detectable 

by this type of monitor. 

A description of the complicated sampling, counting, recording, and 

master control system for the faulty fuel element detector in the Chino~ 

Power Station in France has been published by Auricoste.1 2 Two Ramo 

Wooldridge RW-300 digital computers are the heart of the system. Twelve 

detectors are each sequentially valved into 23 groups of four sample li~es 

(114S channels). Each detector consists of a rotating drum, a segment of 

which is one wall of a precipitation chamber. The polarity on the high

voltage electrode is reversed to strip the drum of the precipitant. There 

are two scalers for each detector. Gross gaseous activity is channeled 

into one scaler and the precipitated activity plus gaseous activity is 

stored in the second. The computer takes the difference and yields the 

activity of the deposited daughters of krypton and xenon, the noble-gas 

fission products. The entire cycle l14S coolant channels takes 24 

min. The results for each channel are recorded and compared automatically 
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against those for a mixed coolant Abnormal channel activities 

are automatically alarmed. (J. L. Kaufman) 
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COST AND EFFECTIVENESS OF AIR-CLEANING SYSTEMS 

Melvin W. First* Leslie Silverman** 

Control of the emission and dispersion of radioactive gases and gas-

borne matter, both during routine operations and in the event 

of a nuclear incident, are important aspects of nuclear 1-7 In 

many instances, the air or gas volumes that must be handled are large, 

and the of decontamination required is Quite naturally, 

*Melvin W. First is a Consulting Engineer in the field of Industrial 
Hygiene and has been associated witll the Harvard University Air Cleaning 
Laboratory since 1947. He received a B.S. degree in and Public 
Health from MIT in 1936 and the Sc.D. degree in Industrial Hygiene from 
Harvard in 1950. He was employed from to 1941 as an In-
dustrial Engineer with the Detroit and the Michigan State Health 
Departments. World War II he has been associated with Harvard Uni-
versity as a USPH Service Fellow, 1949-50; Research Associate HUACL, 
1950-53; Engineer, 1953 to present. In since 1961 
he has been Senior Research Associate, Harvard School of Public 
Health, and a lecturer in Sanitary Engineering at MIT. 

**Leslie Silverman, currently Head of the Harvard University Depart
ment of Industrial Hygiene and member of the Advisory Committee on Reactor 
Safeguards, of which he "Tas Chairman in 1960, has been active in the field 
of industrial and, subsequently, radiological hygiene for the past 25 
years. He received a B.S. degree in Mechanical from University 
of Illinois, an M.S. degree in Mechanical Engineering from Rutgers Uni
versity, and the S.M. and Sc.D. degrees in Industrial Hygiene Engineering 
from Harvard University. 
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AIEA and is now a director of HPS; he is registered as a professional 
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ing Intersociety Board and American Boards of Health and Indus-
trial His publications include Industrial Air Sampling and 
Analysis, AEC Handbook on Air Cleaning, and over 250 articles in technical 
journals on industrial hygiene, ventilation, air s, air-pollution 
control, and radiological hygiene. 



164 

this combination leads to air-cleaning costs, both on an absolute 

and on a unit cost basis. Some outstanding examples are listed in Table 

IV-l, but they are by no means unique. Since high-performance air clean-

ing is costly and unavoidable from e safety standpoint, wise equipment 

selection and careful operating procedures are required for maximum economy. 

Table tv.-l. COSTS OF TYPICAL AEC AIR-CLEANING FACILITIES 

Date Capacity 
Annual 

Location Completed (cfm) 
Investment Operating 

Cost 

Argonne National Laboratory 1954 200,000 $695,000 $ 60,000 
Hanford Purex 1952 120,000 '951,000 275,000 
Hanford Redox 1949 40,000 575,000 197,000 

It has been recognized by those familiar with air- and gas-cleaning 

technology that unit costs (for installation and operation) are affected 

significantly by the total air-handling capacity of the installation and 

by the difficulty of the air-cleaning task (for example, it costs more to 

remove small particles from an air stream than it does the larger ones). 

Air- and gas-cleaning procedures for atomic-energy applications are dis-

tinguished from those involving nonradioactive particles and gases by 

(1) the high toxicity of the substances involved, (2) handling restrictions 

and special controls required by the high levels of direct radiation from 

the collected material, (3) the much higher collection efficiencies 

needed, and (4) the added expense of disposing of radioactive wastes in 

specially deSignated facilities. Inevitably, these special features have 

a direct, and predictable, bearing on costs. 



165 

Practices 

Practical difficulties arise when comparing costs of air- and gas

cleaning installations because of marked variations in the cost of identi

cal equipment purchased and installed in different years and because of 

habitual wage differentials from one area of the United States to another. 

Ordinary cost-accounting practices vary somewhat from site to site, and 

this introduces still other variables into cost s. At times, even 

specialists find it difficult to decide what fraction of the 

equipment (for example, blowers and ducts) and costs is assignable to air 

cleaning and what fraction is assignable to aSSOCiated, but separate, 

functions such as ventilation and heating. 

Other cost variations, more difficult to identify and to evaluate, 

relate to the specific circumstances in which an air-cleaning system is 

to function. A common Situation, stemming from AEC's many experimental 

(and tranSitory) programs, is the need to purchase air-cleaning equipment 

for short-period usage, that is, considerably less than 10 years. In 

this case, devices such as absolute filters that have low installation 

costs but high operating expenses may be preferred on a total cost basis 

over a high-initial-cost, low-operai;ing-expense device that would normally 

be specified for more permanent types of operation. Excessive dust load

ings, the presence of acid mists, or other unfavorable conditions may 

also affect costs. 

Air-cleaning cost comparisons between sites and AEC contractors can 

result in misleading conclusions. A detailed inquiry into the reasons 

for differences, however, usually reveals one or more significant factors 

to account for the cost variables. An example is the difference between 
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the radioactive-gas-handling facilities at the Knolls Atomic Power 

Laboratory and the Brookhaven National Laboratory. At Knolls approxi

mately lOll ft 3 of air is handled annually. Since this Laboratory is lo

cated only a few miles from three large cities, the total release of all 

activity must be small. Released activity has been estimated at 1.5 curies 

of beta-gamma activity per year, which is approximately l/lOOth of the 

amount that would have been released if air cleaning had not been used. 

At the West Milton Area of Knolls, where prototypes of nuclear submarine 

reactors are tested, 5 X 109 ft 3 of air is processed annually, with a 

total release to the atmosphere of less than 1 millicurie of activity. 

These air-cleaning systems retain about 150 curies of activity per year, 

and the total annual air-cleaning cost at Knolls is approximately $53,000. 

In contrast, the Brookhaven National Laboratoryts research reactor, 

which now uses enriched fuel, releases 16,000 to 18,000 curies of A41 per 

day. The exposure problems associated with short-lived radioargon are, 

fortunately, considerably less than for the mixed fission products emitted 

by the operations and reactors at Knolls. In addition, the Brookhaven 

gases are discharged at high velocity and elevated temperature from a 

310-ft stack. virtue of the prevailing winds, they usually drift 

seaward, and thus the ground-level radioactivity is maintained below per

missible values. Since no activity is removed from the gas before re

lease, no activity-removal costs are incurred. Coarse particulate filters 

are provided downstream, however, and good prefilters are provided for 

the air entering the reactor. 
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Evaluation of Air-Cleaning Performance 

Data on air- and gas effecienc;i.es at AEC facilities are lim-

ited. It has been a routine, recommended practice to monitor the radio

activity of discharged air and gas streams, but few measurements of the 

activity entering the air cleaner or of the particle-size distribution of 

have been made. Nevertheless, the performance characteristics 

of most air-cleaning devices are sufficiently well known for nonradio

active gases and aerosols to make possible estimates of cleaning efficiency 

to a degree of accuracy that will permit valid conclusions. Admittedly, 

this often gives no better than an florder of magnitude" figure, but greater 

accuracy is seldom required. For example, knowledge that an air cleaner 

is likely to remove 99% of a contaminant rather than 90% (that is, a de

contamination factor of 100 vs 10) is usually sufficient in practical 

situations. 

For comparison purposes, air-cleaning devices should be segregated 

into homogeneous groupings based on aerosol characteristics or on the 

nature of the gaseous component to be removed. Air- and gas-cleaning de

vices used for dust collection must be subdivided into a group suitable 

for process gas streams with heavy dust and a group for venti la-

tion air with very loadings of fine dusts, because, in general, col-

lectors in one category cannot be substituted for those in the other. The 

type of self-consistent and useful information that can be derived from 

this small-group method of analysis is illustrated by Fig. IV-l, which was 

taken from a recent paper. 6 This figure compares 13 different industrial 

process-stream devices on the basis of collection efficiency 

and cost for the identical gas-cleaning task. It is interesting to note 
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that the analysis includes virtually all the devices that can be used 

under the operating conditions specified, and this illustrates the fact 

that in practical situations the number of useful devices is limited. 

Further, as the specific air-cleaning task becomes more difficult (that 

is, when a greater decontamination factor is required) the types of de-

vice from which a reasonable selection can be made become fewer still. 

Cost Analysis of AEC Filter Installations 

The application of analytical methods and the nature of the informa-

tion that can be obtained may be illustrated by specific examples taken 

from an analysis of cost data dealing with (1) AEC ultra-high-efficiency 

filters and (2) prefilters and filters used for precleaning ventilation 

air. 

Table IV-2 summarizes cost information on 39 AEC filter installations 

on the basis of collector size. As anticipated, the average annual unit 

costs decrease with increasing total capacity. Except for the group of 

largest size units, the rate of decrease with size is exceedingly rapid. 

The reasons why the largest units fail to conform more closely to this 

trend is discussed below. 

Table IV -2. EFFECT OF COLLECTOR SIZE ON TOTAL ANNUAL 
UNIT COSTS FOR AEC-TYFE ULTRA-HIGH-EFFICIENCY FILTERS 

Total Number Total Fixed Plus Operating Cost 

Capacity of ($/1000 cfm/year) 

(cfm) Units Average Minimum Maximum 

100 4 935 175 2,678 
1,000 22 359 152 1,227 

10,000 10 175 152 216 
100,000 3 228 177 300 
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The maximum and minimum cost for the two smallest size groups 

in Table IV-2 show considerable spread, whereas the cost range is rather 

narrow for units of 10,000-cfm capacity and greater. An examination of 

the type of air stream each of these installations is filtering indicates 

that all the units having 10,000-cfm capacity or greater are handling 

ventilation air, either 

pacity units are used with 

or exhaust, whereas many of the smaller ca

materials in high-cost applications, 

such as the decontamination of offgases from incinerators and perchloric 

acid hoods. These materials cause either rapid destruction of the filters 

or extreme radioactivity and lead to high disposal costs. 

A question that often arises during the design of filters for highly 

radioactive particles is whether it is ultimately most economical to in

stall an oversized unit at a higher than normal first cost in order to 

increase the interval between filter changes and thereby reduce certain 

operating costs. The amount of collector over- or undersizing can be 

judged by comparing the actual flow rate with the manufacturer's rating, 

and then actual costs can be compared on the basis of the "percentage of 

nominal capacity" that is utilized. This has been done in Fig. IV.,.2 for the 

three largest size The data for the 22 installations in the 

1000-cfm size group are the most revealing, because they cover a wide 

range of costs and of capacity. These points form a smooth 

curve which shows that when usage is greater than 80% of capacity, there 

is negligible effect on total unit costs, but, as usage drops below 80%, 

the total unit costs increase rapidly. The data for the 10,000- and 

100,000-cfm groups cover only a segment of the 1000-cfm curve, but are, 

in all respects, consistent with it. 
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In Fig. IV-2, it may be seen that the points for the 100,000-cfm group 

are all located between 20 and 33% of nominal capacity and are associated 

with abnormally high total costs. This is believed to be an adeQuate ex-

planation for the apparent break shown in Table IV-2 in the trend of lower 

average unit costs with increase in collector size. Presumably total unit 

costs would be much lower if these installations were used at levels 

nearer their rated capacities, 

In Table IV-3, costs for each size group are broken down into four 

major items: prorated capital or amortization cost (including installa-

tion labor), power cost, filter replacement cost, and operating labor 

charges. The percentages of total cost found in each of the four cate-

gories are Quite similar for the three smallest size groups. The cost 

of filter replacements is the major cost, accounting for somewhat more 

than 60% of the total in each case. The cost distribution is distinctly 

different in the case of the largest units; here filter replacements ac-

count for only 15% of the total cost. Capital costs are disproportionately 

large, however, because of the very low percentage of the rated capacity 

that is used. When taken together, the data of Tables IV-2 and IV-3 

Table IV-3. COST BREAKDOWN FOR AEC-TYPE ULTRA-HIGH-EFFICIENCY 
FILTERS FOR EACH COLLECTOR SIZE GROUP 

Total Percentage of Total Annual Unit Costs 

Capacity Replacement (cfm) Capitalization Power Filters Labor 

100 17.6 8.2 64.0 10.3 
1,000 15.5 14.7 60.3 9.5 

10,000 11.5 19.4 61.2 8.6 
100,000 66.0 11.0 ,0 8.0 
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suggest that the high amortization costs of greatly oversized installa-

tions are not offset by economies in power costs, filter replace-

ments, and labor charges. 

The low power costs and high filter replacement costs of the three 

smallest size groups suggest that lower total costs could be achieved by 

allowing the filters to attain a 

them. This may be impossible in 

flow resistance before changing 

installations because of limita-

tions in exhaust fan or blower capaeity or requirements for better shield

ing, but it should be considered in the design of new facilities. For 

the most part, filters are discarded when air-flow resistance reaches 2 in. 

H20, although the filters will withstand much higher pressures success

fully. In contrast, the filters in the largest size group are permitted 

to reach a flow resistance of 4 in. H20 before replacement. 

Cost Analysis of Prefilter Installations 

Two-inch-deep throwaway filters containing porous mats of resin

bonded glass fibers in the 125- to 250-~-diameter range (Dust Stop, Amer

Glas, etc.) are often used in AEC establishments as ventilation air fil

ters and as prefilters for more efficient units. The total average cost 

and range of costs for 27 installations in the 1,000- and 10,000-cfm ca

pacity ranges are listed in Table IV-4. Just as for the AEC filters, 

unit costs show a marked decrease with increasing size of the installa

tion and, in addition, the range of costs (maximum to minimum) is less 

for the larger units. 

Comparing costs, it may be seen from Tables IV-2 and IV-4 that the 

AEC-type ultra-high-efficiency filters cost seven to times as much 
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Table IV -4. EFFECTS OF COLLECTOR SIZE ON TOTAL ANNUAL 
UNIT COSTS FOR THROWAWAY PREFILTERS 

Total Number Total Fixed Plus Operating Cost 

Capacity of ($/1000 cfm/year) 

(cfm) Units Average Minimum Maximum 

1,000 17 44.50 .30 99.30 

10,000 10 25.00 .05 36.15 

as the prefilters. For this cost differential, the AEC-type filters are 

of a decontamination factor in excess of 100 for particles 0.1 ~ 

in diameter, whereas the prefilters attain this decontamination factor 

only on particles 5 ~ and larger. 

In Table IV-5, the cost data for prefilters are broken down into 

four major categories, as in Table IV-3 for the AEC-type filters. For 

the prefilters, the major cost item is labor charges for maintenance and 

filter changing, in contrast to the AEC-type filters for which labor 

amount to only 8 to 10% of the total cost. This shift in the 

distribution of costs does not imply greater labor requirements for the 

prefilters as much as it reflects lower filter purchase costs; a 

Table IV -5. COST ANALYSIS FOR THROWAWAY PREFILTERS 

Total Percentage of Total Annual Unit Costs 

Capacity Replacement (cfm) Capitalization Power Filters Labor 

000 11.4 18.0 24.7 .9 

10,000 10.9 29.7 24.7 34.7 
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costs only 1/25th, or less, of the cost of an AEC-type ultra-high-

efficiency filter. 

A few prefilters of the cleanable (Kleenflow) have been analyzed, 

also, and the data are summarized in Table IV-6. Total annual costs are 

less than for the throwaway-type filter (Table IV-4) but not greatly SOj 

and against this slightly lower cost must be balanced the somewhat lower 

dust-collection efficiency of the cleanable filters. The data are too 

limited to permit a detailed but are included primarily to il-

lustrate the type of correlations that will be sought when further informa-

tion becomes available. 

Table rJ -6 . UNIT COSTS FOR CLEANAJ3LE PREFILTERS 

Total Fixed Percentage of Total Annual 
Total Number Plus Operating Unit Costs 

Capacity of Unit Cost (cfm) Units 
($/1000 cfm/year) Power 

Replacement 
Labor zation Filters 

10,000 2 21.50 .2 30.9 0 30.9 
100,000 2 16.30 .3 42.8 0 40.9 

Summary 

Analyses of annual operating costs for AEC-type high-efficiency fil-

ters show that capitalization costs are less than 20% for most installations 

and that filter replacement costs and labor) represent 65% or 

more of the total. For the commercial throw-away air-filter 

frequently used as a prefilter for the AEC high-efficiency filter, 

annual capitalization costs are only 10-12% of the total, but labor costs 

for replacement of filters average about 40% and the purchase of new 



filters about 25%. Although the total material and labor cost for filter 

changes is the same for prefilters and final filters (65%), it is note

worthy that the purchase cost of the replacement filter is 60% of the 

annual cost in the case of the final filters but only 25% for the pre-

filters. These data show how completely a expensive replacement 

item can dominate the total cost picture. Fractional cost breakdowns of 

this nature suggest ways in which air-filtration costs can be 

minimized, 
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REACTOR DECONTAMINATION HAZARDS 

Two reviews limited to the criticality and radiation hazards of de

contamination operations previously appeared in this Journal,S,9 and, in 

addition, a review of the status of reactor decontamination methods as of 

December 1960 was recently published. 10 The purpose of this review is to 

information on the special h2.zards that exist in the decontamina

tion of nuclear reactors, based on some recent examples from operating ex-

The decontamination of nuclear reactors is currently being studied 

by a Reactor Decontamination Information Exchange Group sponsored by the 

AEC. The group is concerned with reactor decontamination safety and the 

development of new and improved decontamination processes. The chairman 

of the Group is O. T. Roth, USAEC, Washington D. C., and all reactor 

decontamination research groups in the USA and Canada, with the exception 

of the U.S. Navy groups, are represented. The minutes of the last two 

meetings are available. 11 ,12 

Water-Cooled Reactor Decontamination 

The alkaline permanganate-armnonium citrate (APAC) method has received 

considerable attention for the decontamination of aqueous heterogeneous 

reactors. 13- 1S In addition to the hazards of the disposal of radioactive 

waste solutions, a problem common to all decontamination operations, the 

hazards of this method include the physical handling of strong chemicals, 

ln particular, sodium hydroxide. The APAC method has been adopted by the 

U.S. Navy for the decontamination of naval reactors,19 and, in fact, has 

been used for the full-scale decontamination of the SlW land-based proto

type submarine reactor in Idaho. 20 
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The decontamination of the SlW was carried out in October 1960 at a 

cost of $540,000. The core was left in place during decontamination, and 

if the solutions had been unduly corrosive it might have been possible to 

expose the irradiated uranium material in the core and to spread intolerably 

high levels of contamination throughout the system. The MAC procedure had 

been demonstrated to have little corrosive effect on all materials of reactor 

construction, Graphitar, nitrided pump bearings) carbon steel) and 

chromium plate) and systems or parts containing these materials were mOdified) 

removed from the system) or protected by a fresh water purge. 

The MAC process was developed for the removal of the black coating 

that develops on stainless steel in water-cooled reactors and which contains 

activated corrosion products) chiefly Co 60 and Cr51 • The process is "not 

intended to be effective for fission-product removal. II In the SlW decon

tamination) alkaline permanganate (100 g of NaOH and 30 g of KMn04 per 

liter) was circulated at to 225°F for 6 hr) and the system was then 

flushed with water. The water was replaced with a solution containing 100 g 

of ammonium citrate per which was circulated at 200 to 210°F, for 6 

hr) and the system was rinsed with water. The entire procedure was 

then repeated. Solution changes were made by the feed-bleed method, and 

the last traces of chemicals were removed by ion exchange. Decontamination 

by a factor of approximately 5 was obtained. About 11 curies of Co 60 and 

8 curies of Cr51 were removed. These two nuclides accounted for about 90% 

of the total 

The only 

in the solutions. 

to personnel during decontamination were six caustic 

burns of a minor nature. Rigid safety precautions were used in the handling 

of the chemicals. Radiation exposures during decontamination averaged only 



45 to 61 mrem, with a maximum individual exposure of 205 mrem. This was 

an excellent safety record. The report 20 on this work emphasizes "that 

full protective equipment, strict supervision, and adherence to safety 

rules .•• [are] vital in the performe.nce of any decontamination. " 

In a review of reactor decontamination methods made in December 1960 

for the purpose of selecting a method. for the decontamination of the N.S. 

Savannah reactor, 21 it was concluded that the Turco* modification of the 

APAC method would be most suitable for this application. It should be 

pointed out here that whenever proprietary compounds are used in reactor 

decontamination, thorough safety testing must be done to eliminate the 

possibility of unwanted or unexpected. reactions. The November 1959 shut-

down of the ORNL solvent extraction pilot plant, previously described, 9 

was caused by failure to realize the explosive nature of a proprietary com-

pound when it was inadvertently boiled with nitric acid. 

Dilute chromic acid is an interesting reagent that has been proposed 

for U02 dissolution and decontamination in the NRU reactor. 22 The solution 

would be prepared by dissolving Cr03 in D20. Corrosion on aluminum has been 

found to be considerably lower with this reagent than with acidic peroxide 

mixtures. There would seem to be no unusual hazards associated with the 

solution, other than that of corrosive chemical handling and the strongly 

oxidative powers of the oxide and the concentrated solution. 

Gas-Cooled Reactor Decontamination 

At ORNL, laboratory research directed toward the development of gas-

cooled reactor decontaminants has been concerned chiefly with oxalate-

*A class of proprietary decontaKinants manufactured by Turco Products, 
Inc., Wilmington, California. 



peroxide solutions. 10 These solutions have the of low corro-

sivity to carbon steel, rapid s for powdered or massive U02, and 

excellent decontaminating power. other decontaminants, whose for

mulas were recently reported23 in the literature, have also been developed 

that do not have the earlier of short life, difficulty in 

control of pH during usage, and accelerated corrosion. The danger of high 

corrosion still exists, however, from failure to mix the formulas accord-

ing to specifications. 

matter are known to be 

one slight possibility of 

vU'~~~U mixtures of hydrogen peroxide and organic 

under some conditions, only 

ion has been encountered so far in labo-

ratory work. This was from the evolution of a small amount of oxygen, 

along with ammonia and C02, as a 

Although the gas mixture was 

monium carbonate in a loosely 

solution became basic after use. 

nonflammable, deposition of am-

condenser allowed a gradual ac-

cumulation of a combustible mixture of ammonia and oxygen. This segrega-

tion of gases would, in ce, be prevented by the purging of offgas 

lines with air in the event that the decontamination solution became 

basic. Oxalates are, of onous and must be handled with some 

care. 

The "decontamination" of gas-cooled reactors by the prevention of 

initial contamination has been proposed. 24 The fission products would 

be adsorbed on activated carbon dust circulated with the helium, and the 

carbon would be 

handling and 

operations. 

removed and replaced in a side stream. The 

of this contaminated carbon dust would be hazardous 
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Decontamination of Other Types of Reactor 

Decontamination of the HRT by proposed methods, such as 

with inhibited phosphoric acid or treatment with chromous sulfate followed 

by treatment with -peroxide, will produce extremely radioactive 

waste solutions. Here problems concerning shielding, containment, 

and waste di will offer the major decontamination hazards. Sodium 

coolant purification by adsorption of radiocesium on graphite is 

studied at 2.5 The hazards of the handling and disposal of graphite 

pellets impregnated with metallic sodium, as well as adsorbed fi 

products, would obviously include the danger of fire or explosion or both 

if water or aQueous solutions were to contact the graphite bed. 

SL-l Decontamination 

The most out recent example of hazardous conditions en-

countered in decontamination is the SL-l reactor incident in Idaho on 

January 3, 1961. 26 - 28 In the interest of locating, removing, and decon

taminating the three casualties, unusual radiation exposures were sus

tained by rescue personnel. It was necessary to enter and work in a 

rad.iation field in excess of 700 r/hr. After the casualties were removed 

to a decontamination facility, radiation fields as as 500 r/hr ,,;cere 

observed above them. Removal of clothing, followed by washing, failed 

to reduce the fields Significantly. During retrieval, three men received 

exposures of 25 to 27 r, six of 12 to 25 r, seven of 3 to 12 r, and thir-

teen of 0.9 to 3 r. In the continued emergency of the next few 

days, the group of personnel receiving 3 to 12 r total exposure increased 

to 18, and those with 0.9 to 3 r increased to 66, This illustrates that 

decontamination operations immediately after a reactor accident can be 
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~uite hazardous, particularly when the accident involves fatalities. It 

is clear that very serious consideration must be given at all reactor sites 

to the possibility that emergency operations may have to be launched on 

extremely short notice, with some procedures involving high-level decon

tamination of personnel. (A. B. Meservey) 



SAFETY IN URANIUM MINING AND MILLING 

Since 1949) the domestic of uranium has grown from ap-

proximately 90)000 tons of uranium ore and 115 tons of U308 in mill con

centrates to approximately 7)000)000 tons of ore and 18)000 tons of U30g 

per year. 29 Accompanying this 

-milling phase of the atomic energy 

growth in the uranium-mining and 

has been the potential haz-

ards of radiation which result from the decay of uranium and its daughter 

isotopes. Both U238 and U235 are of natural decay chains and 

in most) if not uranium ores) ':;he daughter elements are in secuJ.ar 

equilibrium with the uranium Once the equilibrium is disruFted 

by leaching or removal of the uranilrm from solution) many of the daughter 

elements disappear because of their short half-lives. There are several 

isotopes of long half-lives) 

active poisons in mining and 

that constitute potential radio

operations and to the environs. 

Field investigations were init:~ated around 1949-1950 to determine 

the nature and extent of these in both mines and mills) including 

the sampling of streams which received effluent liquors from the mills. 

Medical examinations of mine and mill workers were also begun. These 

studies were carried on by the U. S. Public Health Service) AEC groups) 

and health organizations of states concerned with uranium mining. As a 

result of these studies) radiation laws and regulations were issued by 

the AEC and by states. AEC regulations in the field 

of raw materials are restricted to uranium-milling operations) and regu

latory authority over uranium mines is excerised by the uranium-prodLlcir~ 

states. 
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ExEosure Standards and Protection Regulations 

Protection regulations under which the uranium-milling industry must 

operate were set forth by the U. S. Atomic Energy Commission in the Federal 

Register on February 28, 1957, and were amended effective January 

These regulations have not been appl:Led to uranium-mining operations other 

than those on government property. [.me maximum permissible concentrations 

given in the Code for those materialB of most interest in uranium mintng 

and, milling are listed below: 30,31 

Airborne natural uranium in restricted areas, 
I-Lc/ml 

40-hr week basis 
Ore dust 
Uranium concentrate 

Released to unrestricted areas as ore dust 

Radon concentration in restrjcted areas 

Liquid effluents released to unrestricted 
areasj* I-Lc/ml 

Ra226 

Ra223 

Ac227 

Th230 

U (natural) 

Permissible dose from external radiation in 
restricted areas and for persons over age 18, 
rems/quarter 

Whole body dose (gamma) 
Whole skin dose (gamma and beta) 

2.5 X 10-11 

6.0 X 10-11 

8.0 X 10-13 

3.0 X 10-9 

1 X 10- 8 

7 X 10-7 

2 X 
2 X 10-6 

2 X 10-5 

1.25** 
7.5 

*If radionuclides a, b, c are present in concentrations Ca , Cb , Cc ' 
and if the cable MPC's are MPCa .• MP~, and MPC c ' respectively, then 
~~he concentrations shall be limited by the relationship 

Ca Cb C 
--+--+MPC

c ~l MPCa MPCb c 

**Quarterly dose of three rems permitted if accumulated occupational 
~se is t~enin~ cOMi~r~i~. 



Personal monitoring required 

If gamma dose exceeds, rems/quarter 

If gamma plus beta dose exceeds, 
rems/quarter 

Radiation Hazards in Mines 

0.313 

1.875 

The presence of radon gas, which emanates continuously from the ore 

body, is the major problem in urani um ores. 32 , 33 The actual danger 

from radon gas arises from its solid daughters P0218 (RaPe), 

Pb214 (RaB), Bi214 (RaC), and P0214 (RaC'), which can be deposited in the 

lungs of workers. Freshly emanated radon is free of degradation products, 

but because of the short half-lives of the immediate daughters (Table IV-7) 

the degradation products increase and reach near equilibrium in 

about 3 hr. 

Table IV-7. AAroN DAUGHTER SERIES 

Major ex Energy, Isotope Half-Life Constant Decay 
(f;ec-1 ) Activity (Mev) 

&'1222 3.825 d 2.1 X 10-6 ex 5.5 
Po218 (RaA) 3. m 3.79 X 10-3 ex 6.0 
Pb214 (RaB) 26.8 m 4.31 X 10-4 t3 
Bi214 (Rae) 19.7 m 5.86 X 10-4 i3,Y 
Po214 (RaC r) 1. 5 X 10-4 s 4.62 X 103 ex 7.7 
Pb210 22 y t3 

The amount of radon produced in the mines is dependent on the area 

of ore exposed, ore and host-rock porosity. The concentrating of 

radon and its daughters in the mine atmosphere is dependent, not only on 

the production rate, but also on the rate of removal by ventilation, either 

natuxal or artifi and by radioactive decay.32,33 Since the major 

hazard is from the products rather than radon h;self a.nd s1_nce 
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:Ln many cases equilibrium conditions are not present, atmospheric concen

trations are best expressed in terms of total alpha energy released. Suf

ficient biological data are not yet available to establish a maximum per

missible concentration for radon daughter products. A working level of 

1.3 X 105 Mev of potential alpha energy per liter has been suggested33 

for radon daughter products (RaA, Ra:8, and RaC) that appears to be rea

sonably safe and not unduly restrict:Lve to mining operat:Lons. Th:Ls con

,~entration :Ls the amount of alpha energy that would be released by the 

decay of 100 IlIlC of RaA plus 100 Illlc of RaB plus 100 Ililc of RaC. Where 

only natural ventilation is present, mine air samples have all shown ex

cessive radon concentrations and alpha energy values. For example, radon 

concentrations have ranged from approximately 500 to 000 times the maxi-

mum permissible level of 1 X 10- 9 Ilc/ml, and the total alpha energy has 

ranged from approximately 10 to 400 times the suggested working level. 33 

A mine death claim was recently upheld in the case of a uranium miner 

~Nho died of lung cancer. 34 An autopsy revealed abnormally high deposits 

of radiolead in the body, and the Industrial Commission of Colorado at

tributed death to overexposure to rad.ioactive materials. Radon concen

t~ations in the mines in which the victim worked had been recorded at 10 

to 72 times the maximum permissible level. 

Studies have indicated that in Inost cases good ventilation, using 

conventional equipment, w:Lll reduce the concentration of radon and its 

ds;ughters to acceptable levels. 32,33 Simple field methods are ava:Llal)le 

for measuring radon daughters and foJ:' estimating ventilation requirements. 

For most mines, Tlone air change every four minutes will maintain the radon 

daughter concentrations at or below -~he working level and in many mines, 



le7 

one air change every ten minutes is sufficient for control. 1132 However, 

because of the wide variations in radon daughter concentrations, "many 

operations will require study by an expert in mine ventilation to develop 

adequate control measures. 1f32 

There are many poorly equipped mines that operate on thin margins 

and which would have to close if they were required to install equipment 

for adequate ventilation. 29 Further, many states do not have adequate in

spection teams or power to enforce the safe limit requirements. The prob

lem of determining actual exposures -:;0 mine workers is also a difficu:!..t 

one. 

A detailed discussion of the radon problem is given in a Public IIeaJ_th 

Service publication, lIControl of Radon and Daughters in Uranium Mines. "33 

This bulletin points out that (1) there is a history of human exposure to 

radon in European mines that probably caused a high incidence of can-

cer; (2) the immediate daughters of radon are more important than radon 

in delivering radiation to the lungs,; (3) without controls the atmospheric 

concentrations of radon daughters in most American mines would be in the 

same ranges as in the European mines; and (4) mechanical ventilation 1s 

-:;he only feasrole method of control. A study of the Public Health Servic:e 

:C'eport is recommended for those who are responsible for the health and 

Bafety of uranium miners. 

In addition to radon gas, uranium miners are exposed to airborne dUHt 

containing all the radioactive constituents of the ore. Fortunately, in 

most cases, control of radon and its daughters ensures control of airborne 

dusts. In addition, dust is produced only during active mining operations 

a.nd, hence, is localized in a relatively few places in a mine. Under 



extremely dusty conditions, dust respirators can be worn for added safety. 

Radium, with a threshold level of 2 X 10-12 ~c per milliliter of air, pre-

sents the hazard in ore dusts. Analyses of several hundred mine 

samples for airborne radium established that the threshold value was ex-

ceeded in only 10% of them, indi that airborne radium is not a s 

nificant health hazard in most mines. The controlling ·factor is most 

that of exposure to silica dust. 32 ,35 In mines where airborne radium levels 

are high, the amount of radium. intake by miners may be determined by lJ.rinar~r 

,=xcretion measurements. Since as li-~tle as 5% of the maximum permissible 

body burden (0.1 ~g) can be dete an opportunity is provided to pre-

vent overexposure of the workers. 32 

External radiation does not appear to be a 

'J'he radiation rate is dependent on the size and 

problem. 29,31,32,36 

of the exposed ore 

-,lody, and measurements have shown levels ranging from a few tenths to 

mr/hr. In uranium mines producing average-grade ore (.-.0.25% U), the workers 

:-:,pceive 35 to mr per week. In mines consistently producing high-grade 

(>l%,U) ore it is important to make radiation surveys to prevent overex

posure. This is particularly true in operations such as hands orting , whEre 

a significant exposure from beta rad~_ation is possible. 

l~diation Hazards in Mills 

uranium in the mills involves the stockpiling, crushing, 

and grinding of the ores, followed by leaching with either an acid solu-

tion or an alkaline solution. Final recovery and purification of the uraniwm 

from the acid liquors is accomplished by solvent extraction or ion exchange 

and, for alkaline liquors, recovery i.s by precipitation. 
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The major problems of the uranium mills are the inhalation of air

borne radioactive dust and the disposal of waste products, that is, ef

fluent liquors and tailings. External radiation does not appear to be a 

problem. 29 ,31,35,36 The low-level radiation emitted by the crude ore 

(~.25% U30g) and the uranium concentrate (~5% U30g), which is essentially 

free of beta- and gamma-emitting daughter products, is not considered dan

gerous under normal working conditions. External radiation measurements 

in mills normally range between less than 0.01 and 3 mr/hr in ore stock

pile areas and continuous monitoring is not necessary. It is advisable, 

however, to institute periodic monitoring and film-badge checks, since it 

is possible for gamma-emitting daughters to be concentrated at locations 

within the process. 

Airborne dusts have been a major problem, particularly during dry 

operations such as crushing, storage, and sampling of the uranium ore, and 

during drying, screening, sampling, and barrelling of the final yellow-

cake product. 31 ,35,36 Wet processi~g areas are relatively dust free and 

normally cause little trouble. The airborne limit for a uranium ore (~.25% 

U30g) is 2.5 X 10-11 ~c of uranium per milliliter of air for a 40 hr per 

week exposure and, for a uranium concentrate (~5% U30g), 6 X 10-11 . This 

is equivalent to "~1000 g of airborne ore dust per million cubic feet of 

air compared to only ~ grams of concentrate per million cubic feet of 

air. If In most areas airborne concentrations have been brought and are 

kept within the required levels by the installation of conventional dust

collection equipment, scrubbers, vacuum systems for cleanup, and efficient 

maintenance programs. Particular care must be used in yellow-cake areas, 

where all equipment should be designed for dust tightness. Danger areas 



must be sampled frequently for airborne dust. 31 ,37 If airborne concentra

tions exceed the specified limits or if they exceed 25% of the limits! 

averaged over the number of hours in any week during which individuals are 

in the area, then the areas should be properly posted. Dust respirators 

are normally required for operations in such areas, and rotation of op

erators on various jobs may be required to reduce their time within the 

areas and prevent overexposure. 

Regulations usually prohibit eating, smoking, and food storage in 

~oncentrate areas. In addition, "most mills conduct an educational program 

to promote an understanding of radiation, important phases of operatir~ 

:procedures to do with control measures and to encourage personal hygiene 

in minimizing the opportunity of body intake by ingestion or inhalation. "31 

Today, as a result of the extensive dust survey programs, most mills have 

reasonably good control of airborne n~terial. 

Activity Release to Unrestricted Areas 

Air samples taken at various locations around mill sites have generally 

oeen below the limit of 8 X 10-13 ~c/ml for airborne material released to 

"J.Ilrestricted areas. Thus, mill stack effluents and windborne materials 

from ore stock-piles and tailings ponds have not presented a problem. 36 

A typical mill will discard solid tailings approximately equivalent 

to the amount of ore processed. Accompanying the solids will be approxi

mately 2 to 5 tons of acidic, neutral, or alkaline liquid effluent:, de

pending on the process used. The solid tailings are impounded in tailings 

ponds, and liquid effluents are allowed to evaporate, seep into the ground, 

or overflow to streams. 31 
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The radioactive materials in the acidic effluents, the type of most 

concern to the mills with regard to environmental contamination, are Ra226 , 

Ra233 Th230 Th22 7 and Ac227 . Uranium concentrations in the effluents , , , 
are usually well below the recommended level of 2 X 10-5 ~c/ml.31,36 

The eQuilibrium ratio of Ra226 to Ra223 in the ore is about 20:1, so 

the major activity in mill solution would be expected38 to be from Ra226 . 

In analyses of effluents at a number of mills, however, the Ra223 concen-

tration has exceeded the concentration of Ra226 . This inverse ratio of 

Ra223 to Ra226 is a result of the selectivity of the leaching process. 

Radium present in the ore is only sl:lghtly soluble ( ..... 1 to 2%) in the leach 

solutions, whereas Ac227 and Th227 , both precursors of Ra223 , are often 

nearly Quantitatively dissolved; Ra223 is then formed in the solutions by 

in-growth from these precursors. 

The Ra223 activity in four typieal mill solutions ranged from 1. 5 X 10- 6 

to 16.0 X 10-6 ~c/ml or 2 to 23 times the maximum permissible concentration 

(7 X 10-7 ~c/ml) compared with a range of 6 X 10-7 to 21 X 10-7 ~c of Ra226 

per milliliter or 60 to 170 times the maximum permissible concentration 

(LX 10- 8 ~c/ml). The maximum permissible concentration for Ra223 is a 

factor of 70 higher than that for Ra226 because of its shorter half l~_fe 

of 11.2 d compared with -1600 y for Ra226 . 

Thorium-230 has also been of some concern in mills using the acid 

process, where approximately 50% of ~he thorium may be solubilized dill~ing 

leaching and subseQuently discharged with the l:lQuid effluent. 31 In some 

ca.ses the thorium concentration in untreated liQuid wastes has exceeded 

the maximum permissible level of 2 X 10-6 ~c/ml. 
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Much of the data reported in the literature on effluent contamination 

is vague and inconclusive because of the difficulty of determining raciium 

and thorium concentrations at the very low levels encountered and because 

of the presence of several varieties of these elements. About 

one-third of the mills discharge wastes to streams; most of these haVE: a 

continuous monitoring program for determining radium, thorium, and uranium 

concentrations in the liqUid discharge and in the stream above and below 

the mill. In most cases, the large dilution by the streams is sufficient 

to maintain the concentrations of these contaminants below the recommended 

levels. 31 

Where dilution factors are low and discharge effluents exceed specified 

levels, effluent treatment processes are used in order to reduce the con

centration of radium and thorium to the required specifications. 29 ,31,39 

The most effective method has been neutralization of the effluent for tho

rium and actinium removal followed b~r treatment with borite (barium sllifate) 

or barium chloride for radium remova=_. Neutralization, in addition, re

moves many objectional nonradioactive impurities. 

One mill disposes of liquid effluents by injection into an unused 

aquifer that contains nonpotable water and is below and isolated from the 

principal source of ground water in the area. 40 Composite samples of the 

ifflstes from this mill collected from January to 31, 1960, con-

tained 2.7 X I-Lc of Th230 per milliliter (66 times the maximum permis

sible concentration) and 6.62 X 10-7 I-LC of Ra22 6 per milliliter (135 times 

the maximum permissible concentration). 

The majority of the radium in both acid and alkaline circuits is as-

sociated with the solids. Water-leachi~gtests of these solid 



ore tailings have shown that continue to yield significant quantities 

of soluble radium and may therefore be regarded as a reservoir from which 

radium may be slowly dissolved and released to the environs. 29 ).39 

Summary 

The potential radiation hazards encountered in mining and milling 

'.ll'anium ores have been recognized and protective regulations and maximum 

:?ermissible limits have been established. In most mines and mills correc-

tivE:: measures have been taken or have been started and working conditions 

have been greatly improved. There is still room for improvement) however) 

and continued vigilance is needed in many areas. The areas of major Ln-

portance are (1) measurement and control of radon daughters in underground 

mines) (2) dust control in yellow-cake areas in the mills) (3) measurement 

and. control of liquid effluents relea.sed to the environment) and (4) radium 

contamination of the environs from solid wastes as a result of weatherin€;. 

(F. J. Hurst) 
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HYDROGEN HAZARDS IN GRAPHITE REACTORS 

The hydrogen hazards in graphite reactors may be classified as those 

arising from the use of hydrogen at high pressures as the primary coolant 

and those resulting from the inleakage of water and subsequent production 

of hydrogen by reaction with the graphite. Little serious consideration 

has been given, to date, to the use of hydrogen as a primary coolant in 

a gas-cooled reactor, despite its favorable heat transfer properties. 

This is due primarily to a recognitlon of the dangers associated with the 

application of hydrogen at high pressures, since an explosive mixture of 

hydrogen and air might be formed if there were a failure in the high

pressure coolant circuit. Industri2.1 applications of high-pressure hydro

gen may be Cited, but similar use in a nuclear plant would involve the 

additional danger of the possible release of large quantities of radio

active materials in the event of an explosion. If hydrogen were to be 

used as a primary coolant, elaborate safety precautions would have to be 

applied in order to prevent the generation of an explosive mixture or to 

minimize the damage that would result from such an explosion. It is likely 

that such precautions would include a containment vessel filled with a 

gas that would not form an explosive mixture with hydrogen. 41 

The hazards arising from the hydrogen produced by the interaction 

of steam with heated graphite are of more inrrnediate concern, since re-

actors will soon be operating with sufficiently high graphite temperatures 

to produce significant amounts of hydrogen in the coolant circuit in the 

event of a tube failure in the heat exchanger. 42 ,43 The tube failure, 

in -:!ombination with a failure in the coolant circuit, could result in 

reacti ve mixtures of hydrogen and a~_r. 



195 

The two important factors that must be considered in assessing the 

hydrogen hazard are (1) the lower Emit of reaction in mixtures of hydro

gen, air, steam, and helium, if the latter is used as the coolant, and 

(2) the rate of production of hydrogen by the interaction of steam with 

graphite. Information relative to these factors is reviewed briefly here. 

As is evident, the data available are incomplete and in some cases in dis

agreement to such an extent that a critical assessment of the hazards as

sociated with a particular set of reactor conditions would be difficult 

to make and would not be accurate. If it were necessary to draw conclu

sions as to the safety of a reactor facility on the basis of such an 

evaluation, the results would have to be conservatively applied. 

Reaction Limit 

The term Ilexplosion limitll is occasionally used merely to indicate 

that a reaction occurs at some limiting concentration without regard to 

its rapidity and violence. It will be more useful to call the lower limit 

the reaction limit and to consider it as the lowest concentration at which 

any evidence of reaction is observed. In general, a reaction is considered 

to occur if there is a measurable change in pressure and temperature upon 

ignition. Gas mixtures may have a reaction, an explosion, or a detona

tion limit, but the assignment of the explosion limit, for example, may 

be quite arbitrary when a burning reaction is considered. The lower limit 

of flammability would be expected to approximate the reaction limit. 

Various factors affecting the lower limit of flammability of hydrogen

air mixtures at low partial pressures of water vapor have been described 

by Crawford and Jones. 44 The lower limit of flammability of hydrogen in 

air is 4.1% for gases saturated with water vapor at room temperature anc1 
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atmospheric pressure using an upward propagation of flame. The lower 

limit, in general, increases by about a factor of 2 if downward propaga

tion is utilized. The lower limit of hydrogen-oxygen mixtures is es

sentially the same as with air. Increasing the pressure of the system 

has only a slight effect on the lower limit over the range of 1 to 200 

atm. If there is any real effect, it is a small increase on going from 

1 to 20 atm. An increase in the initial temperature of the hydrogen-air 

mixture decreases the lower limit. Data are given44 which indicate that 

the limit decreases by one-third to one-half when the initial temperature 

is increased from room temperature to 500°C. The addition of helium may 

raise the lower limit by a factor of 2, at most. 

As mentioned previously, these systems contained low partial pres

sures of water vapor. Data for systems containing high partial pressures 

of steam, with and without helium, in addition to stoichiometric amounts 

of hydrogen and oxygen have been reported.45 -49 Explosion limits are re

ported45 for hydrogen-oxygen-steam mixtures with total pressures ranging 

from 12 to 985 psia, steam pressures of 9 to 690 pSia, and temperatures 

of 87 to 261°C. Limits of 22 to 25 and 30 to 31% 2H2 + 02, respectively, 

were found with 3 3/4-in.-diam, 6-in.-long and l-in.-diam, 5-in.-long 

bombs. Values ranging from 15 to 18% 2H2 + 02 were found with the le.rger 

bomb for systems with total pressures of 950 to 100 pSia, steam pressures 

of 50 to 530 psia, helium pressures of 290 to 760 psia, and temperatures 

of 40 to 245°C. Explosion limits in mixtures of hydrogen, oxygen, and 

steam with and without helium additives, are listed in Tables IV-9 and 

IV-IO, respectively.45 The indicated decrease in the explosion limit with 

the addition of helium is in agreement with other reported data.4-6 
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Table IV -9. EXPLOSION LIMITS IN MIXTURES OF HYDROGEN, 
OXYGEN, AND STEAMa 

Temperature 
(OC) 

87 
100 
113 
148 
166 
192 1/2 
247 

105 
146 
165 
197 
250 
261 

~aken 

Total 
Pressure 

(psia) 

11.66 
19.06 
30.49 
88.5 

137 
260 
700 

25.7 
86 

140 
316 
830 
985 

from ref. 45. 

Partial Pressures 
(psia) 

Steam 

1050-ml Bomb 

9.09 2.57 
14.81 4.25 
23.19 7.30 
66 22.5 

103 34 
192 68 
546 154 

65-ml Bomb 

17.8 7.9 
60 26 
97 43 

216 100 
580 250 
690 295 

Explosion Limit 
(% electrolytic gas) 

23 ± 1 
23 ± 1 
25 ± 1 
25 ± 1 
25 ± 1 
25 ± 1 
23 ± 1 

31 ± 1 
30 ± 1 
30 ± 1 
31 ± 1 
30 ± 1 
30 ± 1 

The reaction, lower explosion, and detonation limits, expressed as 

the percentage of 2H2 + 02 in saturated water vapor at 100 and 200°C are 

shown in Fig. IV -3, as taken from the work of Macaffee. 4 7 The bounda.rie s 

are not nearly so well defined, however, as the values of Fig. IV-3 suggest. 

The mixture at the reaction limit has a total pressure of -300 pSia and a 

steam pressure of 226 psia. The mixture was ignited by a spark in a re-

action tube 0.43 in. in diameter and 10 ft long. A similar value for 

the reaction limit was obtained at 100°C in this equipment. A reaction 

limit of 19% 2H2 + 02 was obtained at 200°C using a reaction tube 0.L,3 

in. in diameter and 7.5 ft long and hot-wire ignition. 48 In contrast to 
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PERCENTAGE OF 2Hz + O2 IN SATURATED WATER VAPOR 

Fig. IV-3. Reaction, Explosion, and Detonation Limits for Various 
H2-02 Mixtures in Saturated Water Vapor at 100°C and at 200°C as a Func-
tion of Total Pressure (from ref. 36). 



Table IV -10. EXPLOSION LIMITS IN MIXTURES OF HYDROGEN, OXYGEN, HELIUM, 
AND STEAM IN A J.050-ml BOMBa 

Partial Pressures Explosion Limit Total Temperature Pressure (psia) (% electrolytic gas) 
(OC) 

(psia) 
H2 02 He Steam H2 + 1/2 02 He Steam 

140 952 92 46 761 53 15 ± 1 $0 5 

172 965 97 4$ 699 121 15 ± 1 72 13 

194 950 95 47 611 197 15 ± 1 64 21 

245 101$ 12$ 64 292 534 1$ ± 1 30 52 

~aken from ref. 45. 

f-' 
\0 
\0 
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these values for the reaction limit, which are in fair agreement, a limit 

of 4.7% 2H2 + 02 was obtained at 100°C using a reaction tube 0.96 in. in 

diameter and 8 ft long with spark ignition.4-!'! In more recent studies,49 

reaction tubes ranging from 0.43 to 2.9 in. in diameter and from 7.5 to 

14 ft long were used to contain hydrogen-oxygen-steam mixtures. Runs 

were made in saturated water vapor at 100, 200, and 300°C using spark, 

hot-wire, or shock ignition. It was concluded4-9 that "the true no re

action limit is equal to 6 mole per cent knallgas* ± 3.5%." ACt ual:)..y, 

this represents the minimum found under the various conditions studied 

and is considerably lower than the no-reaction limit measured in numerous 

cases. Studies of the detonation behavior of the gas mixtures showed that 

the lowest percentage of 2H2 + 02 in steam that could be detonated is ap

proximately 30. In virtually all cases, however, it ranged from 50 to 

60%. There apparently is a wide range of compositions between the no

reaction and detonation limits that yield vastly different explosive 

forces. 

The wide range of reaction limits observed for the various systems 

suggests that it is impossible to state with any degree of certainty 

whether or not a particular system is safe. The effect of geometry seems 

to be particularly important and leads to speculation as to whether a, 

reaction vessel might be devised that would promote a reaction at a limit 

below the 4.7% 2H2 + 02 observed in steam. 

Production of Hydrogen by Interaction of Steam with Graphite 

If it is assumed that equilibrium conditions exist, the thermodynamic 

data may be utilized for calculating the degree of conversion or the 

*Knallgl'l.s is 2H2 + 02' 
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concentration of hydrogen present at various temperatures. Considering 

graphite temperatures of 600°C and less, the conversion corresponds to 

the reaction 

where the concentration of CO present is negligible. The degree of con

version corresponding to this reaction may be calculated at various tem

peratures for a series of mixtures of helium and impurities (H20, H2, C02), 

where helium is used as the primary coolant. 

Such equilibrium calculations have been studied by the reviewer for 

graphite in the range 400 to 500°C at a helium pressure of 21 atm. A 

secondary coolant steam leak of about 8 lb·mole/sec and a primary coolant 

system volume of about 15,000 ft 3 were assumed. It was further assumed 

that a relief valve would maintain the primary system pressure of 21 atm. 

Under these conditions hydrogen concentrations of up to about 18% w01;,ld 

be reached at infinite time. Furthermore the concentrations would ap

proach these limits in about 2 min. It is apparent that significant con

centrations of hydrogen can occur at relatively low temperatures at equi

librium under the assumed conditions. 

Although the equilibrium data show that large conversion factors, are 

pOSSible, it cannot be predicted from these data how rapidly these con

ditions might be achieved. Reaction rate data are required to establish 

whether the formation of hydrogen is rapid enough at the temperatures of 

interest to constitute a hazard. Rate data for the reaction of steam with 

graphite50 - 53 have been obtained at temperatures above 800°C, although 

in many cases the lowest temperature studied is 1000°C. Reaction rate 
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data from two sources are shown in Fig. IV-4. At these high temperatures 

the reaction is 

No experimental rate data are available for temperatures at which the re

action is predominantly 

, 

because the rates are too low to be conveniently measured. Activation 

energies are given for the high-temperature reaction, but rate data 

probably cannot be safely extrapolated to below 700°C, since the reaction 

mechanism is known to change upon going to the lower temperatures. Pre

liminary results54 from studies of the water vapor-graphite reactions. ir.. 

the presence of gamma radiation indicate that the radiation field increases 

the reaction rate at temperatures below 600°C. 

Another uncertainty that arises when the reaction rates are applied 

to various systems is the effect of steam pressure. The effect over small 

pressure intervals has been observed; Pilcher et al.,50 for example, fotIDd 

that at 1100°C the rate varies with pO.66 for partial pressures of steam 

between 31 and 358 mrn Hg. No data are available for high steam pressures, 

but it is suspected that the order of the reaction changes with pressure 

and probably becomes zero at high pressures. Johnstone et al.52 deter

mined the values for kl' k2' and k3 in the Langmuir-type adsorption 

equation, 
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in the temperature range 862 to 938°C using partial pressures of steam 

ranging from 0.5 to 1 atm and hydrogen partial pressures varying from 

o to 0.2 atm. 

Values of hydrogen formation determined by this technique are, at 

best, a very rough estimate, in view of the uncertainties in the reaction 

rate data used in the calculations. It does, however, suggest that the 

concentration of hydrogen present in a flowing steam system at temperatures 

up to 850°C probably is below that required for an explosive mixture 

under the assumed conditions. Certainly, the situation would be less 

favorable for higher graphite temperatures arising either from normal op

erating conditions or from the heat produced by oxidation of the graphite 

by air following a rupture in the primary coolant circuit. The reactivity 

of the graphite may have to be reduced by some means, such as a coating 

of less reactive material, if graphite temperatures of the order of 1000°C 

are to be used in reactor operation. Heat losses resulting from the endo

thermic reaction of steam with grapllite would be expected to have a small 

beneficial effect. The uncertainties in the data for the reaction limits 

in the hydrogen-oxygen-steam system and also for the reaction rates of 

steam with graphite at high steam pressures preclude a rigid analysis of 

the hazards problem. (L. G. Overholser) 
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ESTIMATION OF ACCIDENT PRESSURE AND TEMPERATURE 
RISES IN CONTAINMENT VESSELS 

A. R. Edwards* 

Loss of the primary fluid in a pressurized- or boiling-water reactor 

system could lead to core melting and release of fission products, and 

therefore it has usually been necessary to enclose such reactor systems 

in a pressure-tight containment vessel in order to avoid a public hazard. 

It is necessary to examine the sequence of events which could follow the 

loss of primary fluid in order to determine the maximum accident pressure 

and thus obtain a basis for the containment vessel design. In general 

this involves the examination of time-dependent equations, and a step-

by-step method is usually the way of solution in a practical case. In 

order to eliminate tedious trial-and-error solutions, a nomograph has 

been developed to give the solution to a simplified energy-balance equa-

tion. It will still be necessary, however, to employ iterative processes, 

even with the nomograph, in instances in which it is desired to determine 

the rate of rise of containment vessel pressure and in instances in which 

heat loss mechanisms are considered. 

General Theory and Development of Chart 

Two basic equations control the conditions of the liquid-vapor con-

tents in the containment vessel after an accident. First, the sum of' the 

energies of the liquid, vapor, and air will be equal to the total energy 

*A. R. Edwards studied engineering at Northampton Engineering College 
(London University) and obtained an Honours Degree in 1945. He then spent 
a postgraduate year at Imperial College studying aeronautical engineering. 
He worked for Armstrong Siddeley Motors on aircraft gas-turbine engines 
from 1946 to 1960. He joined the Health and Safety Branch of the AEA in 
1960 and is now investigating the sa.fety of reactors for marine propulsion. 
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available. Second, the volume occupied by the liquid plus the vapor will 

be equal to the total available volume in the containment vessel. 

Certain simplifying assumptions have been made; these are: 

1. Complete mixing and thermodynamic equilibrium. is obtained in-

stantaneously. 

2. Potential energy and kinetic energy of the contents before and 

after the release are considered negligible. 

3. Perfect gas laws are valid for the air, and its specific heat 

remains constant (0.172 Btu/lb·oF). 

4. Initial states of the contents are known. 

5. The final state is saturated vapor, liquid, and air in equilibrium. 

In a closed system the changes resulting from mixing of the contents 

take place at a constant total internal energy, since there is nonflow 

expansion;55 hence, knowing the initial states of the various components 

of the system, the total available energy can be assessed. This will 

then be redistributed on the assumption of complete mixing and thermo-

dynamic equilibrium to give a uniform temperature. 

In the system under consideration, three terms are required, namely 

(symbols are defined at the end of this article): 

energy in the liquid = (1 - q)Wuf , 
energy in the vapor = qWu g 
energy in the air = wu = wc (T + 460) a va 

The sum of these terms will be equal to the total available energy, and 

hence 

(1 ) 
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In addition, the combined volume of the liquid and vapor must be equal 

to the total available, and thus 

or 

v w- v f q=---v fg 

Eliminating q from Eqs. (1) and (2) and rearranging the terms gives 

E w V u 
- c (T + 460) + _ fg + 
W va 

= -
W 

(2 ) 

(3) 

In order to solve such an equation, a value of temperature is normally 

assumed; internal energies for the liquid and vapor are obtained from steam 

tables; the left-hand side of the equation is evaluated; and successive 

values for the temperature are taken until the answer agrees with the 

known value of E/W. 

Using the method of Brainerd, 56 however, it is possible to construct 

an alignment chart or nomograph from which a value of the temperature can 

be read. When Eq. (3) is rewritten in the form 

ufg E u 
--u +~v 

~+y. 
vfg W f vfg f 

0 (4) W W 
::: 

c (T + 460) 'c (T + 460) va va 

it can be compared with an equation of the form 



where 

fl(S) = W/W 

f2(Y) = v/W 
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, 
, 

(uf /vf )/[c (T + 460)J g g va c 

The alignment chart for this type of function consists of two paral-

lel straight lines and a set of curves for various values of the fourth 

variable, E/W. By choosing suitable scale factors mx and my, mxfi(x) and 

m fc (y) can be plotted along two parallel lines x and y, a distance 2 k 
Y 2 

apart, with the origins opposite each other. Then, with temporary con-

struction, axes a and b (b being parallel and halfway between x and y), 

curves can be plotted such that 

and 

km f 4(z) - m f (z) 
a=- Y \ X5 

m f (z) - m f (z) 
y 4 x 5 

m m f (z) 
h=- xy3 

m f (z) + mf (z) 
Y 4 5 

, 

It will be noted that the fourth variable; E/W, occurs only in f3(Z), 

which affects the value of bj hence only one set of values of a has to 

be evaluated to give a single relationship between a and T that can be 

overplotted on the chart. 

A typical chart is shown in Fig. IV-5, which, over the ranges indi-

cated, is thought to give answers to an accuracy of ±2°F •. TO' use the c 
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chart, a straight line is drawn joining the known values of w/W and V/W, 

and a vertical ordinate is then drawn from the intersection point of this 

line and the appropriate curve of E/W to intersect the temperature curve. 

The value of the temperature can then be read from the scale on the right

hand side. 

Once the cpntainment vessel tenwerature is known, the corresponding 

pressure can be calculated using the law of partial pressures. One point 

should be noted: the air fills the same volume as the vapor (i.e., the 

total available volume minus that occupied by the liquid) because of the 

assumption of complete mixing. The total available volume for the liquid 

plus vapor will be the net containment volume before the accident plus 

the initial volume of the liquid-vapor system (i.e., the reactor), But 

in most cases the air volume will cl~nge only slightly, and, in general, 

air pressure is given accurately enough by the change in temperature alone. 

or 

Hence, the air partial pressure is 

Pa2 ~ Pal 
(T2 + 460) 

(Tl + 460) 

(T2 + 460) V n 
Pa2 : Pal 

The total pressure in the containment vessel is then given by: 

(5) 

(6) 

(7) 
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Evaluation of Quantities Required 

In the case of the equilibrium condition with adiabatic heat release, 

the use of the equations and the chart is straightforward. From the re

actor operating conditions before the postulated accident, the sum of the 

internal energies of all the water and steam can be evaluated by dividing 

the reactor system into as many volume and temperature levels as is ap

propriate (e.g., hot and cold legs of primary circuit, steam generators, 

reactor vessel, pressurizer, etc.). The internal energy of the contain

ment air is then evaluated from its temperature and pressure (note the 

use of absolute temperatures in this term) and added to give the tot8~ 

available energy. At the same time, the total weight of fluid in the 

system will be obtained and also the air weight. The chart can then be 

used to evaluate temperature and, hence, pressure, as indicated above. 

It should be noted that, while it simplified calculations to assume 

that the containment vessel was initially full of dry air, the more practi

cal case with some water vapor initially present can also be solved. In 

this instance the initial partial pressure of the air and the total heat 

content of the air a..."ld vapor would have to be determined from a knowledge 

of the humidity, using psychrometric charts. 

In order to examine the rate of rise of the containment vessel pres

sure for given accident conditions, it is necessary to use a step-by-step 

process with discrete time intervals. Then, by assuming that complet,e 

t!1ixing occurs after each step and ignoring kinetic energy terms, a value 

of the containment vessel temperature can be obtained. In this case it 

is necessary to evaluate the total amount of fluid released up to any 

given time and the corresponding energy transferred. Then, knowing the 
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initial air temperature and pressure in the containment vessel, the ap-

propriate values of w, W, and E may be obtained. In this particular case 

the available volume for the liquid-vapor expansion would be constant at 

the net containment volume (V
N

), while the air volume decreases slightly, 

being [V
N 

- (1 - q)Wvf ]. At the same time the decrease of pressure in 

the reactor would have to be evaluated from a similar equation without 

any of the terms involving the presence of air. 

In the completely general case, heat may also be gained from or lost 

to the surroundings. Local heat transfer coefficients can be assessed 

and heat rates evaluated to various components of the reactor and the 

containment vessel, and the total energy available at a given instant can 

be corrected for these effects. The chart then gives the appropriate in-

stantaneous temperature. In a similar manner, the long-term cooling down 

of the containment vessel contents can also be investigated by varying the 

total energy available in the appropriate manT,er. 

It must be remembered when using the c~~rt that it applies only for 

saturated conditions in the containment vessel after the accident. When 

only a relatively small amoUl1t of water or possibly steam is released, 

it is adv.isable to check the dryness of the steam by the use of Eq. (2) 

to ensure that it is less than one. If superheat conditions are obtl?"ined, 

equations similar to those developed by Heap57 must be used. 

Symbols 

eva specific heat at constant volume of air, Btu/lb·oF 

E total ava.ilable energy, Btu 

Pt total press~~e of mixture, pSia 

p partial pressure of air in mixture, "psia 
a 



q 

T 

u a 

u 
g 

uf"g 

w 

w 
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saturated vapor pressure in mixture, pSia 

dryness fraction or qua11ty of vapor 

temperature, of 

specific internal energy of dry air, Btu/lb 

specific internal energy of saturated liquid, Btu/lb 

specific internal energy of saturated vapor, Btu/lb 

change of specific internal energy during vaporization, 
Btu/lb 

specific Ilolume of saturated liquid, ft 3 /lb 

specific volume of saturated vapor, ft 3/lb 

change in specific volume during vaporization, ft 3 /lb 

containment vessel volume, ft 3 

net volume in containment vessel before accia.ent, ft 3 

mass of air in containment vessel, lb 

mass of fluid (liquid + vapor), lb 
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AEC RADIOLOGICAL ASSISTANCE PROGRAM 

F. Raymond Zintz* 

The Radiological Assistance Program of the AEC was established by 

an AEC directive which states the policy) program objectives) and Head-

quarters and Field Office duties, responsibilities) and authorities) and 

provides for the basic requirements appropriate to implementing the pro-

gram. Under an agreement effective February 27) 1958) the AEC and the 

Department of Defense (DOD) officially joined forces to form a reservoir 

of skilled capabilities in management, radiation monitoring) technical 

knowledge, medical advice, and public relations that could be brought into 

action in a prompt, effective, and coordinated response to accidents in-

volving nuclear weapons. In October of 1958, this joint agreement was 

extended to include mutual assistance in any radiological emergency. The 

agreement provides for the coordination of AEC-DOD radiological emergency 

activities through a Joint Nuclear Accident Coordinating Center (JNACC) 

established for the AEC at its Albuquerque Operations Office and for the 

DOD at the Headquarters Defense Atomic Support Agency Field Command, both 

of which are located at the Sandia Military Base, Albuquerque, New Mexico. 

*Mr. Zintz is now Radiological Assistance Coordinator in the Division 
of Operation Safety of the U. S. Atomic Energy Commission with which he 
has been associated in several capacities since 1950. In his present posi
tion he formulates, recommends) coordinates, and where appropriate, exe
cutes;' on behalf of the Director action implementing the AEC Radiological 
Assistance Program responsibilities assigned to the Director. He received 
the B.S. degree from Illinois Institute of Technology in 1950. In 1948-49 
he did independent research in industrial psychology on relationships 
between hearing loss and human performance, including accumulation of 
data by personally testing hard-of-hearing persons employed in industry. 
He co-authored a paper entitled "Hearing Loss and Worker Morale" in the 
Journal of Applied Psychology, April 1951. Mr. Zintz is a member of the 
Health Physics Society and the American Society for ~Jblic Administration. 
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Under this arrangement, more than 1000 radiological emergency teams are 

available from the combined AEC-DOD capability for response to requests 

for immediate assistance in radiation incidents. 

Soon after the joint agreement was made effective, the AEC formulated 

the AEC radiological assistance plan to establishcthe organization and 

procedures for coordinating AEC operations with the DOD radiological as

sistance capability for handling radiological incidents. The AEC plan 

covers, in addition to weapons incidents, such nonweapons incidents as 

may arise in the operation of AEC facilities, AEC contractor or licensee 

establishments, and incidents occurring in other places, as may be reported 

by either military or civil authorities. Under the AEC radiological as

sistance plan, which is administered by the Division of Operational Safety, 

AEC Headquarters, Washington, D. C., the United States is divided into 

eight geographical areas that include Puerto Rico, the Canal Zone, and 

the Virgin Islands. An AEC Operations Office in each region is assigned 

regional responsibility for radiological assistance in incidents involving 

radioactive materials. The responsible AEC Operations Offices are New 

York, Oak Ridge, Savannah River, Alburquerque, Chicago, Idaho, San FranCiSCO, 

and Hanford. A map showing the geographical areas of responsibility for 

each of these eight offices is presented in Fig. V-l. Each office main

tains a radiological incident response capability that is available 24 

hours a day. If an AEC office receives a request for assistance and :1. t 

is believed that a nuclear weapon is involved, the Joint Nuclear Accident 

Coordinating Center is notified as soon as possible, and the request is 

handled in accordance with the JNACC procedure. 
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Operation of Assistance Program 

AEC emergency radiological assistance is available in case of radia

tion incidents which involve or are suspected to involve the possession, 

use) transportation, misplacement) or loss of control of source, bypro

duct) or special nuclear material) as defined by the Atomic Energy Act 

of 1954, as amended, including radioactive materials obtained under an 

AEC license and incidents involving ionizing radiation producing sources 

of all kinds that are used in connection with AEC supported work. AEC 

assistance may be requested by one AEC office from another) by the DOD 

through JNACC, or by any person, organization, state or local offical cog

nizant of an incident believed to involve radioactive materials or ioniz

ing radiation hazardous to the health and safety of the community or of 

ind.ividuals. 

The procedures followed in providing assistance vary with the type 

and location of the event and the manner in which notification has been 

made. If an on-site incident is suspected of having off-site effects) the 

AEC Operations Office having regional radiological assistance responsi

bilities is immediately notified of the situation. If the radiological 

assistance capabilities in any region need to be supplemented, other 

Regional Operations Offices or military installations provide help. Ra

diological incidents occurring at AEC licensee or AEC contractor establish

ments that are not AEC facilities are reported to the responsible regional 

office. The regional office then takes the necessary action, which may 

be to send the appropriate radiological assistance to the scene of the 

incident in the shortest practical time. 
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Incidents during the transportation of radioactive materials or while 

radioactive material is temporarily in locations other than AEC contractor 

or licensee establishments may be reported in various ways. The person 

or agency in charge of the material at the time of the incident has the 

responsibility for informing the proper authority to obtain emergency as

sistance and for taking any immediate measures necessary to protect life 

and health and to help prevent further damage from resulting prior to the 

arrival of AEC radiological emergency teams. Instructions provided for 

.emergencies in connection with shipments of radioactive material often 

include notification of both the originator of the shipment and the near

est AEC office. If, as a result of the accident, there is no shipment 

escort person capable of taking action, the notification to AEC and the 

request for assistance might come from the local police, fire service, or 

health official who reached the scene first. 

When an AEC office receives a request for radiological assistance, 

an assessment is immediately made to determine what emergency assistance 

capability should be dispatched to the scene of the incident or whether 

advice is all that is needed. Available AEC emergency radiological as

sistance capabilities include alpha, beta, and gamma radiation monitoring; 

sampling and radiation monitoring of food, air, or water; radiological 

decontamination advice and emergency assistance; medical advice on handling 

of people who have been exposed to radiation and those who have also re

ceived internal or external injuries; radiochemical sample analysis ser

vices needed for evaluation of radiation hazards; and the services of 

specialists in nuclear weapons accident hazards. The extent of such as

sistance will necessarily vary according to the circumstances which will 
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determine the assistance appropriate to minimize injury to people, to 

minimize property damage, to cope with the radiological hazards,: and to 

protect the public health and safety. 

Distributed throughout the eight radiological assistance regions 

there are approximately 700 AEC and AEC contractor employees who are avail

able to perform radiological assistance duties. It is difficult to esti

mate how many emergency teams might be made up from those 700 individuals, 

since the requirements of a specific incident will usually determine what 

kind of assistance is needed and, if assistance is sent, how many special

ists should be sent to cope with the situation. If it is assumed that a 

team consists of three persons of different specialties, it can be esti

mated that the AEC could probably activate about 80 teams at one time. A 

summary of the number of AEC responses to requests for radiological in

cident assistance from inception of the AEC radiological assistance plan 

in June 1958 through December 31, 1961 is presented in the Table V-I. 

Fortunately there have been no serious personnel radiation exposures 

as a result of incidents. Although there do not appear to be any generally 

lessons to be learned from the inCidents, those organizations 

and individuals directly involved undoubtly learned some valuable lessons 

in the handling and utilization of radioactive materials. Some examples 

of the various kinds of radiological incidents experienced in the past are 

of interest. 

Radiological Incidents 

A railroad box car containing more than 40 tons of uranil.lm wES de

railed one afternoon near Ringling, Montana. The shipment was enroute 

'between two Atomic Energy Commission contractor faci1ittes. In accorclanee 



Table V-I. SUMMARY OF AEC RADIOLOGICAL ASSISTANCE RESPONSE EXPERIENCE FOR THE PERIOD 
JULY 1958 THROUGH DECEMBER 1961 BY REGIONS 

Assistance Assistance Sent Radioactive Material 

Region Office Requests Advice 
One A Total Not Only Received Man Team Times Involved Involved 

1 New York 75 22 7 29 36 39 46 
2 Oak Ridge 20 5 6 11 14 6 9 
3 Savannah River 10 3 1 4 10 6 
4 Albuquerque 35 6 10 16 26 9 19 
5 Chicago 41 4 20 24 26 15 17 N 

6 Idaho 10 3 6 9 8 2 1 N 
-..J 

7 San Francisco 12 12 12 56 56 
8 Hanford 51 34 6 40 22 29 11 -- -

Totals 310 89 56 145 154 156 165 
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with established procedures, the regional operations office was notifted, 

and radiological emergency assistance was requested. When the team ar

rived it was soon determined that there was no radiation hazard present 

and that the shipment was not damaged. The car and cargo were thoroughl;{ 

inspected, and the car was sealed. Then an undamaged freight car was 

brought up, and the shipment was transferred under ABC supervision so that 

it could be sent on to its destination. 

One day a telephone call was received from the manager of a retail 

electric supply store who informed the ABC regional office that a package 

of radioactive material had been left on the counter in his store. An 

ABC radiation safety expert went to the store and brought the package back 

to the laboratory where its contents were determined to be six radium 

needles. The radiation level at the surface of the package was 3 to 4 

r/hr and the total radium content was nearly 0.1 curie. The State Depart

ment of Public Health was informed and they picked up the package, since 

radium is not radioactive material for which the ABC is responsible. It 

was later learned that the needles had been stolen from an industrial firm 

S omet'Lrne in the ,previous yea;r. 

In New York City a small cylinder marked IIRadioactive Poison - Dispose 

of by Burial" was found by two small children. The police were notified, 

and they in turn called the nearest ABC office. With the cooperation of 

a radiologist from a local hospital, who had been called to the scene by 

the police, the ABC radiation officer was able to advise the radiologist 

on radiation measurements procedures which determined that the small cy

:Linder was a U. S. Navy deck marker containing radium. Since the radiation 

T1tensity was very low, the marker was taken by the radiologist for disposal 

,+ the hospital in which he vIaS employed. 
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Stevedores handling a shipment of radioactive waste on the docks in 

New York City reported alledged illness that was claimed to be a result 

of radiation from the shipment. A radiological protection expert was re

quested from the AEC regional office. He went to the scene and determined 

that the maximum radiation from the surface of the container was 2 mr/hr. 

It was concluded, therefore, that the illness of the stevedores was more 

reasonably attributable to the handling of chemically noxious nonradio~ 

active materials than to the radioactive material being shipped. 

An export-import firm mislayed a package of calibrated radiation 

sources that were subsequently recovered with the assistance of the city 

fire department, which possessed radiation survey instruments. It was 

discovered that one source was damaged. This raised questions regarding 

the potential health hazard and the proper disposition of the damaged 

source. The AEC regional office was called by the police, and a radia

tion expert went to the scene. It was determined that no health hazard 

existed, and, because the police had no adequate storage facility, the 

sources were all taken to the AEC office for temporary storage. Later 

thR radiation sources were disposed of through proper channels. 

A United States mail carrier, during his daily delivery, found a card

board container marked ffRadioactive Shipment. If Themail carrier called 

the nearest AEC office and inquired about possible hazards from the con

tainer. The radiation protection expert who was dispatched to visit the 

mail carrier measured the package for radiation and took possession of 

it. Themail carrier was assured that he had not been to a heal·~l1 

hazard. 

In midsummer, a truck containing a 300 millicurie radium-beryllium 

~le-Ll .. tron source l1Bed for oil-well work overturned and fell into the Colorado 



230 

River 20 miles east of Grand Junction) Colorado. The Colorado State Patrol 

reported the accident to the AEC office at Grand Junction. The Grand 

Junction Office notified the Regional Operations Office responsible for 

radiological assistance in Colorado and requested emergency radiological 

assistance. A two man team was dispatched to the scene of the incident 

by airplane. Upon,arrival, they determined that the radioactive source, 

which was at the bottom of the river, presented no hazards to personnel 

in the vicinity. The truck was subsequently recovered from the river. 

The source in its shipping container was still intact. The company that 

owned the truck and the source was able to load the source on another truck 

and transport it to its destination. 

A University became involved with a P0210 radiation source that leaked 

while being handled in a physics laboratory. The extent of the leak was 

not fully realized at once, with the result that radioactive contamination 

was spread wi thin the laboratory and to varying degrees tl:roughout the 

building. In addition, personnel working in the building carried contami

nation from the building to their automobiles and homes and, to a minor 

, contaminated other areas they visited. Radiological assistance 

was requested from the appropriate AEC regional office, which responded, 

together with Public Health Service radiation protection experts, to moni

tor the incident and to advise UniversitY'Dfficials, on how to deal with 

the situation. Assistance was provided until all contamination had been 

discovered and emergency decontamination of the building and other places 

in the community had been completed. The exposure of personnel was held 

to a minimum, and it was determined that the University employee with the 

highest exposure did not receive an injurious amount of radiation. 
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following a policy of prompt reporting of the facts to the local press, 

and therefore to the community, public concern was not aroused, and the 

situation was kept completely under control without any disturbance. 

JNAC.C Agreement 

The JNACC (Joint Nuclear Accident Coordinating Center) Agreement pro

vides that for accidents involving nuclear weapons or other radioactive 

materials, the authority in charge of the military or MC installation 

nearest the scene of the accident will assume immediate-action control. 

However, the Military Service or MC authority having physical possession 

of the weapon or of the radioactive material at the time of the incident 

has the primary responsibility for emergency operations control at the 

scene. Therefore, emergency operations are transferred, if need be, to 

the appropriate responsible authority. Where the radioactive material is 

in the possession of a privately owned organization or civil agency, the 

emergency control at the scene is to the appropriate authority. 

In incidents that OCC1Jr off of Federal property, there is close coordina

tion and cooperation between civil authorities and AEC and other Federal 

agency personnel. Since Federal authority over private citizens is limited, 

AEC radiological assistance teams de:gend heavily on the authority of state 

and local t1ffi"cia!ls in all actions affecting private persons or property. 

There have been some accidents involving nuclear weapons, but in 

every instance these accidents concerned material in the possession of 

DOD. In each case, the military emergency capabilities were adequate for 

the necessary action without calling for outside assistance from AEC teans. 

In some of the accidents, however, AEC radiological assistance personnel 

were sent to the accident scene as technical observers to seC1Jre information 
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of interest and to provide technical advice if required. Although several 

of the weapons accidents involved detonation of the high explosive, there 

has not been a nuclear detonation associated with any of the accidents. 

Interagency Radiological Assistance Plan 

The AEC radiological assistance plan provides that other interested 

Federal agencies should be informed of the AEC plan and consideration should 

be given to a means for close cooperation with other agencies in case of 

serious radiological accidents. It was recognized that possibly the com

bined AEC-DOD radiological assistance capabilities might not be adequate 

to cope with a major radiation accident resulting from peaceful uses of 

atomic energy. Therefore, a meeting was held with representatives of other 

Federal agencies, and a committee was formed to develop a plan for co

ordination. In July 1961, the Interagency Radiological Assistance Plan 

(IRAP) was approved by 11 Federal agencies. Since that time a twelfth 

agency has become signatory to the Plan. This plan for the in-

tegration of Federal capability to render advice and assistance in the 

event of radiation incidents; for coordination with state and local health, 

pOJ_ice, fire, and ci vj.l defens e agencies; and for a radiologi cal incident 

training program. This program is intended to provide instruction and a 

method of implementation for personnel of Federal, state, and local or

ganizations who might be expected to respond in the interest of public 

safety and health to cope with such hazards as may result from incidents 

involving radioactive materials. Assistance in the training of personnel 

is intended to be made available through the normal operating responsL- . 

oilities and capabilities of the Federal agencies signatory to the IRAP~ 

The IRAP provides that the AEC will carry O1It its respon.sibli t:r through 
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a National Coordinating Office at AEC Headquarters. The functions of the 

AEC regional operations offices will include that of regional coordinating 

offices as specified in the IMP. No significant changes in ABC radio

logical assistance plan operations will be required to carry out the ABC 

responsibility. Currently) effective mutual radiological assistance illlder 

the joint DOD-AEC agreement will continue essentially illlchanged. As im

plementation of the IMP progresses and results are obtained) information) 

procedures) and arrangements pertaining to radiological assistance activities 

will be made known. In the immediate future) however) the AEC and DOD 

emergency radiological assistance teams are expected to continue to be 

the primary sources of response to request for emergency assistance in 

radiological incidents. Until such time as interagency procedures are 

developed) requests for assistance should continue to be directed to AEC 

offices or military installati.ons. 
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FRENCH S~JDIES OF ADSORPTION BY SOILS 

C. Gailledreau* 

~ne French have not yet attempted the direct disposal into the grolli1d 

of low-level radioactive wastes, as has been practiced in the United States 

at Hanford, Oak Ridge, and Savannah River. Instead, their low-level liquid 

wastes have been treated by coprecipitation or evaporation to produce a 

liquid effluent which is at or below the applicable MPC (in general, one-

tenth of the occupational MPC, although this apparently depends on the 

particular circumstances. - Ed.). At Marcoule this treated effluent is 

released into the Rhone River, where it is greatly diluted, and that pro-

duced from the various Laboratories in the Paris area is discharged into 

the Paris sewer system at Fontenay-aux-Roses. The precipitated sludge 

containing most of the radioactivity, together with other nonliquid ra-

dioactive wastes, is carefully packed in drums and stored. These wastes 

are now accumulating at such a rate that a solution for their ultimate 

storage must be found) either by sea disposal, ground surface storage, or 

burial. 

The French are not opposed, in principle, to the direct disposal of 

low-level liquid or solid wastes into the ground, although any such op-

eration would have to depend on a careful analysis of the possible hazards 

involved. It would also have to be demonstrated that such disposal would 

indeed be cheaper than the current methods, despite the extensive monitor-

i.ng programs which wOlJ.ld be entailed. 

*.M. Claude Gailledreau is a physical chemist in the Service de Contrale 
des Radiations et de Genie Radioactif at Saclay, France. He was recently 
at Oak Ridge National Laboratory for eight months on an exchange program 
\{orking with T. Tamura, a soil chemist in the Health Physics Division. 
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Field surveys and laboratory investigations concerned directly and 

indirectly with the possible disposal to the ground of liquid or solid 

wastes are presently being carried on by the Service deControle des 

Radiations et de Genie Radioactif under the direction of M. Francis Duhamel. 

Some of this work is site evaluation and is aimed at determining the hazards 

that would result from an accidental release of radioactive materials, while 

other investigations specifically deal with possibilities of deliberate 

release of wastes for waste-disposal purposes. Laboratory work involves 

both practical or empirical investigations of the adsorptive properties 

of the soil from specific sites, as well as theoretical investigation of 

the underlying principles of the adsorption of radioactive materials by 

the soiL 

Site Surveys for Accident Hazard Anallsis 

A method of surveying slrrface soils that shows considerable promise 

for assessing the relative hazard from, for example, the heavy fallout from 

a serious reactor accident, is being developed by Bovard and Grauby.l 

Tnis method is a modification of the "Methode Vergiere, 112 previously per

fected by Bourrier and Grauby for agricultural purposes, A 20-cm x 20-cm 

square pillar of soil and subsoil is isolated by carefully digging down 

around it, and a rectangular open-ended zinc box, 20 cm X 20 cm X 30 cm 

high is slipped down around the undisturbed soil pillar. Melted paraffin 

is then poured around the vertical faces to seal them, the sample cut free, 

and the ends are trimmed flush with the metal. Tne ends are then covered 

with metal lids that are taped on. 

At the Cadarache Site,l the soil samples were studied in a mobile 

laboratory truck. For each sample a card was pre})area. that listed (1) soil 
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mOisture, (2) hydrodynamic characteristics, (3) data from visual observa

tion, and (4) mineralogic analysis, which :was limited to a mechanical analy

sis and a determination of the percentage of organic matter and calcite 

present. This kind of study has been systematically appUedat all French 

AEC Sites. 

The study of the retention of Sr90 is made by feeding into the sample 

one liter of distilled water containing Sr 90. This solution is fed into 

8 lO-cm X lO-cm square opening in the top of the sample to minimize s:~de 

effects, and the effluent, escaping through a fine screen placed over the 

bottom of the sample, is collected and analyzed. In general, the vo11Me 

of liquid escaping will be less than one liter, depending on the initial 

soil moisture. Further elutions are made with distilled water or with 

dilute solutions representing ground water. The highly practical character 

of this method must be emphasized; as it allows the rapid construction of 

a grid or map showing the of the soil in the test area to retain 

Sr90 under emergency conditions. A more thorough investigation of the 

long-term retention of this radionuclide by the soil would probably aJ_so 

'J.EtVE' to consider the (.chemistry and biochemistry of the reactions ~invo~_ved. 

Investigations Concerned Specifically with Ground Disposal 

Preliminary studies for determining satisfactory methods for inves

tigating the fate of Sr90 and other hazardous waste components in the soil 

.. Jere begun in 1958. Amavis 3 made a survey of procedures used to determine 

the ion-exchange capacities of soil. He found that among the most con

-{enient suitable methods was one in which cobaltiheammine ion, Cc)(NH3) 6, 

i.S 'J.sed to displace the replaceable cations in the soil. The excess of 
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the reagent ions not retained by the soil is then determined by a colori-

metric method, and the cation-exchange capacity is calculated by the dif-

ference. 

Cohen and the reviewer4 measured the distribution coefficient of Sr90 

in Saclay soil for the systems Sr-Ca, Sr-Na, Sr-K, and Sr-NH4' Because 

most wastes are complex ionic systems, an attempt was made to predict the 

behavior of Sr90 in the tri-ionic system Cs-H-Na. The equations derived 

were reliable when the solution was contacted with a synthetic resin, but 

did not adequately describe the more complex reactions with natural soils 

in which there commonly are several kinds of exchange sites. The re-

viewer' measured the distribution coefficients for the systems Cs-Ca and 

Cs-Na in the same Saclay soil and found them highly dependent on tile cesium 

concentration, even at trace levels. A quantitative laboratory and f:~eld 

investigation was also made of the dispersion of Sr90 in the subsoil at 

Saclay.6 Although the theoretical approacil suggested fairly well 

to small areas from which representative samples could be obtained, it 

was concluded that, for the hazard evaluation of larger areas, carefQL con-

sid.erati.on would have to be given to the geology and hydxology. EKtrapola-

tion into the field from a limited number of laboratory determinations can 

be seriously misleading. 

It is the reviewer's opinion that there might be advantages in an 

empirical attempt to define the hydrogeology of a site and its potent~al 

for waste disposal by the deliberate discharge of trial volumes of actual 

waste solutions of less than MPC, or even above MPC, for a 

such as Cs 137 and the rare earths. Certain of the radionuclides in the 

tb; s ~ 1, and. 
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their distribution in the area following such deliberate release would 

help define the directions and rate of movements of the waste solutions 

underground. In the first years of operation of an installation} when the 

radioactive concentration of the waste solutions may be expected to be low} 

such test releases to the ground might well be the principal waste-disposal 

method employed. 

Henin's suggestion that the ion-exchange equilibria in the soil might 

be influenced by biochemical reactions} such as the fermentation of de

caying vegetation by an aerobic bacteria} was investigated by the re

viewer. 7 It was found that the movement of Sr90 in the soil was speeded 

up by a factor of 10 if such ferraentation occurred. In these experiments} 

however} fermentation was promoted by feeding the micro-organisrr~ with 

glucose and pancreatic peptone} reagents sufficiently strong in themselves 

that the effects may have been overestimated. It would be interesting to 

repeat these experiments with dead vegetation} for such material ferments 

naturally if well-wetted by warm rain under conditions of poor drainage. 

The reviewer and Belot have recently noticed that the removal of Sr90 

frorrr solution by the mineral calcite is strongly influenced by the pos

sible presence of colloids and appears to be inhibited by electronegative 

colloids. This effect is still being investigated. 
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SURVEYS OF ENVIRONMENTAL RADIOACTIVITY 

The increase in the number of nuclear installations and the increase 

in levels of radioactivity of the materials they handle have kept environ

mental contamination among the major long-range problems of nu~lear tech

nology. The first issue of Nuclear Safety reviewed the emergency proce

dures used for environmental monitoring following the widely publicized 

Wind scale incident. S It also indicated some of the differenc:es in phi

losophy of those who are responsible for routine mcnitoring. Later issues 

covered the special problems of instrumentation9 and of sample analysis10 

encountered by such surveys. In addition the Quarterly and monthly reports 

of the U. S. PubLic: Health Service in Radiological Health Data publi sh 

tables) maps, and explanations that summarized approaches and results of 

survey programs around many American nuclear facil:Lties. l1 

This review considers some lessons learned 'by workers experienced in 

evaluating environmental. C C:cit ami nat ton • are dralffrl from the major 

production facilities at Savannah Rj.ver and Hanford., where the need t,o 

release radioactive materials to the environment reQuiTe the purchase of 

large government reservations and extensive monitering systems. 

General Problems 

At the 13th InternatIonal Congress on Occupational Health, Whipple12 

presented what he descri.bed as the "U. S. View" of environmental monitor

ing - a solution which in some cases called for annual. expenditures amount

ing to 0.1% of the capital cost of the nuclear facility. Whipple admitted, 

however) that there are in this country many views of the morli:':;oring prob

lem because of differences in public attitude, loeal ccndIt:ions) and. the 

stage of development of' the program at a given site. 
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At the same Congress, Dunster13 drew on his long experience in Great 

'Bri.tain to make certain specific recommendations. For example, he suggested 

that the survey be limited to a study of a few selected pathways along 

which radioactive contamination would be most likely to move to man in 

quantities approaching currently accepted maximum permissible concentra

tions. He suggested, further, that the preoperational survey be limited 

to obtaining only tr.-at information which would be required later for the 

interpretation of data on releases to the environment of radioa:::tive ma-

terials. Airplane, or other ground measurements of gamm.a dose rate 

would show the patterns of variation effected by geologic outcroppings or 

prior contamination so that these would not be confused as readily with 

patterns from later releases. Contributions of weapons fallout to natural 

gamma dose rates have not so far obscured the natural. regional geographic 

patterns. A study of the distribution of 81'90 from fallout might show how 

the local fallout pattern. fit s i.ntc tre na:,ional pattern and thus make it 

possible to use routine national faii,::nxt surveys, rather than i.ntensive 

local resurveys,> as a basis for later comparisorl.s, A preoperational sur

vey might also include a mock emergency survey employing, for example, 

gamma-spectrometric analyses for specific rad:LonucLi.des in a 'l{.Tld.e variety 

of foods. 

A survey program which was ~arried out inexpensively at a Scotti.sh 

power reactor site used a portable laboratory in a Land Rover truck. 14 

The truck was equlpped with survey meters7 a low-level beta cOLL."lter, and 

a s:ingle-channel gamma speetrometer. A mQltlt:!hanr!el spectromet.er was 

available at a headquarters laboratory for 3 of samples collected. 

on fi.eld traverses. Few radiochemical measu:c'ement,swere made, 
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because national agencies were making assays of nuclides such as Sr90. 

The versatility of the mobile laboratory makes it adaptable to emergency 

monitoring, as well as routine sample collection and processing. 

Dunster13 criticized the widespread reliance on measurements of'gross 

beta activity, especially for small preoperational surveys, because com-

plicated fluctuations result from weapons fallout. Lacking specific 

identification of either the nuclides or the kinds of materials collected, 

such simple surveys cannot provide even the minimum information required. 15 

. II • l! 
The apparent economy of a barga~n survey may be an illusior.. Even if 

the cost is low, the cost-to-benefit ratio may approach infinity if the 

benefit approaches zero. There is need at this time for further study 

of the needs and costs of environmental monitoring at the relatively 

numerous sites where little or no release of radioactive material is 

anticipated. 

Even for the smaller nurriber of sites where readily measurable re-

leases of radioactive materials have occurred.! Dunster and others have 

emphasized the shortcomings of a study only of gross beta activity if the 

releases to the environment are to be evaluated. In many cases~ of course, 

it may be possible to show that these releases have not exceeded permissible 

limits, even if it is assumed that all the measured activity was from the 

most dangerous radionuclide. At· certain major installations this assump-

tion is frequently used when the specific nuclide has not been identified. 

As a result, l.t may appear that the limits of safe environmental eontami-

nation have been reachedJ even t.hough later evaluations based em more 

eomplete analyses show that this was not the case at all. 
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Savannah River Plant 

Early surveys (1951-1956) at the Savannah River Plant,16 as in many 

environmental surveys elsewhere, were chiefly of interest for the informa

tion they provided about weapons fallout. Intensive sampling showed abrupt 

increases in gross beta activity in air, rain, and natural materials with

in a few days after each test, with the time interval depending on the 

te st location. 

Releases of activity at the Savannah River Plant were monitored at 

each source17 (see Table V~2). The releases to the air, particularly of 

1131 in 1956 (1576 curies), 1957, and 1959, resulted from special process

iilg;problems in the separations area. The discharge of nonvolatile 'beta 

activity to streams came largely from the reactor areas as a result of 

releases of heavy-water moderator containing tritium and releases of fis

sion products from ruptured fuel elements. The water in the fuel-element 

storage and disassembly basin is normally retained until all short-lived 

nuclides have decayed; however, a small amour~ of water is continually 

purged from the disassembly basin for clarification and temperature con

trol, and some contami.nati.on is carried with this effluent. About 2700 

of the 2963 curies of nonvolatile beta activity discharged to seepage 

basins resulted from a si.ngle incident that occurred during an ex:periment 

in a disassembly basin. Use of this heavily contaminated reactor basin 

system was therefore discontinued. The (,asins were filled and capped 

with clay and surrounded by a subsurface clay dike to prevent future 

migration of the radionuclides. To prevent uptake of Sr90 vegetation 

and possible transfer by animals, wind, and surface dral.nage, the soil 

contiguous to the basi.ns -was sterilized with herbicides. 



Table V-2. ESTIMATED RELEASES OF RADIOACTIVITY FROM SEVERAL SOURCES 
AT THE SAVANNAH RIVER PLANT 

Activity Released in Separations Area Nonvolatile Beta 

Source Year (curies) Activity Released 
in Reactor Area 

Alpha Radioiodine Nonvolatile Beta (curies) 

Stacks 1955 2.97 69 33.9 
1956 0.15 1576 8.4 
1957 0.04 292 1.8 
1958 0.02 17 1.1 
1959 0.03 162 15.0 

Total 3.21 2116 60.2 I\.) 

1954 0.008 
+'-

Streams 0.C02 30 \oj 

1955 0.057 .0.131 112 
1956 0.042 1.638 303 
1957 0.004 0.307 875 
1958 0.011 0.385 537 
1959 0.013 0.945 1325 

Total 0.129 3.414 3180 

Seepage basins 1956 1.0 450 50 
1957 0.9 870 120 2162 
1958 1.0 24 78 565 
1959 1.2 60 231 236 

Total 4.1 1404 479 2693 



Groundwater in the sandy soil around the seepage basins and the burial 

ground is routinely monitored by samples collected from 81 wells. At one 

well, Sr90 was detected 500 ft from the basins affected by the release 

just mentioned: No radioactivity from any seepage basins is detected in 

streams. About 200,000 curies of fission products and induced. radio-

a.ctivity, 3 curies of uranium, and 150 curies of plutonium were deposited 

tn the solid waste burial groundj however, no radioactivity is detected 

in nearby groundwater. 

The large size of the Savannah River reservation (320 sQuare miles) 

has helped to prevent the escape of contaminated air or surface water from 

the controlled area. Monitoring has indicated a total of about 250 curies 

of nonvolatile beta radioactive material in the Savannah River 10 miles 

dmmstream from the reservation, but this represents only 1.6 times as 

much as was in the river upstream of the plant (22 X 10-9 fJ.c/ml compa.red 

wi th 14 X 10-9 fJ.c/ml of 'water). Higher releases within the reservation, 

and the need for continuing public reassurance about releases outside the 

reservation, have reQuired the continuation of a large environmental 

program. The 26,000 samples collected in 1959 included air, 

rainwater, vegetati9n,.milk, stream water, stream mud, ground water, and 

many types of organisms. Gamma spectrometry has replaced radioehemical 

methods in most assays for radioiodine and will give increasingly detailed 

information about other nuclides. IS 

Hanford Environmental !3urvey for 1960 

There are several excellent deBcriptions of the waste-disposal op-

er;J.tions at Hanford. 19 - 21 Passing Columbia River water directly through 
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the reactors, instead of through heat exchangers, creates activity in the 

water as the result of neutron activation of trace elements, the fission 

of minute quantities of natural uranium, and occasional releases of fis

sion products from ruptured fuel elements. 

Seven major nuclides constitute 90% of the activity in the river. 

Together Cr51 and Np239 contribute more than half of the radioactivity 

in the Columbia River between Pasco and Vancouver. Among the 13 f1minorl! 

components that constitute 8% of the activity, p32 and Zn65 contribute 

only 1 to 3%; however, these nuclides are so readily concentrated by 

organisms that they are considered the most important from the standpoint 

of safety. Of the 40 "trace" nuclides constituting the remaining 2% of 

the activity, Sra9 and Sr90 are those monitored, but they are frequently 

in concentrations below the limits of detection. 

An individual who routinely ingested Columbia River water at the 

Hanford Ferry throughout 1960 would have accumulated the doses given on 

the first line of Table V-3. The nearest actual use of water is farther 

downstream, however, at the cities of Pasco and Kennewick, and the longer 

trevel time provides an additional period for decay. Contamination in 

the river water is further reduced by water treatment at these cities and 

by storage prior to use. These reductions result in much lower actusl 

exposures than those shown in Table V-3. Consumption of milk from areas 

lrrigated with Columbia River wate:r'lpumped from points on the river near 

Ringold and Riverview (upstream from Kennewick and Pasco) could result 

in the doses shown in Table V-3 if individualS routinely consumed one 

liter per day of this milk. In practice, however, contamination of com·· 

mercial milk supplies from this small area is negligible compared w:ith 
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Table V -3. ANNUAL DOSES CALCULATED FOR ROUTINE FLUID INGESTION 
FOR HYPOTHETICAL OR STANDARD INDIVIDUALS NEAR HANFORD 

Dose (mrem) MPRI 
Exposure Source 

Hypothetical water consumption at Hanford Ferry 

Sanitary water consumption at 

Pasco 
Kennewick 

Local milk from Ringold 

Commercial milk, unaffected by Hanford 

Whole 
Body 

10 

2 
1 

4 

2 

GI Bonea 

Tract (%) 

980 2.1 

80 0.8 
16 0.5 

10 2.0 

1 1.5 

~RI bone = maximum permissible rate of intake with respect to bOLe 
seekers, for nonoccupational exposure. 

the radioisotope content resulting from stratospheric fallout affecting 

wider areas. Calculated doses of K40 and fallout nuclides in milk from 

areas unaffected by Hanford are given on the last line of Table V-3. 

Fish collected in the Columbia River downstream from the reactors 

were found to have concentrated p32 and other radionuclides in their bones 

and in their flesh. The average assay of p32 in flesh of whitefish e.t 

Ringold, the nearest public fishing area, reached a maximum during a low 

river level period in the fall of 1960 of 3 X 10- 3 ~c/g (wet weight basis) 

and the flesh of five bottom-feeding suckers averaged 4.8 X 10-3 ~c/g of 

p32. Whole minnows (shiners and chubs) frequently exceeded 10 X 10-3 ~c/g 

Hnd in one case contained 76 X 10-3 ~c/g. 

Calculated average annual rates of transport of p32 , Cr·51 , Np239, and 

Zn65 past Vancouver (and presumably into the Pacific Ocean) were 17, 850, 

72, and 38 curies/day. Such rates would indicate an eventual buildup in 

the ocean of 360, 33,000, 240, and 14,000 curies, respectively. At these 
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levels the rates of inflow would be balanced by losses from radioactive 

decay. The discovery of 40 to 78 X 10-6 ~c/g of Zn65 in oyster flesh 

from important oyster beds in Willapa Bay) Washington) helps to explain 

accumulation of Zn65 in humans whose diet included oysters from the mouth 

of the Columbia River. 22 Calculations suggest that a person eating a 

pint of Washington oysters per week might accumulate a dose 10% above what 

he would get from normal background. 

The concentration factor of 2 X 105 for Zn65 in transfer from sea

water to oysters22 corresponds with the factor for stable zinc computed 

elsewhere. Such high concentration factors re-emphasize ecological re

concentration of other diluted radioisotopes. 

Of 600 migratory waterfowl collected at the only legal hunting place 

near Hanford) 40% had detectable contamination. Fifteen per cent showed. 

radioactive contamination of the flesh similar to that found in white

fish. It may well be argued that constUl1ption of wildfowl) and fish) is 

too limited to perroi t the buildup of significant concentrations of rad.io

activity in people. On the other hand) the radioactivity in birds is 

carried long distances and is even being used in a tracer technique for 

estimating bird movement to other areas. 23 'Accuiilulation ·.of radionuclides 

by wildlife used as food has served to broaden Hanford!s area of responsi

bility so that it covers a much larger region than the local watershed. 

A future nuclear economy will have many installations and many overls,pping 

zones of influence) so there will clearly be an even greater need to moni

tor and control all releases at the source. The combined result of many 

contributions of radioactivity to the environment) not just the individual 

contributions of each site) will then have to be considered in evalu8,ting 

hazards. 



248 

In addition to monitoring the Columbia River water, Hanford has had 

to study and monitor the contamination of the environment by gaseous ef-

fluents released from stacks. It was estimated that the following average 

releases were not exceeded: 

I 131 

Zr9~ rii95 

Ru103 

Ru106 

Ce141 

Average Release 
(curies/day) 

1.0 

0.01 

0.007 

0.006 

0.001 

The possible contamination of the air at various distances from Hanford 

was tested by examination of air filters from many places in the north-

western United States. Contamination of these filters by radionuclides 

u.erived from weapons test fallout mrtsked any possible contribution from 

Hanford until late 1960. Then, following the testing moratorium, wes.pons 

fallout diminished below 1 X 10-8 disintegrations per second per cubic 

centimeter, or about 2 X 10-13 Jlc/cn3 , except near Hanford. This level 

appeared to represent, approximately, the average level of air contamim:.-

tion in the general Hanford area as a result of the stack releases. Weapons 

testing was resumed before it was possible to clarify whether there was 

any detectable air contamination from Hanford at mo~e distant points. 

Tables in the Appendix of a Hanford Report 21 show that there is con-

siderable variation in the quantities of radionuclides contained in the 

local vegetation. Several factors appear to be involved. 

The average amount in 1960 was less than in earlier years becauBe 

of the decay of the intermediate-lived nuclides in weapons fallout. 



Composite samples of 150 g apparently had been sufficient for gamma 

spectrometric analysis prior to 1960 when levels were higher. By 1960, 

however, samples of this size may have been too small to avoid serious 

counting errors. With the decay of nuclides such as Zr95_Ni 95 , it should 

have been possible to detect Cs137, which would previously have been ob

scured. Nevertheless cesium is not reported in the 1960 data. 

Large variations in the amount 1; of I 131 reported may reflect real 

chenges in release, variable wind conditions, or delays in counting. 

Iodine-131 is the only radionuclide found in appreciably greater abundance 

in the Hanford area, as compared with the fallout at more distant pOints, 

such as Spokane, Washington. Iodine-131 also has been found to be the 

most important constituent of local fallout at other AEC installations. 24 

Environmental Limits for I 131 Contamination 

Iodine-131 entering food chains leading to cattle and to man remains 

as one of the problems that reCluiren continued attention in areas ad~iacent 

to major nuclear installations, despite the relatively short half-life of 

this nuclide. 24 The study of this question has presumably been intensi

:t'ied since the Federal Radiation C0111Cil lowered the permissible levels 

of contamination. There has been a long history of increasingly stringent 

limits for contamination by I 131 , In the early years at Hanford, Parker25 

estimated that a dose of 1 r per da:r to the thyroid could be tolerated by 

a cow. On this baSiS,· and assuming that a cow would eat 10 Ib of forage 

per day, he calculated that 2 X 10-t. Ilc/g would be an appropriate maximum 

permissible concentration on forage. In 1952, Chamberlain and Chadwick26 

ncted that a more reasonable consumption figure is 20 Ib per day, givinE; 

~l limit of 1 X 10-4 pc/g. Data compiled by Morri.so:'1.27 c3.:)cument this hiE;her 
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rate of food consumption by cows. Hanford has been operating with releases 

aimed at keeping levels below 1 X 10-5 ~c/g. 

At the time of the Windscale incident the dose to a small child's 

thyroid was set as the standard, with the result that 0.1 ~c/liter of 

milk was taken as a limit for emergency control. 28 Farmer and Fletcher29 

considered emergency limits of 0.065 ~c/liter more appropriate. 

The ICRP occupational standard for drinking water is 0.02 ~c/liter 

for a l68-hr week. If this level were adjusted in conformity with a rec

ommendation of the International Council for Radiation Protection that the 

general population be exposed to only 1/30 of this level, then the limit 

for 1131 in drinking water would be 6.6 X 10-4 ~c/liter. If this standard 

were extended to the milk used by infants whose total fluid consumption 

is in the form of milk, then the limit is much more restrictive than the 

previous standards. The Federal Radiation Council recommends that the 

occupational level be divided by a factor of 400 to 4000 instead of 30. 

The upper permissible limit would then correspond with the lower limit 

of detection (5 X 10-8 ~c/g) for the analytical methods used in the Hanford 

monitoring. (In 1960 4 out of 24 milk samples from Ringold, Washington, 

exceeded this lower limit of detection.) The amounts of forage per unit 

area are unfortunately not given in conjunction with values of the amount 

of 1131 per gram of forage. However, a pasture density of only 300 g/m2, 

and an 1 131 concentration of 1.7 X 10-6 ~c/g (almost the lower limit of 

detection), would be equivalent to 5 X 10-4 ~c/m2. If milk production near 

Hanford follows the relation found at Windscale,29 about 0.1 ~c of 1131 

per liter of milk results from each 1 ~c/m2 of pasture. Again, the lower 

limit of detection of 1131 on forage would correspond with the suggested 
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upper !!safe" limit of 5 X 10-5 !-ic/liter in milk. More sensitive analyti

ral methods and more stringent control would thus be needed if the FRC 

standards for water were extended to milk. 

The limitations on the detection of 1131 in mixtures containing ott.er 

Gamma emitters led to an extension, in late 1960,21 from the monitoring 

of milk per ~ to the monitoring of the thyroids of beef slaughtered in 

the Hanford area. The observed variability in concentrations, from 1 X 10-6 

to 1000 X 10-6 !-ic/g of thyroid tissue, suggests that interpretation of 

data will require supplementary information as to the past history of each 

animal. Beef thyroid monitoring has been under study on this basis at 

the Oak Ridge National Laboratory since 1960. 30 

Environmental Surveying and Research 

The reports reviewed here, and other similar reports Ttlould be more 

helpful if they referred at appropriate places to papers that discuss the 

basic problems involved in studies of environmental contamination. One 

excellent discussion of some of these problems is preser.ted by Foster if. 

a paper titled !!Inadequacies of MPC;s for Control of Radiation in the 

Environment. 1f31 Foster surmnarizes why cool<:.book application of MPC's for 

air and water "fail to define adequately either the source or the magni-· 

tude of the exposure which may be received by man or animals.!! 

The previous example 1 have shown why, in many cases, contamine"tion 

reaches man by way of food :cather than directly through the air he breathes 

or through drinking water. The growth of food materials commonly involve 

steps in which there is reconcentration; for example, from river to E.lgae, 

to zooplankton, and then directly or indirectly to fish and to man; or 

from air to foliage, to cattle, to milk, to man, The of concentration 
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or degree of dilution by physical dispersion will depend on the particular 

local conditions at each installation. It is important to determine the 

total exposure actually received by individuals living near nuclear sites, 

or, perhaps living hlL.'1.dreds of miles away. "Arbitrary apportionment of 

exposure to a multitude of potentially contaminated sUbstancesl1 is not 

considered a satisfactory substitute for a detailed and painstaking study.32 

Such a study must draw on information obtained from many years of 

local experience, and from years of prior effort in many diverse but re-

lated fields. 'rhe radioiodine problem just mentioned is only one of many 

examples which requires further research. Long-range basic research into 

the movements and effects of radionuclides in the environment must be ac-

celerated if results are to be ready in time of need. 

Dunster13 warned,however, against the temptation to regard. monitoring 

surveys themselves as research. The preoperational surveys, in particular, 

are usually so tied to reactor startup time, and so burdened by the need 

to meet practical requirements, that ancillary efforts are more likely to 

be distracting than helpful. But Dunster did not deny the need to ex-

change information and ideas between the research programs and programs 

cf sampling and monitoring. His O~l study of the Irish Sea,32 which has 

employed a staff of 10 to 20 since 194 7, has opened but not exhausted. 

numerous interesting questions33 about the behavior of Ru106 • He has 

emphasized the difference in goals and procedures between environmental 

mOEitoring and research: 

l!A well-designed, well-publicized SUI"'ley, clear2..y re
lated to the maximillll permissible exposures of members of the 
public, is designed as a source of comfort to management and 
makes a real contribution to public relations. By contrast, 
a s"tXf.'vey which cannot be interpreted i:2 terms of widely ac-
ceptablc maxim,u:m sible values may severely the 
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relationship between a management and the neighboring public, 
by drawing attention to natural and artificial variations of 
radioactivity without being able to interpret them ••. A 
survey which does not make a contribution to safety or to 
management is not merely a bad survey; it is a complete waste 
of scientific effort." 

Yet, the scientific investigator must permit himself to be drawn 

aside to study exactly those novel and intriguing problems which the 

surveyor must regard as distractions. The greatest challenge for research 

lies in the search for interpretations of unexplained variations. The 

data and points of view required for the correct interpretation of such 

problems are often slow in coming, and it may be years before the results 

of such intellectual curiosity are available for practical application. 

Most large installations recognize the need for both monitoring and 

research. At Hanford, the General Electric Company manages both activi-

ties. The sampling and monitoring of the Environmental Studies and Evalua-

tions Staff, under the Radiation Protection Operation, is distinct from. the 

research activities of radioecology and other groups in the biology op-

eration, but the two groups exchangE~ data, ideas, and, sometimes, person-

nel. At the Savannah River Plant, Du Pont and the AEC have jointly beer:. 

responsible for monitoring, while University contractors have independently 

carried on basic ecological research. At many smaller installations, if 

environmental research is done at all, it may have to compete for the time 

of the individuals who are responsible for monitoring. 

There is a danger that the effectiveness of the entire environmental 

program can suffer from poor communication or poor balance. Research suf-

fers, in quantity and quality, if short-term. needs are favored over long-

Germ needs, and the survey suffers if its routine perpetuates itself 

,.;ri thout regard to those revisions of scope or emphasis which would be 
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indicated by a critical research program. Efficiency suffers if the time

consuming operations of sample collection and processing are not coordi

nated to provide data for both the research and the survey operations. 

General Conclusions 

1. The diversity of viewpoints about environmental studies res~lts 

not only from differences in local conditions and in the nature of the 

operations, but also from differences in the relations between monitoring 

and research activities. Dunster13 gives good reasons for a sharp divi

Bion of labor between these interests which, indeed, tend to be administra

Lively separated in large installations. Yet there are possible losses in 

effectiveness resulting from this division of labor. Mutually stimulating 

interests need to be encouraged. 

2. Dunster13 indicates that some surveys fail to provide certain 

minimal information, while they simultaneously waste effort obtaining in

formation of doubtful value either for eValuation of hazards or for re

search. It should be possible to match general objectives with specific 

procedures as nuclear technology matures. 

3. The Savannah River Plant has effectively contained substantial 

releases of radioactive materials within the boundaries of its large re

servation but has had to maintain a large survey program to monitor even 

these releases. The goal of complete containment of radioactivity can 

be approached only if additional investments in waste control are made. 

4. The Hanford Plant, inevitably, has had a long experience with 

the spread of contamination along several environmental pathways leading 

to the public. Analysis of this experience, backed by developmental 
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research, has led to a relatively advanced approach to the evaluation of 

exposures in relation to assumed permissible limits. 

5. The limits for 1131 are particularly puzzling because of the 

changing concepts of acceptable radiological exposure, differences be

tween routine and unusual exposure, and the compounding of safety fac

tors which relate occupational limits to the limits for the general public. 

6. To facilitate the comparison of hazard evaluations and to pre

vent ambiguity in the presentation of data, it is important that the data 

from environmental sampling be expressed on a more consistent basis. For 

example, a specified oven dry weight for vegetation or forage should be 

accompanied by information about dry weights per unit area. 

7. Standardization of units and procedures would aid in the more 

efficient use of the data obtained by monitoring and research groups, in 

spite of the differences in their objectives. (J. S. Olson) 
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YANKEE REACTOR OPERATING EXPERIENCE 

John F. Kaslow* 

The Yankee pressurized-water reactor has operated in a power-

producing capacity since November 1960. Through 'MI::lrch 1962, well over one 

billion killowatt-hours of electricity had been generated with nuclear 

heat from the original core loading. Basically, the nuclear plant con-

sists of a pressurized light-water reactor fueled with slightly enr:Lched 

(3.4%) uranium dioxide stacked in stainless steel tubes or clad-

Nuclear heat generated in the reactor is transmitted by the main 

coolant at approximately 532°F and 2000 ps to the tube sides of f01IT 

vertical steam generators. Saturated steam generated on the shell s:Lde 

of the steam generators at a pressure of 5 ps is supplied to a tandem, 

compound turbine-generator, which has a generator nameplate rat of 152 

lfM.l A simplified flow diagram o~ the plant is shown in VI-I. 

The reactor core can be approxLmated by a right circular cylinder 

in. in diameter and 92 in. high. The reactor fuel consists of uranium 

dioxide pellets 0.294 in. in diameter and 0.6 in. long. Inserted in 90-

are separated into groups of 25 by per-

forated stainless steel disks coated with a braze material. Each disk 

is provided with a circumferential groove into which the tube scrimped 

*John F. Kaslow, a native of Lawrence, 'MI::lssachusetts., received the 
Bacnelor of Science Degree from Lowell Technological Institute in 1953. 
After service with the U. S. Army S:Lgnal Corps, he joined the Production 
D:Lvision of the New England Electric System in 1956. He became associated 
with the Yankee Atomic Electric Company in February 1961 and is presently 
Assistant He is a professional engineer the Com
monwealth of 'MI::lssachusetts and an aBsociate member of the A.merican Society 

Mechanical 
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during the pellet loading process to fix its position until brazing. 

Welded stainless steel end plugs form the tube end closures. 

Spacing of the fuel tubes in the final fuel assembly is accomplished 

by tubular spacers or ferrules that are brazed to the fuel tubes dur:tng 

fabrication. 

The reactor core consists of 76 vertical assemblies) 38 of which 

contain 304 fuel tubes per assembly; the remaining 38 containing 305 fuel 

tubes per assembly. Use of the two types of assemblies results in a core 

having 32 cruciform slots. Twenty-four of the slots provide passage for 

the movable control rods) which consist of a silver-indium-cadmium allo~r 

(80% Ag) 15% In) 5% Cd) with a diffusion-bonded nickel plate and Zircaloy-2 

followers. The remaining eight slots accommodate fixed shim rods. The 

shim rods are constructed with two dimensionally identical ends; one end 

is made of boronated stainless steel and the other of Zircaloy-2. De

pending on the initial core excess reactivity) either the poisonous boro

nated stainless steel end or the nonpoisonous Zircaloy-2 end of the Bhim 

rod can be positioned in the active core. In the first Yankee core) the 

one now in operation) the Zircaloy-2 sections of the shim rods are in

serted in the core. 

Initial criticality was achieved on August 19) 1960) and a period 

of preoperational) low-power physics testing fOllowed. 2 Beginning November 

10) 1960) when electric power was first generated} the reactor power was 

increased stepwise until the then-licensed power level of 392 Mw(t) [120 

Mw( e)] was attained on ,January 17) 1961. On June 23) 1961) a full-term 

license was issued to Yankee) with authorization to increase the reactor 

power level to 485 Mw(t) [150 Mw(e)]. 
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As of March 31} 1962} the plant was still operating on the first 

fuel loading} although burnup and fuel depletion precluded operation at 

the licensed power level of 485 Mw{t). In late December 1961} the core 

was expended to the extent that all control rods were fully withdrawn 

at full power under the design main coolant conditions of 514°F average 

temperature and 2000 In order to extend power operation it became 

necessary to compensate for burnup by reducing the main coolant tempera

ture and the reactor power level and thereby utilize the reactivity avail

able from negative core-temperature and -power coefficients. By the end 

of March 1962 the main coolant average temperature had been reduced to 

461°F} with the reactor power level at 350 Mw(t) [110 Mw(e)J. At that 

time the average core burnup was 76,~0 Mwd/.MT of urani urn. 

Outage Time 

Operation of the Yankee plant has been smooth} with no major inci

dents or insurmountable operating pC'oblems encountered to date. An analy

sis of plant outage time serves to verify the reliability of the reactor 

and its associated primary system components. Approximately 12% of the 

total plant outage time through February 1962 is chargeable to the pri

mary or nuclear plant for maintenance and inspection. Thirty-two percent 

of the outage time resulted from low-power physics testing} as 

by the plant operating license. Testing associated with plant startup 

accounted for 11% of the outage} while secondary plant maintenance} pre

dominantly turbine maintenance} accounted for the remaining 45%. Coupled 

with an over-all plant factor of 70%, the preceding breakdov.'11 indicates 

that there has been little difficul ~y in keeping the reactor system avaj_l

able for operation. 
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Scram Analysis 

Also of interest and significance in connection with reactor opera

tion is the record of reactor scrams. A total of 30 reactor scrams has 

been recorded since initial criticality. Of this total, 4 resulted from 

i.nstrument noise J 3 from turbine trips, 14 from spurious signals or '~em

porary instrument faults, 8 from incorrect operation of nuclear instru

mentation, and only one from an actual reactor condition warranting a 

scram. The latter scram, initiated by a high flux level in the reac:;or) 

resulted from an error in converting from manual to automatic feedwa~:;er 

control during a plant startup. A surge of relatively cold feedwatej7 

to the steam generators produced a main coolant temperature depression 

which, in turn, caused reactivity to increase. 

The three reactor scrams which have occurred at or close to full 

power have demonstrated the inherent control and stability of the reactor, 

as witnessed by the absence of discharge from the steam generator 

valve following the scrams. Also worthy of note is the fact that the 

frequency of scrams has been drastically reduced since the initial plan~:; 

"shake down" period. 

Component Performance 

In the area of plant component reliability and experience, it is 

ironic that the so-called "exotic" components have operated with no ap

preciable difficulty, while a few so-called "conventional" items have 

oeen the major contributors to the maintenance and operating difficulties 

experienced thus far. The ever-present and expected equipment problems 

associated with plant startup were minor and quickly resolved, with the 

exception of a necessary major turb:ine modificat"'.on. 
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During the early months of power operation, persistent valve stem 

leakage resulted in a number of plant outages. The valves concerned are 

lo~ated in the primary system and are the intermediate-sized, stem-Ieakoff 

type of valves. On one occasion, stem leakage from a shutdown-cooling 

system valve was of sufficient magnitude to cause boiling in a closed

drain collecting tank. The resulting overpressure ",as transmitted to 

the waste-disposal blanket-gas system and caused a minor gaseous dis

charge from the incinerator stack. Compounding the problem "laS the poor 

backs eating of the valves, making repacking under the 2000-psi 

main coolant pressure ~uite formidable. In one instance it became necefl

sary not only to shut down the plant, but also to cool and depressurize 

the primary coolant, a procedure which entails borating the system. In

stallation of a temperature-sensitive alarm on the leak-off drain header 

has been effective in the detection of increases in stem leakoff flo,v, 

while replacement, modification, and diligent maintenance have substant:Lally 

reduced the primary valve pr:)blems. Yankee I s valve need 

not be taken as an indictment of pa::ked-stem valves, since numerous simi-

la::: valves it:. the pri:cnary have been tro";]ble free. 

Considerable difficulty has also been experienced with the turb:'_ne. 

A rather extensive turbine modification was re~uired following initial 

power operation. As a result of partial admission of steam to the lower 

quadrant of the turbine, coupled with inadequate distribution of steam 

between the impulse stage and the first reaction stage, an unbalanced 

vertical force existed across the rotor that resulted in vibration. Cor

rection of this condition consisted of machining slots in the two high-

pressure cylinder blade to t''le s team flow and distri bu"eion 

pattern to t'J:~e react~con blades. 
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Erratic governor control and valve operation from time to time, while 

more vexing than serious, have resulted in plant outages, Throttle-valve 

stem and bushing modifications were required, as were adjustments to the 

control-valve servo motors, to reduce friction. 

Poor performance of an electrode evaporator in the liquid waste dis

posal system led to a decision to replace it with the shell and tube evapo

rator that is now being installed, Despite several earlier nodifications, 

the electrode evaporator produced effluent too high in solids content for 

reuse in the primary 

Offsetting the few disappointing features of equipment performances 

has been the derendable performance exr .. ibited by majur components. No 

evidence of primary-to-secondary system leakage has been detected in the 

four steam generators, while shell-side steam-moisture 

been nos t effective over a wi.de range of loads, 

ion has 

Despite a few minor hardware rroblerrls during initial operation, the 

magnetic jack-type control rod drives have been reliable and trouble free. 

Rod drop times measured during each of the ics test series, which 

were conducted at 1829, ) and 6400 effective hours (EFPB:), 

indicated no discernable ciifference in drop time, Since the mechanical 

portions of the rod drives are sub to the main coolant environment 

within their pressure hous , there was some concern regarding radio-

active crud deposition in the drives; however, investigations of the 

levels after 3000 EFPH iniicated nominal cruel and activity bUild

up ( ..... lOO to 400 mr /hr ), 

Evaluation of and out-of-pile corrosion data for and 

lmplated silver-indLilll-cadmiu.l'll control rJd material in neutral, 
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and high pH water led to the use of control rods with a diffusion-bonded 

nickel in the Yankee reactor. Since inspection of the control rods 

will not be made until the first refueling shutdown, it is impossible at 

this time to make an authoritative judgement of their corrosion resistance. 

Based on chemical and radiochemical analyses for silver and concentrations 

of silver on surfaces of piping connected to the primary system and in 

the primary coolant, however, there has been no evidence of major cor

rosion of the control rod material. 

Since some abrasion of the control rod absorber surfaces may have 

occurred that possibly exposed the base metal, the replacement absorber 

sections have been designed with longitudinal, segmented, stainless steel 

rubbing straps. The straps, which project slightly from the blade sur-

faces, will bear against the core plate blocks .and the fuel as-

sembly rubbing straps and will thus prevent wear or abrasion during re

actor operation. The need for replacement of the original rod absorber 

sections will be determined by inspection during reactor refueling. 

The four canned-motor main coolant pumps have operated over 12,000 

hr with no diffi A rather serious flange leakage problem was en-

countered, however, during preoperational testing. The inability of the 

nickel gaskets originally provided to give the required flange tightness 

led to their replacement with copper gaskets. In addition, it was dis

covered that the pump flanges had been deformed about 0.012 in. and re

quired refacing. The copper gaskets proved to be leaktight initially; 

however, flange leakage reappeared after temperature cycling of the main 

coolant. Investigation indicated relaxation of the bolt tightness after 

each cycle, and flange deformation was again noted and measured. 
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It was found possible to operate the pumps without leakage by operating 

at reduced pressure while at low temperature and not applying the full 

2000-psi pressure until a main coolant temperature of 500°F was reached. 

adopting this procedure, seal welding of the flanges has not been 

necessary, and no further flange leakage has been detected. 

Reactor Containment 

The main coolant system and the principal auxiliary systems are 10-

(;ated within an elevated all-welded steel containment 125 feet in 

diameter. Integrity of the containment is maintained at all times when 

the main coolant system is at a temperature above 200°F or at a pressure 

greater than 300 psi with the core in place. During these periods, a 

slightly positive internal pressure is maintained to make possible the 

operation of a continuous leak-rate monitoring system. The leak-rate 

monitoring system consists of a gas meter that measures total air makeup 

to the vapor container, a manometer for measuring the vapor-container 

pressure, and nine resistaGce thermometers situated throughout the vapor 

(;ontainer to determine the average temperature. 

The normal vapor-container preBsure is obtained from a curve of vapor 

container temperature versus vapor-container pressure. This curve was 

derived from the gas law by assuming air to be an ideal gas. If the nor

mal pressure exceeds the act-ual vapor-container pressure, as measurec1 by 

the manometer, more than 0.5 in. Hg, air is charged through the gas 

meter until the vapor-container pressure is restored to normal. The volume 

charged through the gas meter is equivalent then to the amount of leakage 

since the previous addition. 



270 

An ob ctive of the containment design was to limit the leak rate 

at internal pressure to less than 0.1 wt % of the contained air 

during any 24-hr Leakage is currently being maintained within 

this linit without difficulty. 

The elevated vapor container is considered to have both advantages 

and disadvantages. The major advantages have been: 

1. Complete access to all welded seams, both inner and outer. 

2. Ease of transfer of large pieces of equipment to and from the 

vapor container. This feature was amply demonstrated during construction 

when large pressure vessels were lifted vertically from flat cars directly 

into the vapor container in short of time. 

3. The location of the equipment hatch at the bottom of the elevated 

shere and below the reactor shielding probably results in compactness of 

the main coolant systen layout. 

The most significant disadvantages are: 

1. Complexi ty of the fuel-handling system. 

2. Somewhat higher construction costs than for other containment 

sYftems. 

Neither the advantages nor the disadvantages of the elevated vapor 

container are so clear-cut as to lead directly to a decision for or aga~nst 

it. It would seem that each installation should be considered individually. 

Plant Modifications 

Modifications in plant design associated with or affecting the re

actor plant have been few in number and minor in nature. The main coolant 

temperature reduction following a s,~ram because of loss of load and the 

subsequent addition of feedwater to the steam led to a decision 
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to provide coincident tripping of the boiler feed pu~ps with a reactor 

scram. This change) in effect) added to the reactor shutdown margin by 

reducing the negative temperature transient following a scram. Another 

~hange involving nuclear plant protective features was the addition of 

a pressurizer high-level scram to eliminate the possibility of discharging 

coolant through the pressurizer relief valve in the event of a loss of 

station load without an accompanying reactor scram. 

In order to provide an additional safety margin in the event of a 

large break in the primary system and a subseQuent loss of coolant) a 

system modification involving an earlier initiation of the safety-injection 

system was also effected. The change) in essence) raised the minimu~ 

nain coolant pressure for automatic readying of the safety injection sys-

tem valves from 300 to psig. 'Jlhe earlier opening of motorized 

valves results in a reduction in the injection system operating time of 

approximately 12 sec. I'he latter two char..ges were dictated prinarily 

hy the desire to increase the r'2actor power level to Mw( t). 

Core Control or Chemical Shutdown 

In order to mini'mize the mJIllber of reactor control rods) as dictated 

by economic and reactor vessel penetration eonsiderations) and yet pro

vide adeQuate cold shutdown margin) a boric-acid chemical shutdown sys-

tem was incorporated in the plant designo Start-of-life testing establ:Lshed 

the reQuired boron concentration for a 5% 5k/k shutdown of the clean) cold 

reactor. The reQuired concentration ,:ppm) compared favorably with 

the concentration (950 ppm). 

On the two occasions when the system was borated for cold shutdown) 

tb.e boration proceeded smoothly and) wl~,il.e sone time was expended 
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in reducing the boron concentration by a feed and bleed process prior 

to going to power, no undue removal problems were experienced. With the 

boric-acid system relegated to such infrequent use and with visions of 

installing future cores of higher initial fuel enrichment, the possibilities 

of utilizing boron shim control became increasingly interesting. 

Since experience with reactivity control at power by continuous 

chemical shim is limited, it is planned to increase Core III enrichment 

only to 4.1%. With this enrichment, boron shim control will be required 

only until equilibrium xenon conditions are reached. This will permit 

boron-free operation at power within approximately two days after initial 

full-power operation. Further use of boron at power will be required 

only following lengthy shutdowns early in core life. Core III will be 

a multi region core with the new fuel elements placed in the outer regions 

of the core and the least burned elements of Core II placed in the cent~al 

region~ Core II will be a of Core I, since a decision on its 

design and fabrication was required before any significant operating ex

perience had been acquired with Core I. 

Reactivity Effects 

In September 1961, Yankee was granted authorization to conduct a 

test demonstrating the use of boric acid in the main coolant system at 

power and at concentrations up to 400 ppm boron. Since some concern has 

existed relative to possible boron plateout in the core, the AEC in O~he:ir 

authorization stipulated that the test be discontinued if the sum of un

certainty and unexplained reactivity losses exceeded 0.8% 5k/k. After 

approximately eight days, the O.8%5k/k limit was approached, and the 

test was terminated. While it was evident that some u:Jexplained reactivity 
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change had occurred) it was impossible to equate the reactivity effect 

to boron deposition on the core) since similar reactivity changes had 

occurred before and have occurred since the test. Neither was it pos

sible to rule out the possibility of boron deposition. As has been true 

in all unexplained core reactivity variations to date) the changes ex

perienced during the test were gradual and presented no operating problem. 

It is expected that a similar test will be conducted on Core II in an 

attempt to reach a definite conclusion. 

In accordance with the plant operating license, tests for determining 

core reactivity coefficients have been conducted at approximately 2000-

full-power-hour intervals. These tests, with the start-of-core-life 

tests as a base, are intended to demonstrate the effect, if any, of plu

tonium buildup on the core temperature, power) and pressure coefficients. 

The data obtained in these tests 3 are summarized in Table VI-l. It is 

evident from the data of Table VI-l that no significant in either 

the pressure or the power coefficient has occurred during core life. While 

a slight reduction in the temperature coefficient was experienced from 

start of core life to the 1829-EFPH point, no s 

curred since that time. 

cant change has oc-

The availability of boron as a supplementary shutdown agent has made 

possible accurate control rod worth determinations for various positions 

of the rods in the core. 4 During the 3835-EFPH tests when the primary 

was borated) control rod worth was measured by removin~ boron from 

the primary system at low power and the control rods. Dif-

ferential rod worths were determined from reactivity changes caused 

differential control rod motion. 
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Table VI-l. REACTIVITY COEFFICIENTS AS A FUNCTION OF OPERATING LIFE 

Date of 
Test 

Sept. 1960 
Apr. 1961 
July 1961 
Nov. 1961 

a Reported 
of of. 

b Reported 
c Reported 

Effective 
Full-Power 

Hours at 
392 Mw( t) 

0 
1829 
3835 
6400 

as change 

as change 

as change 

in 

Temperature 
Coefficienta 

X 10- 4 

-3.10 ± 0.07 
-2.91 ± 0.03 
-2.91 ± O. 
-2.84 ± 0.05 

reactivity per 

in per 

in reactivity per 

Pressure 
Coefficientb 

X 10-6 

+2.7 
+2.3 
+2.4 
+2.7 

of at an average 

unit pressure at 

Power 
Coefficient C 

X 10- 4 

-0.33 ± 
-0.35 ± 
-0.37 ± 
-0. 

temperature 

2000 psi. 

megawatt (thermal ). 

Although the total control rod worth has changed only slightly dur-

ing core life, the differential worths of particular rod groups have 

changed by as much as a factor of 2 along with the axis of rod travel. 

The changes in measured worth are the result of the changes in the core 

flux distributions on which the rod worths are dependent. Such changes 

in flux distribution are caused primarily by nonuniform core b~rnup. 

Of considerable interest in the area of core performance has been 

~he reactivity behavior of the Yankee core, Beginning in August 1961, 

after approximately 4200 EFPH at 392 Mw(t), unexplained reactivity varia-

tions occurred from time to time. Losses of reactivity were experienced 

following shutdowns and sharp load reductions. Further, the reactor some-

times at or close to full power for periods of two weeks and 

with no control rod motion and an apparent zero burnup rate. It 

is possible to theorize that the periods of zero burnup are attributable 

to a regaining of reactivity lost earlier, since each zero-burnup period 
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was preceded by a reactor shutdown or a rapid load reduction. It is im

possible, however, to state with assurance that the two events are re

lated. Despite these peculiar variations, the reactivity changes have 

been small (approximately 0.5% 5k/k maximum) and have occurred over an 

extended period of time. 

Various theories exist concerning the reactivity anomalies discussed 

thus far. One is predicated on cracking or crystalline structure changes 

in the U02 pellets dirring load reductions that would cause a reduction of 

fuel thermal conductivity and an attendent increase in fuel central tem

peratures. The higher temperature, in turn, would cause the reactivity 

to decrease. Continued power operation, according to this theory, would 

result in healing, refusing, or recrystallization of the pellets. Res

toration of pellet integrity would be accompanied by increases in the 

fuel thermal conductivity and reactivity. Another theory is based on 

temperature-induced diffusion of fission gases to the fuel-to-cladding 

gap during a rapid load change. Such diffusion would cause conductivity 

and reactivity reductions. A return steady-state operation would result 

in redistribution of the fission gases and increases in gap conductivity 

and reactivity. While these and other theories might explain the peculiar 

reactivity behavior, they are presently only theories and lack definitive 

substantiation. 

In-Core Instrumentation 

Extensive use of in-core instrumentation has yielded considerable 

core data. 5 The instrumentation consists of 8 carbon-steel flux wires 

that can be inserted in thimbles in 22 different locations in the core, 

in addition to 27 thermocouples that measure the temperature of the outlet 
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coolant water from specific fuel assemblies. One quadrant of the core 

is fully instrumented, that is, each of the 19 fuel assemblies in the 

quadrant is equipped with a flux-wire thimble and a coolant outlet thermo

couple. Three symmetrically located assemblies, one in each of the re

maining three quadrants, are similarly outfitted to provide for the de

termination of relative power production in various quadrants of the core 

to within ±3%. Irradiation of the flux wires at power permits flux pro

file measurements and, coupled with coolant temperature measurements; 

makes possible the determination of axial and radial power distribut~on, 

burnup, core hot channel factors, and departure from nucleate-boiling 

ratios. 

Early measurements of axial and radial flux and power distributi_ons 

were instrumental in verifying the effects of control rod programming. 

In-core data acquired during early power operation substantiated the con

servatism in the design core hot channel factors and formed the basis for 

Yankee f s request to increase the authorized power level from 392 to Lf 85 

Mw(t). In-core instrumentation continues to provide hot-channel and heat

fhlX data that demonstrate an appreciable margin between operating values 

and design limits. 

Water Chemistry 

Controlling primary and secondary system water chemistry conditions 

has presented no problems of consequences. Primary water oxygen levels 

ha\le been consistently below the point of detection. Main coolant crud 

levels during normal operation are generally well below one ppm; with 

corrosion-product activity in the form of Fe59 ) Co 60 ) Co53 , Cr51 ) and Mn54 

remaining low (approxj_mately 105 to 106 dpm/mr). T:rl1ces of sLLver (Agll 0) 
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have been detected, but the quantities have been low enough to preclude 

the possibility of a major corrosion of the silver-indium-cadmium con

trol rod absorber material. Gaseous activity in the primary coolant 

(Ar 41 , Xe 135 , Xe 133 , Kr85m) has also been quite low during operation. Re

cent determinations of 1131 and 1 133 activity in the main coolant indicate 

the possibility of a minor cladding defect or defects; however, fission

product concentrations are approximately 1000 times less than the design 

concentrations. 

Since initial power operation, boration of the primary system has 

been effected twice for cold reacto:: shutdown (boron concentration ap

proximately 1200 ppm) and once for test purposes (concentration approxi

mately 390 ppm). As mentioned above, removal of the boron from the main 

coolant system has been accomplished without difficulty by employing a 

feed and bleed operation with inter~ediate purification in a chemical 

anion exchanger. 

The boric-acid solution is prepared and stored in a 3000-gal heated 

and agitated tank. The tank temperature is maintained at 150°F to ensure 

the solubility of the 12% solution of boric acid. A partial stoppage of 

a boric-acid feed line during preoperational testing as a result of cooling 

the boric-acid solution below its solubility temperature (approximately 

130°F) indicated the need for increased heat tracing on the line. Also 

evident was the desirability of flm;hing lines after passing the 12% boric

acid solution through them. The complete reliability of injecting con

centrated boric acid is dependent upon storage-tank shape, agitation, 

pipe-line configuration, pipe-line heat tracing, pipe-line insulation, 

and fluid pumping velocity. It shO"uld be noted that the chemical shutdown 
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is not used for shutdown of the reactor. The 

works well for its intended purpose of providing 

control for reactor cooldown. 

Plant Maintenance 

Radiation levels have, to date, presented no major in 

or maintenance.. The absence of detectable primary-to-secondary 

steam generator has the conventional portion of ·~he 

free from radioactive contamination. While periodic surveys show 

radiation levels to be increas at certain points in the reactor 

the levels remain well belo¥ the design limits. Radiation levels 

of 20 to 50 r/hr have been detected at points in the primary 

lines following shutdown. Since a location such as a bypass line lends 

itself to crud deposition as a result of little or no flovl, 

bypass lines has been 

below 100 mr/hr. 

and has readily lowered levels to 

of 

Access to the vapor container has been possible at full power to a 

limited extent. Radiation levels at full power range from 1 out-

sid.e the concrete secondary shield to approximately on the 

ing floor and 15 r/hr in the vi of the primary piping. Within a 

few hours after shutdown, floor levels are reduced to 

0.1 to 0.2 mr/hr, and levels of 100 to 500 mr/hr exist in the 

of the main coolant lines. 

Exposures and Activity Release 

For the year 1961, radioactive materials discharged or 

the site amounted to the 

from 
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Gaseous 
Solid 
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Activity 
(millicuries) 

8.0 
1.9 

107 

No radiation incidents have occurred from personnel exposure solid 

waste drumming operations. The disappointing feature connected with 

waste operations has been the poor performance electrode eva po-

rator mentioned previously. Significant reductions in liquid waste quan-

tities should be realized upon completion of the steam evaporator instal-

lation. 

During the average stati·:)n personnel radiation exposure was 

91 mr) with a maximum individual exposure of 760 mr. While these ac-

cumulated exposures reflect a normal plant operating year) do not 

include a operation i.n which the doses jncurred mIght be ex-

pected to be somewhat higher. 

Conclusion 

In addition to providing operating verification of many facets of 

nuclear des the Yankee plant promise of continuing to 

fulfill its eVen more basic function - that of providing a safe and de-

source of electrical power. 
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HANFORD REACTOR INCIDENTS 

The large graphite-mederated, water-ceeled, plutenium-preductien re-

acters eperated fer the Atemic Energy Cemmissien by the General Electric 

Cempany at Hanferd, Washingten, have accumulated an impressive number ef 

eperating heurs since startup ef the first facility in September 1944. 6 

There have been hundreds ef startups and shutdewns under varieus cendi

tiens. In additien to' their nermal eperatien, the reacters have eperated 

in a large number and variety ef experiments and preductien tests that 

have invelved many unknowns. Threugh March 1956, enly hlO nuclear in-

cidents had eccurred at Hanferd that caused any knewn damage to' reacter 

cempenents. There was a third incident invelving a fast-reacter startup 

that had a nuclear danger petential, but it actually caused nO' damage tD 

the reacter er cempenents. These three incidents eccurred in 1954, 1955, 

and 1956 and are reviewed here because ef their interest to' these cen

cerned with nuclear safety. There have been nO' reperts ef stftseQuent 

incidents. 

The 1954 Incident 

Startup ef ene of the Hanferd reacters on Octeber 3, 1954, preceeded 

tee rapidly and caused localized everheating ef fuel elements in ene Quad

rnnt ef the reacter. Thermal stresses caused by the rapid heating fractured 

seme of the uranium slugs and weakened pertiens ef the can walls ef other 

slugs sO' that these fuel elements were in a highly rupture-prene conditien. 

The difficulty was everceme by discharging the affected elements. 6 

The Incident and Preliminary Events. The startup follewed a reactor 

shutdewn for repair of a water leak which had wet a considerable Quantity 

of in the lover portion of the reactor. Since the of 
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water and its distribution were uncertain, its effects on reactivity and 

startup instrumentation were only roughly estimated. There was no particu

lar concern, however, about starting the reactor on this occasion because 

there had been startups under similar conditions many times prior to this. 

The control rods were withdrawn on the basis of a criticality pre

diction curve that was prepared in advance by the reactor physicist, and 

the startup proceeded normally for about 1 hr. When the neutron level, 

as indicated by the proportional counter, was ris slowly on a period 

of about 2 min, the reactivity was increased a calculated amount to place the 

reactor on a 30-sec period. Later examination of the data revealed, how

ever, that the reactivity addition had placed the reactor on a 12-sec period 

rather than the calculated 30-sec period. 

At the time of the reactivity increase, the Chief Operator was engaged, 

with an instrument mechanic, in changing scales on the four flux-monitoring 

ionization chamber instr~ments in order to accommodate the expected normal 

buildup to operating power. The console operator noted the rapid rise in 

power and started inserting control rods to lower the neutron level. At 

about the same time, the coolant outlet tube temperatures on the upper near 

side of the reactor were reported to be rapidly approaching their limits, 

and cooling-water pressures on a number of tubes in this region were noted 

to be dropping. 

The action by the console opera~or quickly slowed the rate of power 

rise. When the Chief Operator appraised the situation, he had more rods 

inserted to reduce the localized heating. While·this was be done, low 

cooling-water pressure in one or more tubes caused an automatic scram. 

Since this type of scram had occasionally occurred during reactor startup 
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when cooling-water pressures changed because of tube heating, no particular 

significance was attached to this episode. 

Abaut 45 min after the scram, the startup was resumed, and normal op

eration was attained without incident. On the following day, however, a 

series of fuel element failures occurred in the upper near-side quadrant 

of the reactor. These failures continued until as a result of a full analy

sis the affected fuel elements were discharged. 

Causes and Corrective Actions. Several factors wen= found to have 

been responsible for the incident. ~Pwo of the most sensitive neut:r'on-flux

detecting chambers were positioned too close together under the reactor and 

thus their coverage was lnadequate to provide the sensitivity needed during 

startup. Other factors that contributed to reduced sensitivity were an un

balanced rod withdrawal pattern, the presence of temporary poison eol ... mms, 

and the shielding or poisoning effect of the water in the graphite above 

the ion chambers. These same factors contributed to produce a strongly 

localized high-flux region in the '.Ipper near side of the reactor. As a 

result of this incident, st.artup instrumentation and associated procedures 

were re-evaluated. Hanford reported that this resulted in several cor

rections, changes, and improvements, which were not specified. 

Further, the Chief Operator responsible for the startup, while well 

trained in his job, was relatively new to this particular reactor. There 

are minor differences in equipment among the Hanford reactors) and, because 

of a lack of complete familiarity with some of the differences, the Chief 

Operator t:)ok more than t:':J.e normal time to change scales on the ionization

chamber instrument.s. If he had not been so preoecupied, he would probably 

bave noted certa:i.n of the instrument indications earlier and would have 
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acted upon them more quickly. To prevent a similar occurrence, the details 

of this incident were discussed with all operating personnel and additional 

instructions were given in startup safety. For all subsequent cold start

ups, extra supervisory and technical personnel were scheduled for control 

room duty. 

The 1955 Incident 

The "KWI! reactor made its initial startup on January 4, 1955, with 

the cooling water to one process tube blocked. Some of the fuel elements 

in the single uncooled channel melted and caused damage to that channel. 

In order to repair the reactor, it was necessary to replace the damaged 

fuel, tube, and graphite channel. 6 - 10 

Events Leading to the Incident. During the prestartup program of 

the KW reactor, extensive work was carried out to determine the reactivity 

characteristics of the new reactor. Certain of the tests required that 

several hundred process coolant tubes be blocked off from the regular 

coolant piping system with solid neoprene disks. When the disks were re

moved, one was overlooked, and it remained in the outlet of one of the 

coolant tubes. Actually, disks were left in seven other tubes in the in

let or outlet or both, but these were located by a test of the gage system 

that monitors the water pressure on each individual process tube. For 

some reason the gage on the one tube was overlooked, and it did not appear 

in a list of abnormal gage readings prepared during the test. There was 

an additional opportunity to spot the blocked tube when a later test was 

performed on the coolant system. This time the pressure record.ed for the 

tube (without flow) definitely indicated a blocked tube. The Shift Op-

erations Supervisor failed, however, to recognize this indication of trouble. 
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'Phe gage was adjusted at that time by an instrument mechanic to give a mid

scale reading which for that particular tube was false. This adjustment 

made it virtually certain that the no-flow condition would exit until serious 

damage resulted. 

The Incident. The official startup of the reactor was on January 4, 

1955, with the initial rise to low-level power operation proceeding very 

slowly and in stepwise increments. On January after one of the step-

wise increases, the power decreased sharply because of a loss of reactivity. 

Control rods were withdrawn to compensate for the loss in reactivity and 

to restore the power to the target level. About 12 min later, an alarm in

dicated that there was water in the reactor recirculating-gas duct system. 

The supervisor immediately associated the indications with a process-tube 

leak, and, as was the established practice, started a high-speed traverse 

of the tube outlet water temperatureo to locate the leaky tube. 

Before the tube traverse was completed the reactor was automatically 

scrammed. Coolant pressure in the tube row containing the blocked tube 

had actuated the scram circuit. lft'1en inspected, none of the tubes in the 

row showed an abnormal reading, so it was assumed that a transient fluctua

tion, which was not an uncommon occurrence, had actuated the trip. Since 

t,here was an indication of a ruptured fuel element simultaneous with the 

rod drop, no attempt was made to resi~art the reactor. Rather, the coolant

wBter pressure was lowered; an entry was made at the rear face of the re

actor; and the water lines were monitored with portable radiation instru

ments. The monitors confirmed that one or more fuel elements had ruptured. 

Conventional methods of fuel element and tube removal were tried with

out success in the affe,:;ted channel. Arter two days of effort, it became 
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apparent that this was not a normal ruptured-slug incident. Also, the mis

setting of the pressure gage was discovered at this time, and later it was 

determined that the coolant line was blocked. All feasible methods for dis

lodging the charge were time consuming and proved to be ineffective. On 

January 14, a decision was made to cut a hole in the rear shield wall in 

order to remove the entire graphite channel. About six days was required 

to drill through the shield with a diamond core drill. This included time 

to clear piping away from the affected face of the shield. The graphite 

stringers were then grappled from the channel through the drilled opening. 

Final cleanup and inspection of the channel were completed by January 28. 

Examination of adjacent channels revealed that damage was only minor. By 

January 31, the blocks and fittings were replaced and the shielding was re

paired, completing restoration of the reactor. The total cost of the outage 

was estimated to be $550,000. 

Causes and Responsibility. The special investigating committee ap

pointed by the General Manager of the Hanford Atomic Products Operations 

reported that there were three closely related causes for the incident. The 

causes and the committee1s assigned responsib 

below: 

for each are given 

1. The unremoved neoprene disk prevented cooling water from reaching 

the channel that was subsequently damaged extensively. Tne committee felt 

that the fault lay in the lack of an adequate deblocking control procedure 

rather than with any individual. 

2. There was ample evidence that the initial test of the cooling

water pressure gages should have identified the abnormal condition. The 

-"act that the high gage reading passed unnoticed was ascribed to the weak

nesses in the checkout system in use and not to anyone individual. 
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3. The final test of the cooling water system revealed the improper 

high-pressure reading, but this was not equated with its no-flow signifi-

cance, and the pressure gage was reset to read its normal midscale value. 

The committee felt that the Operations Supervisor in charge at the time 

was clearly responsible for the failure to recognize the significance of 

the gage reading and that the failure made it certain that eventual serious 

damage would result. 

Recommendations. The investigating committee made the following 

recommendations des to prevent similar incidents: 

IlMore effective provision should be made for the manpower 
requirements of a new reactor startup; specifically: (a) as
signment of extra supervisory personnel, part.icularly to assist 
the Operations Supervisor in charge; (b) direct assignment of a 
full complement of operators and supporting craftsmen; and (c) 
assignment of sufficient qualif:led specialist personnel to pro
vide shift coverage assistance to the responsible Operations 
Supervision in the interpretation and evaluation of equipment 
and process behavior. 

"Detailed written instr'.lctions and procedures, including 
specific definition of functional responsibilIties" should be 
prepared and used in the performance of critical checkout op
erations on vital reactor components and control fact.li,ties. 
It is recommended specifically that these instructions and 
procedures incorporate a requirement for duplicate checking 
and appropriate review by qualified persoIDlel. 

IIComplete data records should be kept for all calibrations 
and adjustments of instruments which are critical to reactor 
operational safety. In the case of such key instruments as 
the ..• [pressure] gauges, where a multiplicity of similar 
signals is involved, each indiv:idual instrument observation 
should be recorded. This total recording of normal as well 
as abnormal readings is intended to assure completeness of 
both observation and interpretation of significant data, 

IIpositive control measures should be employed to insure 
the recovery of all materials which are introduced temporarily 
into process tubes (or associated water piping) and which are 
intended to - or conceivably might - significantly obstrl.:tct 
process tube water flow. A piece-count type of accounta'::J:Uity 
is reco1TI.1Ilended for this purpose. 
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liThe initial startup of a new facility such as this must be 
conducted in a very deliberate manner, with ample time allowed 
during startup for a thorough checkout of all equipment under 
conditions typical of those to be encountered in actual opera
tions."7 

The 1956 Incident 

On January 6, 1956, one of the Hanford reactors was started up in 

a manner that caused the initial rise to power to be so fast that there 

was some potential for reactor damage. No damage resulted, however, and 

normal startup operations were resumed shortly after the incident. 6 

The Incident and Preliminary Events. Reactor startup had initially 

begun on January 5 after an outage to test for process-tube water leaks. 

During the startup there was no clear-cut indication of any reactivity 

loss, although the flux-monitoring chambers gave some indication of re-

sidual water in the lower portions of the reactor. After the normal start-

up, the reactor was shut down for removal of several poison rods. Follow-

ing this, there was insufficient reactivity to attain criticality. It was 

surmised that moist reactor gas had caused condensation on the cool process 

tubes and graphite and thereby lowered the reactivity_ After about 7 hr, 

there had been sufficient xenon decay for a normal startup. Operation 

continued until 3 AM on January 6, when a cooling-water pressure fluctua-

tion caused the reactor to scram. 

The Operations Supervisor contacted the assigned reactor physicist 

(who was at home asleep) to get a prediction of the startup reactivity 

from scram on a cold secondary startup. In the meantime the cause of' 

the scram was determined and corrected. Using information received over 

the telephone on the probable magnitude of the various trans:tent factors, 

a criticality prediction curve was ra.pidly prepared. (Usually 



288 

following a scram from operating level must be fairly rapid or graphite 

cooling and xenon buildup will reduce reactivity sufficiently to make the 

reactor remain subcritical for several hours.) About 20 min after the call 

to the physicist, safety rod withdrawal was started. While rod withdrawal 

was in progress, a phone call was received from the physicist revising 

his first prediction to allow for more severe reactivity loss rates. In 

addition, he indicated that the reaetor might go subcritical in 50 to 60 

min. 

The Chief Operator continued rod withdrawal, but he proceeded on the 

basis of the new prediction. At 3:35 AM he stopped rod withdrawal when 

the proportional neutron counter gave an unexpected indication of criti

cality. Within 30 sec the counter reached its maximum counting rate and 

jammed. Suspecting a faulty indication, he switched to a less sensitive 

chamber, and the counter again jammed. Now suspeeting the true situation, 

he started inserting control rods as rapidly as possible without scram

ming the reactor. The power rise was halted within about 60 sec after rod 

insertion was started, with the max:lmum reached being only about 5% of the 

nominal operating level. Normal startup operations were continued after 

a short time. 

The fact that no damage resulted was attributed largely to the fast 

thinking and action of the Chief Operator. If the initial rate of rise 

had continued} the power would have exeeeded the nominal level withi.n 2 

min after he first observed the abnormal reaction. In addition to Ute 

physicistfs prediction error, the flux-monitoring ionization chamber had 

not been set back to the startup scale as it should have been. This meant 

tbat an automatic scram would not have occurred until the nominul operat 
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level was reached if manual control had not been achieved. Some damage 

to fuel elements would have likely occurred before the automatic scram 

could have been actuated. Serious damage would have been prevented by 

the automatic scram, however. 

Causes and Corrective Actions. Following the incident the causes 

were assessed and corrective actions were proposed. The physicist's pre-

diction error was determined to be the main cause of the incident. His 

fatigue and a need for immediate action probably contributed to the in-

accuracy. Another basic cause was the inherent difficulty of accurately 

predicting reactivity when transients were occurring rapidly and unknowns 

of considerable magnitude were present. The entire field of prediction 

calculations was therefore placed under study. The results of the study 

have not been reported. 

Failure to reset the ionization chamber to the proper startup scale, 

while not directly causative~ was noted. As a conseQuenc",;, circuitry 

was installed to make it impossible to withdraw the control rods untn 

the ionization chambers are properly set, and a procedural change was 

made which reQuires that both the Supervisor and Chief Operator witness 

the scale setting before any startup. Procedures were also changed to 

reQuire that the reactor be scrammed during startup if any instrument in-

dicates a rapid rise in power (even though an instrument malfunction is 

suspected) or if any other unusual condition develops. 

Conclusions Based on These Incidents 

The following can be concluded from Hanford's experience: 

"It is significant that none of the three incidents reported 
can be attributed to failure of existing eQuipmen.t. In all cases 



automatic instrumentation prevented - or would have prevented 
serious damage although there were varying degrees of human 
failure. 

"This emphasized two things: 

1. Reactor safety circuitry and automatic safety equipment 
at RAPO have established an excellent performance record and ap
pear to be generally reliable in preventing unsafe conditions. 

2. In the end analysis all safety devices must at some point 
rely on some action by personnel to insure their proper function
ing. 

"Clearly, these 'points of reliance' on personnel should 
be as few, as simple, as tamper-proof and fail-safe as possible, 
and the personnel responsible should be selected and trained as 
carefully as possible. 

"Startups have been shown 'co have a particularly high 
'danger potential.' For this reason, the need for extra back
up during reactor startups is strongly emphasized. 

"Almost all of the ingredients for reactor 'incidents' are 
concentrated in the startup. This is due not only to the nuclear 
aspects of startup, but also to the possibility that some change 
in the operating status of equipment made while the reactor was 
shut down may have been overlooked in the startup. To guard 
against such an occurrence, elaborate procedures and long, 
carefully prepared check lists are used at each cold startup) 
and functional checks of all control equipment and safety cir
cuitry are mandatory. Also startup predictions and rod with
drawal procedures are made very conservative. 

"Largely as a result of these safeguards, improved in
strumentation and a constant emphasis on the overriding im
portance of reactor safety, above all other operational and 
time schedule considerations, RAPO has so far been fortunate 
in avoiding nuclear incidents other than the ones reported. 1/ 

(J. R. Buchanan) 
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CHANGES IN LICENSING REGULATIONS 

Amendments to the AEC rules and regulations, as found in Title 10, 

Code of Federal Regulations, Chapter 1, are frequently proposed. Among 

those being considered for change are: 

Part 2, Rules of Practice 

Part 3, Rules of Procedure in Contract Appeals 

Part 9, Public Records 

Part 30, Licensing of Byproduct Material 

Part 50, Licensing of Production and Utilization Facilities 

Part 72, Protection Against Accidental Criticality and Radia-
tion Exposure in Shipment of Fuel Elements 

Part 100, Site Criteria Guide 

Part 115, Procedures for Review of Certain Nuclear Reactors 
Exempted from Licensing Requirements 

Part 140, Financial Protection Requirements and Indemnity 
Agreements 

Part 150, Transfer of Regulatory Power 

The proposed changes are discussed below, along with a brief discussion 

of a congressional hearing on proposed changes in AEC' s regulatory p:rocess. 

Part 2, Rules of Practice 

On January 13, 1962, a revised version of Part 2, Rules of Practice, 

was published in the Federal Register, and the new rules went into effect 

on February 27.11 Comments on the revision were received from the law 

firm of LeBoeuf, Lamb, and Leiby. The lawyers indicated that they were 

puzzled by the CommiSSion's action of inviting comments on the rules 

vrhile at the same time making them effective before careful consider9-tion 

could be given to any comments received. Among their general comments, 

the lawyers stated that dividing the rules into various subparts was 

convenient and appropriate. They had, however, several critiCisms, as 
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did North American Aviation, Inc. They suggested that subpart G, Rules 

of General Applicability, should be relocated and expanded. There was an 

opinion that the public hearing, such as that contemplated in subpart G, 

was unnecessary and inappropriate in uncontrolled licensing or authori-

zation proceedings. was commented that there were numerous instances 

of confusion in the use of the verbs Hmay,!! "shall,!! and "will." Several 

procedural matters, they felt, had been omitted from the revision, and 

several terms had been used that were not precise in context and which 

should be redefined. 12 

It is understood that AEC has various minor clarifications in mind 

but will not make them until the rules have had a period of operating 

experience. 11 

Part 3, Rules of Procedure in Contract Appeals 

A revision of Part 3 was published in the Federal Register at the 

same time as revised Part 2 (see above), and it went into effect at the 

same time (February 27). Part 3 was revised because it had incorporated, 

by reference, pertinent provisions of Part 2. The substance of Part 3 

is now incorporated in revised Part 2 as a new subpart D.ll 

Part 9, Public Records 

On January 26, a proposed amendment to Part 9 was published in the 

Federal Register which provides that notices to licensees of alleged 

violations and correspondence between AEC and licensees concerning alleged 

violations be made public. 13 Through April, one comment on the proposal 

had been received. The comment opposed the amendment on the grounds that 

iD the present public: state of ignorance w.d fear concerning radioactivity, 

sllch publication would work a hardship on licensees vri tll alleged violations .12 
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Part 30, Licensing of Byproduct Materials 

An amendment providing for the possession and use of luminous safety 

devices, each containing not more than 4 curies of tritium, for use in 

aircraft went into effect on March 14, the date of publication in the 

Federal Register. Many comments had been received by the Commission since 

the original publication of the proposed amendment on September 1961. 

Several minor changes were made in the final revision on the basis of 

comments. 13-1S 

The March 31 issue of the Federal Register contained an amendment 

to be effective in 30 days that established criteria for the manufacture 

and installation of automobile-lock illuminators, each containing up to 

15 mc of tritium. The amendment was published earlier (November 7, 1961) 

for comments, but none were received. 16 

A proposed amendment to Part 30 was published for comment in the 

Federal Register of January 18 that would exempt from licensing certain 

radioisotopes for medical use. 12 Many comments were received, and all 

Rgreed with the intent of the proposal. There was, however, an expres

sion of opposition by over half of those commenting that stemmed from 

their feelings that, in general, medical school curriculums do not give 

detailed instruction in the use of radioisotopes .12,17, Ul Many of those 

oPPosing the amendment are in the medical profeSSion. 

Part 50, Licensing of Production and Utilization Facilities 

An amendment to Part 50 was published for comment in the Federal 

Register of March 15, 1962, that would present a more explicit identifi

cation of the principal safety determination to be made by AEC when it 
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issues a provisional construction permlt. 19 A prior proposal was published 

in the Federal Register of February 11, 1960. 

Part 72, Protection Against Accidental Criticality and Radiation 
Exposure in Shipment of Fuel Elements 

Comments continue to be received by AEC on the proposed amendment to 

Part 72 governing the shipment of irradiated fuel elements, which was 

published in the Federal Register of September 23, 1961. 13,15,20 Many 

commentators expressed the fear that the amendment gave too much attention 

to specification of a preconceived shipping cask design instead of setting 

forth performance principles. A shipping cask manufacturer expresse(l the 

opinion, however, that design criteria should be included in the regula-

tion. The manufacturer felt that difficulties had resulted in the past 

because only performance reQuirements were given. 

The AEC continued to receive comments on the HDiscussion Draft of 

Technical Standards to be Used as Basis for Preparation of Regulations 

for Safe Transport of Radioactive Materials,!! which was prepared by the 

Inter-Agency Committee on Transportation of Radioactive Materials. These 

comments will be considered in the preparation of another draft of the 

standards. When the standards are in final form, they will serve as a 

basis for revision of existing federal transportation regulations. 12, 13,21, 22 

Part 100, Site Criteria Guide 

Comments on this guide, which was published in the Federal Register 

of April 12, 1962, and was effective 30 days later,23 are discussed in 

this issue under the heading Reactor Site Criteria. 
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Part 115, Procedures for Review of Certain Nuclear Reactors 
Exempted from Licensing Requirements 

In March 1962, the AEC adopted a corrective amendment to Part 115.45 

to eliminate the previously stated requirement for the finding of an ap-

plicant's financial qualification for a provisional operating authoriza-

tion. This procedure covers Commission-owned reactors which are not 10-

cated at a Commission installation but are operated as power-generating 

facilities of an electrical utility.24 

Part 140, Fina:.'1cial Protection Requirements and Indem...Ylity 
Agreements 

Some miscellaneous amendments to Part 140 were published in the 

Federal Register of March 29, 1962, to be effective immediately. Com

menting on the amendments, the AEC stated: 16 

"On April 22, 1961, the Commission published in the 
Federal Register the form of indemnity agreement which it 
would execute with licensees furnishing insurance policies 
as proof of financial protection and the form of indemnity 
agreement which it would enter into with licensees furnishing 
proof of financial protection in the form of the licensee's 
resources. On the same date a proposed amendment to 10 CFR 
Part 140 was issued for public comment. That proposed amend
ment contained the forms of indemnity agreement which the 
Commission would execute with federal agencies and nonprofit 
educational institutions sub ject to Part 140. Except for the 
changes made because federal agencies and nonprofit educa
tional institutions are not required to furnish financial 
protection, the forms of these proposed indem..."lity agreements 
were similar to those adopted for execution with licensees 
who furnish financial protection.... [The] amendments sub
stantially adopt these proposed forms. 

"On November 22, 1961, the Commission issued for public 
comment a proposed amendment to Part 140 implementing Public 
Law 87-206, effective September 6, 1961. This statute con
tains a provision amending the definition of 'public liability' 
in section llu. of the Atomic Energy Act of 1954, as amended. 
Prior to enactment of the 1961 statute, the definition of 
'public liability' included coverage of liability fer damage 
to certain on-site property used in connection with the 
licensed activity. Public Law 87-206 eliminated indemrlity 
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coverage of liability for damage to such on-site property. 
The •.. amendments include changes in the forms of indemnity 
agreement to effectuate the provisions of Public Law 87-206. 

"No substantive comments were received on either of the 
proposed amendments." 

In mid-March 1962, a bill (HR-10775) was introduced in the House 

of Representatives by Rep. Melvin Price (D. -Ill.) to extend indemnity 

provisions to cover certain nuclear incidents occurring outside the 

United States. 25 The bill was supported in testimony by AEC and industry 

representatives, with the latter urging that it be amended to cover con-

tractors of government agencies other than the AEC. No objection to the 

bill was voiced by representatives of the insurance industry. They did 

urge, however, that if indemnity be tendered to contractors of other 

government agencies, that it be done only to the extent that private 

insurance is not available. 26 

Part 150, Transfer of Regulatory Authority 

An agreement between the Commonwealth of Kentucky and the AEC trans-

ferring regulatory authority from AEC to the state with respect to by-

product materials, source materials, and special nuclear wBterials in 

not mU'ficier:.t to produce a critical mass went into effect on 

March 26, 1962. 27 This case was reviewed in a previous issue of Nuclear 

Safety.28 The AEC approved a similar agreement to transfer regulatory 

authority to the State of California. The agreement which has already 

been signed by Governor Edmund G. Brown of California must be ratified 

by the state legislature. This was expected to take place at a special 

session of the legislature, and the agreement was to go into effect on 

July 1. 29 
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The Commission received many comments on the California transfer. 

While it was generally agreed that the transfer was wise, most objected 

to the fee schedule proposed by California. There was a feeling that it 

was excessive and could hinder the use of radioisotopes. 20 ,JO 

Congressional Hearing on AEC's Regulatory Process 

In addition to the frequent administrative changes discussed above, 

the current session of Congress is considering legislative changes in the 

AEC regulatory process. J1 The Subcommittee on Legislation of the Joint 

Committee on Atomic Energy held a hearing in April on bills HR-S70S and 

S-2419, which would create an Atomi~ Safety and Licensing Board within 

the AEC. The House bill had been introduced following the June 1961 

Hearings before the JCAE,J2 but it was not acted upon at that time. The 

legislation was supported in testimony by AEC and other Witnesses, al-

though some changes were recommended to provide for greater informality 

in AEC proceedings. The American Ba,r Association witness was an excep-

tion to this in urging that no changes be made with respect to contested 

cases before AEC. 

In discussing the scope of the hearing, Sen. John O. Pasture (D.-R.I.), 

Chairman of the Subcommittee, declared: 

IIThere has been some improvement by the AEC in the last 
12 months, particularly in the area of rule-making. But 
there still remain some obvious problem areas and unresolved 
questions such as: Is the AEC procedure still too cumbersome 
in considering proposed minor changes to operating reactors 
when no significant safety questions are presented? Is the 
AEC 'trial-type' hearing process still too formalized in non
contested cases where there are no issues and no disputes? 
Will the Atomic Safety and Licensing Board proposed by the 
bills have enough authority and responsibility? Do the bills 
go far enough in eliminating AEC red tape and formalized pro
cedures?" 
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Chairman Glenn T. Seaborg of ABC wrote JCAE concerning desired 

changes in the legislation. While he agreed with most of the congres-

sional proposals, some of his recommended changes were: 

"We believe it would be desirable for the Commission 
to have the authority to create and use, in its discretion, 
a board in lieu of a single hearing examiner. We feel that 
such a board should be chaired by one of our permanent hear
ing examiners. This is consistent with the language of the 
present bill but, to eliminate any question, we would recom
mend that this be spelled out in the manner set forth in our 
attached draft •••• Also, we feel that it should be made clear 
beyond any possibility of misu~derstanding that the Board would 
derive its authority from the Commission by delegation, just 
as the hearing examiners presently do .••. 

"In order to permit flexi"bility in meeting possible 
future regulatory needs, the Commission would prefer to have 
the authority to create one or more boards, which might be 
designated ad hoc to deal with particular cases." 

(J. R. Buchanan) 
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ACTION ON REACTOR PROJECTS BY LICENSING AND REGULATING BODIES 

The Atomic Energy Act requires the AEC to protect the public from un

due hazards resulting from exposure to radioactivity. Regulations that 

are followed to ensure that this responsibility is fulfilled, while further

ing the simultaneous responsibility for developing the use of nuclear 

energy, are published in the Code of Federal Regulations. Title 10 of the 

Code requires the AEC to make certain specific findings regarding the 

safety of the public before issuing either the construction permit or the 

operating license for a facility. It also requires authorization for 

changes in facility equipment or operations that contain an element of 

hazard not previously reviewed or approved. The license application re

cord of the various facilities is reported in Table VI-2. Recent actions 

and activities relative to specific reactors are described below. 

Big Rock Point Reactor (Docket 50-155) 

On January 19, 1962, the Consumers Power Company, Jackson, Michigan, 

submitted to the AEC the proposed technical specifications for its Big 

Rock Point boiling-water reactor. 33 They also submitted in March several 

revisions and supplements to the Final Hazards SUTILmary Report. 34 - 36 On 

April 18, the AEC sent Consumers Power Company a list of questions (22 

pages) designed to obtain additional technical information. 37 All these 

actions were taken pursuant to the applicantts December 1, 1961, request 

for an 18-month provisional operating license to cover operation of the 

reactor up to a power level of 157 Mw(t) while conducting the initial pp~se 

of the experimental program. Consumers Power Company hopes to start load

ing fuel in the reactor no later thaa August 1, 1962. 38 



Table VI-2. CALENDAR OF LEGAL STEPS IN LICENSING U. S. POvffiR REACTORS 

REACTOR INFORMATION 

CODE 
NO, 

NAME 
OWNER AND OPERA TOR 

LOCATION 

BIG ROCK POINT 
50- 155 1 Consumers Power Co. 

~_~a~~a~)( Caunty# Michigan 

BODEGA BAY 

REACTOR 
TYPE 

80i ring Woter 

80iling Woter 

CONSTRUCTION PERMIT 
AUTHORIZED 

POWER 
--M~-

ACRS HEARING 
APPROVAL EXAMINER 

APPROVAL 

157 I 47.8 I Mo" 1960 I Moy 1960 

324 

CONSTRUCTION I ACTUAL OR 
, PERMIT SCHEDULED 

r-;.u, DATE ,COM;A~;ION 

1962 

1965 

DATE 

OPERATING LICENSE i CURRENT STATUSI I HEARING I AUTHORIZATION 
EXAMINER I TO OPERATE 

~-~-

ACRS 
APPROVAL 

APPROVAL NO, 

Under construction 

PO(;ific G~ &. E!ectfic CQ~ 
~8ode90 8oy, CQlif. 

f-- I BONUS -, 
-- i -l-- \ --------', ---\------J-- ~-----l 

PP-4 I USAfC , 80IHng WQter 50 16.3 Mor, 1960 ! June 1960 Not Requif~ 
'_ _ p~erto_ Rico Wot~r Re$Qurces, AUlhority I' Nuclecr Superheat i! I l-- - fs6~~x~v'to Roco - - - ]-

I NOM l'USAfC i Experimentol Boiling wotlbt' l 35.7 2.7 Not Required 

I, .Argonne Notional l.Qoorotory I Nuclear Superheat j 
~TS Idaho ' __ _ ___ _ r jCVTR 

! 5O-1441Icarolinos-VirginiO Nuclear Power Auociotes 60.5 17 Dec. 1959 Apt.l960 CPPR .. 7 5-4-6O! Dec. 1962 
,Parr, South Ccrollnt) I I 

-TDRESDEN --4----\---

50-10 jCommonweolth Ediwn Co. 1 CPPR-2!S-4-56 Sept. 1959 May 1959 

,-- tr(~~1 ~o;t lIIinoi' t- ---------+--+-----11-------1 

l I USAf( Il!oiling WoW , 
PP-l I Hk River RvroJ Cooperative Power AS$Ociotion I Thorium Converter 58.2 22 AlIQ. 1959 Dec:. 1959 Not R"'lqulred Jon. 1962 

Eik River, Minnes,olo 1 

- --TEBWR I --1-
I None 1'_ USAfC . 'I Experimentoi Boiling Water 4.5 Not Required 
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Bodega Bay Reactor (Docket 

The Pacific Gas and Electric Company in March forecast that economi

cal power will be produced by its Bodega Bay plant. 39 Cost estimates indi

cate that electricity will be produced at 5.5 mills/kwhr with a plant 

capacity factor of 90% and at 6 mills/kwhr with a factor of 80%. Scheduled 

for completion late in 1965, the reaetor will be a 324-Mw(e) boiling-water 

plant. Bodega Bay was listed for the first time in the AECls summary sur

vey of civilian reactor costs for the quarter ending December 31, 1962. 40 

BONUS Reactor (Docket 

The Puerto Rico Water Resources Authority has submitted to AEC the 

final hazards summary report (dated February 1, 1962) for its l7.5-Mw(e) 

boiling-water superheater power station (BONUS).41 In March the AEC re

ceived an interim report on the design and fabrication of the reactor 

pressure vesse1. 35 On April 9, 1962, the Authority submitted to the AEC 

several revised text pages and figures for the hazards report. The re

visions resulted from a joint review by General Nuclear Engineering Corpora

tion and AEC groups.3? 

BORAX V (Docket 

The Boiling Reactor Experiment No. 5 (BORAX V) located at the National 

Reactor Testing Station in Idaho achieved criticality at 12:00 noon on 

February 9, 1962. 42 The reactor, which was deSigned by the Argonne National 

Laboratory, will demonstrate the feasibility of making superheated steam 

by nuclear means in a boiling-water reactor. This is the concept to be 

used by the BONUS reactor. 
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CVTR (Docket ) 

In February 1962, Carolina Virginia Nuclear Power Associates, Inc., 

submitted to the AEC a Final Summary Hazards Report and Technical Specifi

cations as part of the operating license request for its 60.5-Mw(t) heavy

water-moderated Carolinas Virginia Tube Reactor (CVTR).41,43,44 It was 

expected (as of March 21, 1962) that the plant would be ready for fuel 

loading within two weeks before or after September 1, 1962. 35 

Dresden (Docket 50-10) 

The Commonwealth Edison Company on January 5 and March 2 and 5 sub

mitted to the AEC additional infoTIlli~tion on a request made last September 

to increase the primary and secondary steam flows of the 630-Mw(t) boiling

water Dresden reactor by 12 and 18~respectively.33,45,46 Also presented 

were recommended curves of b~~out limits for design and operation of 

boiling-water reactors that supported the correlation basis between burn

out heat flux and steam quality and flow. 

Dresden explained that the current heat flux limitation (350,000 

Btu/hr'ft2 for Type I fuel) was established conservatively because of 

the preliminary nature of the information available when operation of 

the reactor commenced. They indicated that information from a number of 

sources showed that the heat flux can be increased with no decrease in 

reactor safety. The original limitation will eventually restrict the 

reactor power output to less than tltat authorized because of fuel burn

up. Dresden requested authorization for heat fluxes as high as 640,000 

Btu/hr'ft2 , depending on the type of fuel elements in use, 

On March 15, the AEC requested an explanation for the basis of the 

correlation bet'ween heat flux and steam quality ancl flow" and the 



justification for applying it to the Dresden fuel elements. 34 The re

quested information36 was supplied by Edison on March 27. This was fol

lowed by a communication from Edison on April 10 requesting authorization 

to increase the maximum allowable reactor power to 700 Mw(t). Technical 

information to support the request was presented. 37 

With respect to the AEC regulation that requires the company to ob

tain a certificate of each employee's exposure record prior to exposure 

of such employee during any quarter in excess of 1250 mrem, Edison in 

February 1962 informed the AEC that some employees on advice of their 

union (IBEW Local No. 1460), or otherwise, refused to sign such certifi

cates. In order to make daily work assignments, Edison developed records 

on exposure history of such employees at Dresden and any other location 

to which they have been assigned. For periods where information was not 

available, maximum permissible exposures were assumed. Edison requested 

that this procedure be approved as substantial compliance with the Com

mission requirements until they can obtain the certifications from each 

employee. 41 Edison also requested in February approval of additional 

ty-:pes of respiratory protective equipment and asked that the time limi ta

tion for wearing of face masks in any work week for one individual be 

extended from 20 to 40 hr. 45 The Commission has these requests under 

consideration. 

On April 4, the AEC requested from Edison additional information on 

its method of leak-rate determination on the reactor containment vessel. 

In the fall of 1961, Edison reported a leakage rate of 0.06%/day of the 

container free volume at a test pressure of 4.33 psig. This was extrapo

lated to an anticipated leakage of 0.08%/day at 37 psig. The AEC "rished 
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to receive information on the mathematical formulation and parameters 

used to obtain the conversion and their justification. 47 

On July 11, 1961, Edison requested exemption from the section of 

Part 20 of the Code of Federal Regulations requiring the equipping of 

high-radiation areas with visible and audible alarms. The Commission at 

that time felt that the proposed substitute administrative and mechanical 

safeguards were not acceptable without further elaboration. 46 Edison on 

April 17, 1962, presented additional information to the Commission to 

substantiate their case. 37 

Elk River (Docket 115-1) 

In 1961 many pinholes and cracks were found in the overlay cladding 

of the pressure vessel of the 58-Mw(t) boiling-water Elk River reactor. 

Improper material or techniques were apparently used in applying the 

cladding. 46 Investigations for determining the extent of damage and the 

remedial action required were carried out over a period of several months. 

In a final report of April 2, 1962, to AEC on the pressure vessel investi-

gations, Allis-Chalmers, the nuclear contractor, concluded: 48 

Hln spite of questions raised concerning fabrication and 
inspection practices originally employed, the inspection that 
has now been performed is considered adequate to define the 
general nature and magnitude of defects which may now exist in 
the vessel. Whether the vessel can be used for its intended 
application may be judged in relation to these actual findings. 

tilt is concluded that the Elk River Reactor pressure ves
sel can be used for its intended service. This conclusion is 
based upon the review of records, evaluation of test results, 
available experimental data, and professional judgment where 
conclusive technical data do not exist ..•• 

"In concluding that this vessel may be used for the ser
vice intended it should be emphasized that no precedent is 
established, nor should any precedent be construed to 
be established, by this case relative to the interpretation 
of the ASME code for nuclear vessels. This report does not 
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evaluate or determine or purport to evaluate or determine, 
from a contractual or legal standpoint, the construction 
contractor's performance with respect to the pressure ves
sel. 1f 

EBOR (Docket 

Construction was scheduled to start this summer at the National Re-

actor Testing Station on the Experimental Beryllium Oxide Reactor (EBOR), 

a lO-Mw(t) high-temperature gas~coo1ed beryllium oxide-moderated reactor. 49 

The General Atomic Division of General Dynamics Corporation has a con-

tract with AEC to develop the systein, which should be suitable for land-

based generators of electricity and for ship propulsion. 

Hallam Reactor (Docket 115-3) 

Hearings were held May 17, 1961, to consider issuance of author:Lza-

tion to North American Aviation, Inc., to operate the 240-Mw(t) sodi'lm-

cooled Hallam reactor up to 15% of total power while conducting wet eri-t;i-

cal experiments,50 (Dry critical experiments were successfully completed 

in January 1962.)38 On February 15, the Advisory Committee on Reactor 

Safeguards was- of the opinion that the reactor could operate up to 15% 

of power without undue hazard to the health and safety of the public pro-

vided certain actions were taken. The actions included: 44 

"1. More detailed consideration of actions to be taken 
and suitable provisions made for control during emergencies 
such as fuel loading malfunctioning or sodium. fires, 

"2. A suitable halogen collection system should be 
provided. 

"3. The applicant should insure that under all con
ceivable conditions a negative pressure can be continuously 
maintained in all areas within which significant releases 
of radioactivity may occur," 
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Humboldt Bay (Docket 50-133) 

The Advisory Committee on Reactor Safeguards (ACRS) reported on 

April 4 on the proposed operation of the 163-Mw(t) Humboldt Bay reactor 

of the Pacific Gas and Electric Company.51 They felt that the reactor 

could be operated without undue hazard to the health and safety of the 

public providing certain matters relative to operating staff and procedures 

were resolved between the AEC regulatory staff and the applicant. The 

findings are summarized below: 

1. The ACRS suggested that the shutdown margin be initially set 

at 0.01 ok with any rod wholly out of the core and completely unavailable. 

Related reactor types are being reviewed in connection with this problem, 

and the suggested margin is for consistency until the problem is finally 

resolved. The ACRS believes that the burnout correlation and burnout 

ratios should remain rather conservative pending reports of stUdies on 

the problems by various groups. They recommend a minimum burnout ratio 

of 2 for the present. 

2. The ACRS suggested that the applicant should be cautious in the 

use of extensive neutron monitor-signal-smoothing circuits with the re-

actor safety instrumentation. They feel that the loss of detailed in

formation and time inherent with these circuits ras safety implications. 

3. The ACRS suggested adaptation of a method that will allow for 

a check for control rod separation each time the reactor is made critical 

3,[1,1 also when major control rod movements are made. 

4. The ACRS believes there are no unresolved problems in regard 

to deSign and construction existing in the reactor. 
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5. The ACRS believes there are problems of radioactivity control, 

operating and supervisory staff, and operating procedures that are mat-

ters of further concern to the AEC staff but which do not need additional 

review by ACRS. 

On April 18, the AEC staff advised the applicant of various sugges-

tions they had for a satisfactory resolution of the problems cited by 

ACRS. 3 7 

h'VICTR (Docket 

The natural-uranium heavy-water-moderated and -cooled Heavy Water 

Components Test Reactor (HWCTR) went critical on March 3 at AECls Savannah 

River Plant. The plant which can produce 61 Mw of thermal energy will 

be used in the Commission's heavy-water reactor development program. 52 

Indian Point Reactor (Docket 50-3) 

In public hearings that were concluded in January 1962, issuance of 

a provisional operating license '~laS recommended by the .AEC regulatory 

staff for the 585-Mw(t) pressurized-water Indian Point reactor. There 

was, however, disagreement between Consolidated Edison, the applicant, 

and the AEC staff as to the form of the license. The applicant in the 

same month submitted a brief supporting their position. These actions 

were reported in the previous issue of Nuclear Safety.38 On February 5, 

the AEC staff defended their position. 53 In summary, their brief 

"1. Holds that the materials licenses necessary for 
operation of the Indian Point Reactor should be included in 
a single document, rather than the separate licenses re
quested by the applicant. 

"2. Opposes request by the applicant that the provi
sional operating license to be issued should contain a pro
vision authorizing the Director, Licensing & Regulation 
Division, to convert the license to a final one without 
further hearing. 
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113. Defends its definition of the Hazards Summary Re
port (to be used with the change procedures) and recommends 
that this definition include all of the exhibits to the ap
plication necessary for the change procedure and also addi
tional exhibits proposed by Staff. 

"4. Opposes applicant reQuest to test the reactor at 
power levels in excess of rated power (105% of rated power). 

"5. Takes issue with the Consolidated proposal that the 
Director, L&R Div., have discretion to eliminate the reQuire
ment for public hearing on a finding that a proposed change 
involves significant hazards considerations. 

"6. Holds that Consolidated should not be permitted to 
expand natural gas activities at the site without submitting 
the plans for these to AEC for review. 

117. Defends its definition of the 'facility', which in
cludes the site and 5 component systems (secondary coolant 
system; auxiliary steam system; condensate and makeup water 
storage facilitiesj circulating systemj and the electrical 
system). " 

In a February 21 hearing, the AEC Hearing Examiner recommended is-

sUQnce of an 18-month provisional operating license to Consolidated 

Edison. The viewpoint of the AEC E:taff was generally upheld in the 

Examiner's ruling on the differences between the staff and applicant. 54 

The AEC issued the license on March 26. It covers loading of the re-

actor, conduct of tests, and operation up to and including the steady-

st,g,te full-power level [585 Mw(t)]. Core loading may not begin, however, 

until the director of the AEC Licensing and Regulating Division finds 

that construction of the plant is completed in conformity with the con-

struction permit. 35 Earlier, Consolidated Edison got permission from 

_~C to extend the latest completion date of the reactor from February 15 

to April 2, 1962. 55 

On April 18, the AEC notified Consolidated Edison that an inspection 

by a Commission representative in March indicated that the facility had 

been modified by installing five fixtures inside the reactor vessel. The 
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fixtures are to hold thimbles for material radiation damage studies. The 

Commission requested a report of the change or a request for change au

thorization from Consolidated Edison as soon as possible. 37 

Nuclear Merchant Ship NS Savannah 

The 69-Mw(t) pressurized-water reactor of the NS Savannah was satis

factorily operated up to 10% of full power at Camden, New Jersey,56 and 

then the ship was transferred to Yorktown, Virginia, in early February 

under diesel power. The reactor was operated up to 40% of power at dock

side, and then the ship put out to sea for trials off the coast of Virginia. 

F'ull power was reached on April 4. 

The ACRS, on April 4, expressed. the belief that the operational 

responsibility for the NS Savannah could be transferred from the New York 

Shipbuilding Corporation to States Marine Lines, Inc., without adversely 

affecting its previous conclusions with regard to the reactor operation. 51 

'rhe transfer was made on lfJaY 1. 

Org~~ic Prototype 

The ABC in February 1962 announced a decision not to proceed at this 

time with the constru.ction of a prototype organic reactor capable of pro

ducing 50 Mw of electricity. The only proposal submitted under the Power 

Demonstration Program was by the Grand River Dam Authority of Vinita, 

Oklahoma. The Authority's proposal indicated, however, that it was not 

responsive to the invitation because the financial arrangements departed 

from the invitation's terms and the nuclear power of the proposed plant 

~"as below the spe.::ified minimum. 5 7 
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Pathfinder Reactor (Docket 50-130) 

The Northern States Power Company on January 29 advised AEC that the 

criticality of the 203-Mw(t) boiling-water Pathfinder reactor would be 

later than the scheduled June 30, 1962, date. They estimated that the 

reactor fuel would be delivered in August and September 1962, and they 

were looking to a criticality date of November 15, 1962. Rather than set 

this date, however, they wished to wait and present a new schedule after 

AEC's preliminary review of their safeguards report, which was submitted 

to the Commission in early February 1962. 41 

Peach Bottom Reactor (Docket 50-171) 

A construction permit for the 117-Mw(t) high-temperature gas-cooled 

Peach Bottom reactor was issued by AEC to the Philadelphia Electric Company 

on February 23. In accepting the Hearing Examiner's recommendation of 

February 2, the AEC commented: 58,59 

lfHe [the Examiner] has said, in a footnote, that the 
ultimate conclusion does not rest on a technically based 
judgment that the facts and op:'nions stated. by the expert 
witnesses are scientifically true and correct, and that in
stead the 'legal judgment' is that the record 'contains sub
stantial evidence, including facts and opinions declared by 
skilled experts, to warrant the stated affirmative findings 
upon the issues'. We are confident on reading the entire 
initial decision that the Hearing Examiner did not intend to 
apply the .1 substantial evidence I rule and thus to substitute 
for the required adjudication the very limited assessment of 
the evidence appropriate to the judicial review of a final 
decision of an administrative agency.!! 

Philadelphia Electric Company has set the earliest and latest com-

plet:ion dates for the reactor as March 1, 1964, and December 31, 1964. 

Bechtel Corporation is the prime contractor for design and construction, 

;.rhile General Atomic, as a subcontractor, is responsible for the reactor 

and nuclear steam 44 
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Piqua Nuclear Power Facility (Docket 115-2) 

Atomics International on January 4, 1962, filed with the AEC the 

final version of the recommended Technical Specifications of the 46-Mw(t) 

organic-cooled and -moderated Piqua Nuclear Power Facility. 33 On April 18, 

Atomics International subm:i.tted an addendum to the specifications. The 

addendum concerned the reactor coolant filtration capability, which is 

being increased. Recent experience and developmental effort on fouling 

characteristics of the coolant made this action necessary.37 

Plum Brook (NASA) Reactor (Docket 50-30) 

A hearing was scheduled for May 22 to consider an amendment to the 

provisional operating license of NASA's 60-Mw(t) light-water-cooled and 

-moderated Plum Brook reactor to permit operating the reactor up to its 

full rated power. The unamended license only allowed operation up to a 

power of 100 kw(t).50 The ACRS on April 4 expressed the opinion that 

operation up to full power and experiments that did not involve fuel ir

radiation or loop tests were not considered to cause undue hazard to the 

health and safety of the public. They did recommend that NASA give 

consideration to maintaining continuity of personnel at the re

actor. It was felt that the proxi~ity of the site to Sandusky, OhiO, 

could make the possible consequences of misoperation more significant 

than for many other reactors. 48 

Garcon Reactor (Docket 50-146) 

The 20-Mw(t) pressurized-water Saxton reactor, located near Altoona, 

Pennsylvania, achieved criticality on April 12, 1962. 60 The Saxton Nu

clear Experimental Corporation, owner of the reactor, had received 

8 1:t·norj_7.Fltjon from AEC on April 3 to begin load.ing t~he core with fuel 
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and to operate the reactor with the pressure vessel head off at power 

levels not exceeding 200 kw(t).47 

On April 11, Saxton submitted to the Commission a supplement to 

their Safeguards Report specifically making corrections and changes and 

giving additional information on the first phase of their five-year re

search and development program. Later in the month, Saxton submitted 

reports on three minor changes at the reactor. 37 

Vallecitos Boiling-Water Reactor (Docket 90-16) 

On February 20, the MC approved installation of mechanical stops 

on control rods of the 50-Mw(t) Vallecitos BOiling-Water Reactor. I~ 

addition to approving the stops proposed by the General Electric Company 

in the previous year, the AEC made other recommendations to improve the 

reactor safety. They suggested that the stops be set so "that [the] re

actor would be shut down by a margin of 0.01 k by a control rod scram 

even if anyone control rod fails to move from its position. of maximum 

wi thdrawal." In addition, they recommended the reactor ahlays be "loaded 

in a manner such that it will remain sub-critical with anyone of the 

control rods withdra,ill to its maximum full-out position (without stops) 

or ph~sically removed from the core, when the core is in the cold clean 

condition.,,44 On February 21, General Electric requested an amendment 

to the reactor technical specifications to further describe the nuclear 

safety procedures in force during reactor shutdown. 45 

In January, February, and March, General Electric submitted to MC 

eight reports of proposed c~~nges, tests, or experiments tPbt were not 

deemed to be unreviewed safety questions as defined in the V~~ license 

(refs. 33, 35, 36, 41, 55). 
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Westinghouse Test Reactor (Docket 50-22) 

Westinghouse Electric Corporation announced in March 1962 that its 

60-Mw(t) test reactor was being permanently shut down because of a lack 

of customer demand for testing of reactor elements and parts under nuclear 

radiat.ion. The reactor "as built in 1959. The AEC made the following 

statement61 soon after the Westinghouse announcement: 

liThe Commission sincerely regrets that the Westinghouse 
Electric Corporation has found it necessary to shut down per
mantly its testing reactor. The commission has been notified 
by the company that the decision was made because the amount 
of present and immediately foreseeable business is insufficient 
to meet operating costs. 

lIEstimates made by industry and the Commission at the 
time of the decision to construct the Westinghouse Testing 
Reactor indicated an increasing demand for t.est reactor space 
in private facilities. With the passage of time, these esti
mates have proven to be overly optimistic." 

Westinghouse has requested Commission approval for storage of all 

fuel elements from the reactor and reactor service building canal in the 

decontamination building pool l~til they can be reprocessed. The total 

number of elements in the pool at one time will be limited to 460. 37 

Yankee Reactor (Docket 50-29) 

On January 3, 1961} Yankee Atomic Electric Company sought guidance 

from AEC on the advisability of using boron in the main reactor coolant 

with a core of increased enrichment now under design (Core III) for their 

584-Mw(t) pressurized-water Yankee Reactor. 38 The purpose of the request 

is to lengthen core fuel life. The AEC Licensing and Regulatory staff 

and the ACRS notified Yankee in February 1962 that they saw no reason 

from a safety st&~dpoint why boric acid could not be used with Core III 

;i.'::. described. This was, of course, dependent on no significant adverse 

hr,formation arising before operation 1.;ri th Core III began. 44 
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Yankee on February 13 requested that the AEC allow them to delay the 

next measurement of power and temperature coefficients required every 

2000 equivalent full-power hours throughout core life. The measurements 

required at 8000 hr would be deferred to the end of core life or to ap

proximately 9000 equivalent full-power hours. The reason for the request 

was that the loss of reactivity that would accompany the shutdown at 

8000 hr would probably be sufficient to prevent returning to any substan

tial power with Core I. The reactivity loss on returning to power after 

a shutdown is 0.3 to 0.5%. It is regained after several weeks of full

power operation. Loss of Core I at 8000 hr would cause a loss of 50,000 

to 60,000 kw of production. 44 The AEC on February 23 authorized the 

measurement delay. 45 

In January, February, March, and April, Yankee submitted to the AEC 

ten reports of proposed changes. 33- 35,37,41 In March and April, the AEC 

authorized five of the cp~nges.35,48 (J. R. Buchanan) 
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SAFEGUARIB REPORTS AND SELECTED READING 

Recently issued safeguards reports and selected literatur~ pertain

ing to hazards of reactors are cited below for reference. Because of the 

similarity of many reactors (in particular) research reactors)) this list 

is not intended to be all inclusive. 

Hazards and Safeguards Reports 

1. E. A. Wimunc and J. M. Harrer) Hazards Evaluation Report Associated 

with the Operation of EBWR at 100 Mw) USAEC Report ANL-57Bl (Rev. 1)) 

Argonne National Laboratory) October 1961. 

2. F. R. Folkrod) D. P. Moon) and J. K. Saluja) Hazards Summary 

Report on the Juggernaut Reactor) USAEC Report ANL-6192) Argonne National 

Laboratory) February 1961. 

3. J. K. Long et al.) Hazard Evaluation Report on the Fast Reactor 

Zero Power Experiment ZPR-III) USAEC Report ANL-640B) Argonne National 

Laboratory) October 1960. 

4. K. C. Ruzich and W, J. Sturm) Hazard STh~ary Report for the Argonne 

AGN-20l Reactor) USAEC Report ANL-6510) Argonne National Laboratory) 

February 1962. 

5. The Rhode Island and Providence Plantations Atomic Energy Com-

mission Nuclear Science Center) Volume II) Safeguard Report) L~AEC Report 

GEAP-3135) General Electric Company) May 20) 1959. 

6. J. K. Anderson and W. K. Winegardner) Plutoni-wn Recycle Critical 

FacHity Final Safeguards Analysis) USAEC, Report HW-6916B) Hanford Atomic 

Products Operations) ]'ebruary 1962. 
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7. H. L.Henry et a1., Revised Report of the Reactor Hazards for 

the Physical Constants Testing Reactor, USAEC Report HW-73021, Hanford 

Atomic Products Operations, March 1962. 

8. Ultra High Temperature Reactor Experiment (UHTREX) Hazard Report, 

USAEC Report LA-2689, Los Alamos Scientific Laboratory, March 1962. 

9. Final Summary Safeguards Report for the Hallam Nuclear Power 

Facility, USAEC Report NAA-SR-5700, Atomic International, April 15, 1961. 

10. Safeguards Report on Dry, Zero-Power Experiments in H11PF, USAEC 

Report NAA-SR-5700 (Supp1. 1), Atomics International, September 1961. 
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