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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 

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 

contains the second of 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. 

The articles permit discussion of pertinent subjects that 

cannot be adequately considered by reference to only the current litera

ture. The current review articles, however, constitute the major por

tion of this publication. All incoming literature (including reports, 

books, American and foreign technical journals, and transactions) is ex

amined for subjects within our area of interest. This material is col

lected, grouped, ~nd reviewed by experts. With the possible exception 

of the invited articles, interpretations in any article the 

opinions of the editors, who are employees of the OakRidge 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 nu

clear 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 house for safety correspond-

ence because of the above facts, we have had for some time a policy which 

would permit the publication of statements of position at variance with 

those expressed by the editors. Such statements will be published after 
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the editors have ascertained that a real difference exists and that the 

position is reasonable. 

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

Ridge National Laboratory staff wrote review material, reviewed manu-

scripts, or otherwise contributed to this publication. Their contribu-

tions are gratefully acknowledged. 

W. B. CarTRELL, Editor 
W. H. JORDON, Associate Editor 
F. T. BINFORD, C. E. BRECKINRIDGE, 
J. R.BUCHANAN, E. E. GROSS, C. E. GUTHRIE, 
A. W. SAVOLAlNEN, and C. S. WALKER, Assistant 
Editors, Oak Ridge National Laboratory 
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TEE RELIABILITY OF REACTOR CONTROL SYSTEMS 

By E. Siddall* 
Atomic Energy of Canada Limited 

Chalk River, Ontario 

(Editor's Note: The evolution of nuclear reactor technology, 
especially in the field of power reactors, places an ever
increasing demand on the performance of control systems in 
order that the plant design performance may be achieved. It 
is probably only natural that interest in control systems 
should increase Simultaneously with the design of more ad
vanced reactor concepts. In this article, Mr. Siddall de
scribes the Canadian experience with control systems and 
outlines various means for improving the reliability of 
these systems. He has adeptly pointed up the importance of 
the organization of and communication between the groups en-

in the design, manufacture, installation, and opera
tion of control systems. The phrase "control systems" as 
used herein is generic in the sense that safety and control 
functions are both included in the discussion.) 

All large nuclear reactors make use of numbers of IIcontrol systems," 

which may be defined as assemblages of equipment intended for the adjust-

ment of static and dynamic parameters in a larger process, and which usu-

cover startup, normal operation, and shutdown. They are, in general, 

concerned with the flow of information rather than the flow of energy, 

and they include instrumentation, monitors, alarms, and trip or scram 

Devices used in typical control systems include transducers, 

indicators, recorders, amplifiers, relays, controllers, and a variety of 

output devices, such as reactivity control mechanisms and control valves. 

Originally, process control was almost entirely a human function, 

but the growth of understanding of control has largely arisen from the 

*Mr. Siddall received the B.Sc. from Brighton Technical 
College in England. He has been with the Atomic Energy of Canada· 
Limited since 1954 and has written several AECL papers on reactor 
control and instrumentation. 
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study of automatic systems. At the present time, there is a universal 

trend for human control to be replaced by automation, particularly where 

continuous action or fast response are of value. The human being is left 

to contribute at a higher level in the control hierarchy and in a more 

deliberate manner. 

Economics 

Control systems are used to enforce operation of the process in the 

desired manner despite uncertainty, unsuitability, variability, and in

stability in the inherent characteristics of the process and its princi

pal components. Their ever growing use and importance show that there is. 

a net economic gain in use. The factors involved in the net worth 

of a control system are listed in Table 1. The economic picture and the 

restraints that arise therefrom may clearly vary greatly between differ

ent control systems in one nuclear plant and between those in plants of 

different type and size. 

Reliability 

Control systems are not perfect in practice, any more than any of' 

the other classes of equipment used in human industry. Failures of' con

trol systems tend, however, to have their main consequences in the main 

process, and usually a sharp distinction can be drawn between "safe fail

ures," which tend merely to interrupt the profitable operation of the 

main process, and "unsafe failures," which tend to result in injury or 

damage. The propensities to be free from unsafe failures and safe fail

ures are respectively defined as "safety" and "serviceability" for the 
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Table 1. THE TRUE ECONOMIC WORTH AND COST OF A CONTROL SYSTEM* 

Debits Credits 

L A fraction of the cost of maintaining the back
ground of knowledge and a group of experienced 
peopl~ appropriate to the degree of technologi
cal advancement which the system 
includes general research and 

2. The cost of and ordering the system; 
includes analysis, conceptual engineering, en
gineering in detail, and drafting) and also the 
administrative costs of obtaining and evaluat-

tenders 

3. The cost of manufacture, including inspection 
and testing at all from raw material 
to the finished 

4. The cost of installation at the site, including 
supervision, special training of workmen, in
spection and testing 

5. The cost of commiss the system so that it 
works as intended in relation to the whole plant 

6. The cost of evolutionary and remedial mainte
nance or replacement, including diagnosis of 
troubles and, in some cases, re-engineering of 
unsuccessful parts of the system 

1. That proportion of the revenue of the plant 
which can be credited to the control system 
because of its necessary contribution to the 
ordinary operation of the 

2. Any saving in and running costs in 
other parts of plant resulting from the 
provision of the control system, including 
the value of any net saving in operating 
manpower 

3. Any saving in the costs of repair, compen-
and lost revenue when the correct 

operation of the control system n~~"·~n+ 
accidents or reduces their consequences; in
cludes the assessed humanitarian and politi
cal value of· any reduction in real or fan
cied risk to human life 

4. Any salvage value of the system at the end 
of plant life; this is usually negligible 
but is included for completeness 

+'-
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Table 1. (continued) 

Debits Credits 

7. The loss of revenue and cost of repairs to 
other equipment which may be attributed to 
malfunction of the control system 

e 

*It is a definition of a successful control system that its net economic worth, when all factors 
are on a common basis) is positive. The credits and debits listed tend to occur at different times) 
and many can only be described a priori in terms of estimated probability. As in all economic studies) 
it is necessary to them to a common basis in time, for example, to an equivalent fixed charge at 
a specified date) or to equivalent annual charges over the life of the plant, before they can be added 
or compared. 

\.Jl 
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'purpose of this artiGle, and the sum of the two is defined as "reli ... , 

a:ti.il,ity." It may be seen from Table 1 that lack of reliability reduces 

the worth of a,control system on several counts but that it is also not 

possible to call for an unlimited increase of knowledge and effort to 

make systems more reliable, since the cost of this must also be debited. 

In nuclear plants, some of the control systems are of great impor

tance economically and politically, since if their reliability is ade

quate, they can prevent a large fraction of possible nuclear accidents 

at the source, which is very much more satisfactory than merely palliat

ing their consequences. 

The salient features of the principal control systems in the Douglas 

Point plant, which is due to start operation in 1964 and which is probably 

typical of current designs in their broader aspects, are summarized in 

Table 2. Assessments of the relative importance of the systems to the 

over-all and:serviceability of the are shown. It may be 

seen that measures to improve safety and serviceability may be quite se

lectively applied, and that is, in fact, what is being done. 

Initial Methods of Increasing Reliability 

It would be most misleading to assume that there is some "normal" 

level of reliability in control systems, since the degree of care and 

effort applied to their design, construction, use, and maintenance is 

obviously variable. For a given standard of engineering effort and with 

the use of the components typically available, however, the reliability 

of a system can be greatly affected by several specific measures taken 

in its design. Some of these measures that have received theoretical 

and practical attention in reactor control systems are the following: 
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Table 2. PRINCIPAL CONTROL SYSTEMS IN THE DOUGLAS POINT 
NUCLEAR POWER PLANT 

System 

Fuel channel inlet flow monitor
(306 channels) 

Fuel channel outlet temperature 
monitoring (306 channels) 

Reactor flux-tilt control 

Fuel failure monitoring 

Moderator system controls 

Primary coolant system controls 

Primary coolant pressure control 
system 

Shield-cooling controls 

Liquid poison (Shim) control 
system 

Fueling-machine ,controls 

Fuel-transfer system controls 

Reactor regulating systemb 

Reactor protective (trip and set-
backj system 

REactor building ventilation 
controls 

Plant power controller 

Turbine-generator controls 

Turbine-generator automatic 
startup 

Comparative 
Cost 

$402,000 

23,000 

390,000 

87,000 

51,000 

61,000 

45,000 

34,000 

260,000 

46,000. 

182,000 

59,000 

35,000 

23,000 

116,000 

23,000 

Importancea in Respect to 

Safety Serv.iceability 

M 

M 

M 

M 

M 

M 

H 

L 

L 

M 

L 

H 

H 

L 

L 

L 

L 

M 

M 

M 

L 

M 

H 

H 

M 

L 

L 

L 

H 

H 

M 

M 

R 

L 

~akes into account the extent to which other systems cover the 
effects of failures; H high, M ::: moderate, and It ::: low. 

bThe comparative cost of the regulating system excludes the cost 
of control absorbers and boosters, most of which are independent of 
control aspects. 
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1. . The IIfail-safe" principle. This is an attempt to improve safety 

by arranging for all the more common types of failure to cause the output 

of the system to revert to a known safe state, which, in the case of a 

reactor, usually consists of a shutdown. This measure increases safety 

at the expense of serviceability, with little or no effect on reliability. 

2. Redundancy. This consists of the provision of more equipment 

than the minimum needed to carry out a function, usually in the form of 

parallel subpaths for the information flow. In general, if two paths are 

used, either safety or serviceability can be greatly improved. If three 

paths are provided, both safety and serviceability can be improved by 

taking the correct response to be that upon which at least two paths agree. 

3. Periodic .testing. In this approach, the correct performance of 

the system is established by periodic tests, which mayor may not be more 

searching than is necessary. In a nonredundant system, it is only possi

ble to do this by interrupting normal operation, and it is only possible 

to make the system fail safe if a fault is found. In redundant systems, 

however, such interruption is not necessary if only one subpath is tested 

at a time, and it is possible to continue operation via good paths while 

faulty ones are repaired. The periodic test is particularly valuable in 

systems having a binary output that normally stays in one state for long 

periods (for example, safe and unsafe), since a fault can readily mimic 

a normal condition and can persist for long periods if not revealed by 

testing. 

Canadian Experience 

Approximately nine reactor-years of experience involving some degree 

of application of the features listed above have now been accumulated in 
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Canada.1 The: NRU, NRX, and NPD reactors all have trip (scram) systems 

that are largely triplicated, with two out three cOincidence, and which 

can be tested with varying degrees of completeness during operati.on. They 

also have automatic power-regulating systems of considerable refinement, 

which cover the entire range of operation, except for occasional special 

conditions. These regulating systems are also largely triplicated. In 

NRX and NRU, agreeing channels are averaged to obtain the output. In 

NPD, broadly speaking, the channel giving an output signal intermediate 

in value between the other two (the "median signal") is acted upon. In 

all cases, if all three channels disagree to an appreciable extent, the 

reactor is shutdown; such a shutdown amounts to a fail-safe requirement. 

In NRX and NPD, the regulating system controls the level of the liquid 

(D20) moderator by means of valves in redundant arrangements. In NRU, a 

single system of movable neutron absorbers is used. 

Many other systems of less importance are concerned in the operation 

of each reactor, and most of these are single path, with some use of the 

fail-safe principle and with periodic testing only as a maintenance pro

cedure. The resulting mixture of systems, ranging from the very impor

tant ones that are fully triplicated, to minor ones of the simplest prin

ciple, has yielded valuable experience, the main points of which are dis

cussed below: 

1. Triplication improves reliability to a considerable degree and 

is now established for the more important functions; however, the im

provement in serviceability is clearly much less than had been expected. 

This fact, as discussed belOW, has given rise to some new thinking. The 

actual improvement in safety is more difficult to assess, since truly 
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unsafe faults have always been rare in important systems both of earlier 

and later design. The most important unsafe condition in a regulating 

system occurred where the triplication was nullified by a design feature; 

this mistake is unlikely to be made in the future and must be charged to 

the learning process. In several other cases, single unsafe, faults have 

been correctly absorbed in the triplication, and some were only detected 

by routine tests. There have also been incidents, however, where the re

dundancy was of little or no value, as explained below. On the whole, it 

seems to be accepted that a marked but not radical improvement in safety 

can be attributed to the proper use of redundancy and periodic testing. 

A very complete description and discussion of experience with theregu

lating systems of NRX and NRU has been issued. 2 

2. A minor feature of the way in which triplication has been applied 

in Canada, that is, the shutting down of the reactors on multiple dis

agreement of regulating channels, has degraded serviceability to a degree 

that is disproportionate to the small gain in safety. 

3. The main reason for triplication being less effective than ex

pected is that many of the troubles encountered did not meet the neces

sary condition of independence between different channels. Some impor

tant examples of trouble that arose during the commissioning and early 

operation of the NPD plant are listed belOW, with the basic problems 

underscored: 

a. Lightning hit the power line and isolated the station. The vol

tage regulator was on manual control, so the loss of load caused 

a high voltage throughout the station. The control circuit 

fuses of two operating moderator-circulating pumps blew because 
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they were of too low a rating. The operator did not know how 

to start the third pump because switching was somewhat complex 

and that operator had missed the point during training. If the 

operator had been able to start the third pump, its control fuse 

would probably have blown also. 

b. A considerable number of swaged-type tube fittings carrying 

heavy water at high pressure were found to be very badly made. 

They were all made by one contractor in racks assembled at his 

factory. The workmen making the joints had not been trained 

properly for the precision required. The trouble was not de

tected by the inspectors or by acceptance testing. Both organi

zation and communication were at fault. The very few actual 

failures occurred at random times. 

c. A considerable fraction of the differential pressure cells of 

one type was found to be subject to three different types of 

fault. One type was obvious and was therefore quickly remedied 

in the early stages of commissioning. The other two faults, 

which were design and manufacturing faults, occurred at random 

times after a period of operation. 

It may be seen that redundancy had no value whatever in the first case. 

4. The reason for the lack of independence between different chan

nels is that many of the troubles encountered are of a different kind 

from those considered in most of the theoretical work on reliability. 

Instead of being in the nature of failures of components in systems that 

were in perfect condition immediately before the failure, troubles more 

usuall.y consist of errors or weaknesses in concept, design, manufacture, 
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or installation that have previously escaped detection. Such defects 

can often be expected to affect all the equipment of one type, and the 

faults that are their symptoms may be precipitated by a common set of 

abnormal conditions. 

5. The variety of troubles encountered is much than is 

usually considered. A large portion of faults defy any simple classi

fication, and the whole story cannot be told in less than some hundreds 

of words. This greatly adds to the difficulty of publishing useful in

formation on fault experience. 

6. Many system failures cannot be corrected merely by the 

ment of a component that has failed. Rather, the eradication of a more 

fundamental underlying design or construction error is necessary so that 

the chance of that type of failure occurring again is virtually elimi

nated. When knowledge of this type of fault is disseminated widely by 

formal and informal channels, remedial measures may be applied in other 

plants. This process accounts for the reported declin~ng fault rate in 

the life of equipment and appears to be of growing importance as 

better components and subsystems come to be used, for example, those 

used in NPD compared with the earlier reactors. 

7. The different principles used, for example, mechanical, pneu-

matj.c, and do not result in noticeable differences in reli-

ability: of over-all systems when all the other variables are taken into 

account. There is more variation between the best and the worst examples 

of one than there is between principles. The replacement of 

aging thermionic tubes, usually before an actual system failure occurs, 

remains, however, a large maintenance task. 
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8. There is little evidence to show whether automatic operation is 

inherently more or less reliable than manual operation, mainly because so 

many other variables ~nter the comparison. There has, however, been an 

obvious growth of confidence in automation to the point where, for ex

ample, direct manual operation of reactors is now viewed as abnormal. 

Potential Methods of Improving Reliability 

In the light of this experience, it' is expected that marked improve

ments will be made in the use of the previously listed features in the 

Canadian program. The basic control techniques and the equipment used 

should also improve conSiderably, if only because of the elimination of 

methods and devices found to be unsatisfactory. 

On the philosophical side, however, three additional measures) not 

necessarily novel, appear to deserve recognition and attention: 

1. Engineering. The achievement of reliability has resulted from 

improvements in the whole engineering process. Theoretical and practical 

treatments of system reliability usually include block diagrams of the 

system. A block diagram such as that shown in Fig. 1. appears to be most 

meaningful, however, in discussing troubles that have actually been ex

perienced. All the troubles listed above, for instance, involve failures' 

within particular blocks or in the communication channels between the 

blocks shown in Fig. 1. Effort will of course be required if the system 

shown in Fig. 1 is to be improved with respect to preventing failures 

within it from extending to the point of the operation of a reactor with 

latent defects in control systems. It seems likely, however, that this 

would be one of the most rewarding directions for effort. 
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2. Flexibility. It will be noted that feedback paths are indicated 

in Fig. 1 that are based on development and field experience. These fre

quently imply changes in equipment after its original design and after it 

has actually been in service. Such evolutionary changes are extremely 

important to reliability, as explained above. This evolutionary process 

can be facilitated if equipment that can be conveniently changed is used. 

Reliability is also facilitated if standard techniques can be used as 

widely as possible so that the special problems of each application are 

not compounded unnecessarily by the use of different types of equipment 

for the same basic tasks. Such standard techniques must necessarily be 

very flexible if they are to cover a large fraction of the applications. 

3. Underrating. For every device, limits must be placed on such 

parameters as the temperature, pressure, voltage, and current to which 

it is exposed or which it may be required to carry. In general, the 

higher such limits, the more the value and merit of the device. There 

is therefore a tendency for designers and manufacturers to set values 

for such limits that are as high as possible. There is, however, much 

evidence that such limits tend to be only statistical in nature and that, 

in fact, there is a continuous relationship between the value of each 

stressing parameter and the probability of failure in unit time. In 

particular, high temperature seems to be a universal cause of unreli

ability. It may well be that the inverse proportionality between the 

logarithm of the mean time to failure and the absolute temperature, which 

has been found to apply to good-quality solid-state devices, at least in 

some cases,3 will be found to have general application. Underrating is 

now commonplace in electronics, but its importance does not seem to have 
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been recognized in otheroranchesof control technology. Proper attention 

to the relationship between every working parameter and its supposed per

missible limit, and to the basis of that limit, is essential for obtain

ing reliability in components. 

Conclusion 

The actual safety and serviceability, and thus reliability, that 

will be achieved in control systems in nuclear plants will depend broadly 

upon the relationship between the capability of the technology and the 

organization in which it resides, on the one hand, and, on the other hand, 

upon the demands which are made on the technology and organization in the 

form of complexity and number of systems which must be produced and used. 

If the proper philosophical and practical effort continues to be applied, 

there is every reason to expect that control systems will improve their 

dominant place in the safe and profitable operation of reactors. 
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FAILURES IN HIGH-TEMPERATURE HIGH-PRESSURE PIPING 

Helmut Thielsch* 

Pipe is pipe! Its application in a commercial steam power plant, 

nuclear power plant, refinery, or chemical plant is usually based on 

identical or very similar design considerations. Materials of the same 

mechanical and physical properties, chemical compositions, and metal-

lurgical structures are used. Fabrication procedures, such as bending, 

shaping, welding, and heat treatment, involve identical techniques, which 

depend upon the final quality desired and not on the type of application. 

Finally, inspection by radiographic, ultrasonic, or other techniques does 

not differentiate, for example, between nuclear and commercial power 

plant piping** applications. 

Unlike steam power plants, which have been in operation for over 

half a centruy, nuclear power plants, in general, have been in service 

for only a few years. Relatively few piping failures have occurred to 

*Since January 1954, Mr. Thielsch has been the Metallurgical Engi
neer for the Grinnell Co., Inc. He is in charge of the Industrial Piping 
Laboratory, which is concerned with research directed toward the develop
ment of procedures and specifications for the fabrication, bending, and 
welding of piping, the investigation of service failures, etc. Prior to 
1954, he was associated with the Welding Research Council, where he pre
pared extensive literature reviews and interpretive reports covering a 
wide range of subjects pertaining to the welding field. Some of his ear
lier experience include metallurgical and engineering responsibilities 
with Allis Chalmers Mfg. Co., Black, Sivalls & Bryson, and the Lukens 
Steel Company. He is a member of the AWS, ASM, ASME, ASTM, ACS, NACE, and 
SNT technical SOCieties, and he is Chairman of the Metallurgical Committee 
of the Pipe Fabrication Institute and of the Utilities Committee of the 
SOCiety for Nondestructive Testing. He is a member of other technical 
and codewriting committees and has authored over 80 articles on various 
aspects of welding fabrication and metallurgical subjects. 

**The designation IIpiping" includes pipe, tubing, fittings, (elbows, 
tees, flanges, reducers, etc.), valves, headers, expansion joints, flow 
nozzles, and other components in the piping system. 
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date in nuclear power plants. Since piping systems in commercial steam 

power plants have usually been fabricated and welded to the most con

servative specification requirements and have employed materials produced 

by the best steel-making practices) the experience with failures in com

mercial steam power plants may foretell some problems to be expected in 

the future in nuclear power plants. 

As increasingly severe service requirements are being imposed on the 

materials used) service failures are becoming more frequent. A substan

tial number of steam power plants now have as much as 10 to 20% of their 

producing capacity idle because of service failures. These include not 

only piping failures, but also failures in boilers (boiler ), tur

bines, and other equipment essential to the safe operation of the power

producing unit. 

The high-temperature high-pressure piping system of the type used 

in steam power plants are usually designed, fabricated, and welded to 

the requirements of the ASME Boiler and Pressure Vessel Code and the ASA 

Code for "Pressure Piping. The materials have to meet, in 

the requirements of the specifications of the American Society for Testing 

Materials and, usually, the various supplementary test requirements listed. 

The piping components and systems are normally subject to various inspec

tion procedures and to careful supervision during handling, processing, 

fabrication, and inspection. 

To date the service requirements in nuclear power plants have in

volved lower temperatures than those of modern steam power plants .. Never

theless) service failures in nuclear plants are viewed with extreme con

cern, particularly where the leakage of radioactive materials might lead 
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to contamination and thus hazardous conditions for the replacement or the 

repair of the pipe section containing the failure. In extreme instances, 

a whole section, building, or even area might become inaccessible because 

of leakage resulting in radiation levels in excess of safe limits. 

Classes of Service Failures 

Service failures in piping systems are usually associated with at 

least one of the following five factors: 

L Design. 

2. Material selection and handling. 

3. Manufacturing and shfiping of materials by the mill. 

4. Final fabrication and welding in the pipe fabrication plant or 

during erection. 

5. Excessively severe service conditions. 

In some instances, a cause of failure can be related to a combina

tion of several of these factors. For example, a pipe weld containing 

root defects, such as lack of penetration, may not fail during service 

until thermal or mechanical fatigue of unexpected severity causes propa

gation of the existing notch across the weld thickness. 

Design Faults 

Failures associated primar'ily with design may be the result of im

proper structural design, often involving insufficient flexibility. They 

may start at design notches, such as sharp corners, reinforcements, or 

attachments to the piping,which cause severe localized restraint. Fail

ures also have started in welds where the weld-joint design made deposi

tion of a sound weld difficult. 
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Thermal fatigue or shock or mechanical fatigue or shock have initi-

ated and contributed to some of these types of failures. They often have 

propagated cracks across the pipe wall. 

Piping System Design. A failure in a steam line, associated with 

insufficient flexibility, is shown in Fig. 1. During periodic shutdowns 
- . 

of the boiler, which caused cooling of the piping systems, thermal con-

traction occurred in the piping. Startup of the boiler, of course, caused 

thermal expansion again. Insufficient flexibility in the system to ab-

sorb the stresses resulted in the initiation of cracks that gradually 

propagated across the pipe wall. Such cracks occur most frequently near 

anchor points or major branch connections that act as restraints to the 

free movement of piping system components. 

Design Notches. Where the design includes attachments for pipe 

hangers or supports, heavy welds along the ends may act as sufficiently 

severe restraint to initiate cracks, again as result of thermal or mechani-

cal fatigue, as in Fig. 2. FailUres have occurred where design conditions 

involved dissimilar wall thicknesses in castings, forgings, or welds join-

ing heavy-walled valve bodies and pipe of lighter wall thickness. Socket 

welds and headers .with reinforcing saddles also have failed in high-

temperature high-pressure piping systems. Design engineers often do not 

realize the importance of gradual changes in section thickness. 

Weld-Joint Design. Unfavorable weld-joint designs have resulted in 

a number of service failures. It is often not recognized that the pri-

mary concern in weld-jOint design should be accessibility for the welder 

whose task it is to produce sound welds •. Some weld joints are designed 

so that they are either difficult to produce under shop or field-erection 

environments or are susceptible to defect conditions. 
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Unc lassified 
Photo 59617 

Fig . 1 . Failure in Steam Piping Associated with Insufficient Flex -
ibility in the Piping System. 
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Unc l ass ified 
Photo 59618 

Fig . 2 . Failure by Thermal Fa t i gue at vlelded Ha nge r Atta chment 
Because of Sha rp Change in We1dment Design . (A) Reduced to 1/20 . (B) Re 
duced to 1/3 . 
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Cost is also a factor. The 37.5-deg V-bevel, which is the cheapest 

to prepare and with which standard fittings are usually furnished, is not, 

in general, the best for critical piping systems. This is particularly 

true where the first weld pass is made by the inert-gas tungsten-arc weld

ing process normally used in the fabrication of the piping systems of nu

clear power plants. Since cracking in the first (root) weld pass is not 

always detected by radiographic examination ( 3)} it is very important 

that weld-joint designs be specified that provide the greatest assurance 

of weld soundness. In certain critical-use areas, an unproven joint de

sign should be evaluated by tests that simulate, to a major degree, the 

service conditions. Low- and high-cycle fatigue and thermal-shock tests 

are desirable. 1 These tests may be helpful, also, in the evaluation of 

radiographic standards and permissible levels of porosity, tungsten inclu

Sions, and other film indications of nonhomogeneities. 

Material Selection 

Materials for piping systems should be specified by selecting the 

most economical material that meets the requirements (1) of the service 

conditions and (2) of the applicable codes and specifications. Engineers 

who specify materials for high-temperature high-pressure piping systems, 

however, often do not give sufficient recognition to the effects of tem

perature, pressure) stress levels, restraints, corrosion, oxidation, sec

tion size and shape, ther~al fatigue or shock, or mechanical fatigue. To 

play it safe, materials are sometimes selected that are far more costly 

than necessary. Failures resulting from improper welding or other defects 

may occur just as readily in the incorrectly used, more costly material 

as in the "proper II material. 
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E 

Unclassified 
Photo 59619 

Crack in Root Pass of Pipe Butt Weld with 37. 5-deg V-Bevel 
C~ack was not detected by radiographi c examination. (~~g 

A = 8 diameters; B = 50 diameters . ) 
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Pipe Base Metal. Selecting materials on the basis of laboratory 

creep, stress-rupture, fatigue, or corrosion tests has resulted in a num

ber of failures. Piping with thick walls may be susceptible to failure 

in service environments, even though in accelerated high-temperature tests 

of small-scale laboratory specimens it exhibited good properties: Examples 

of such failures have been the well-publicized failures of carbon-molyb

denum steel piping at temperatures over 800°F because of graphitization 

adjacent to weld deposits in the heat-affected zone (Fig. 4). Similarly, 

some type 347 stainless steels have failed at temperatures over 1050°F 

in the pipe base metal adjacent to weld deposits (Fig. 5). 

Welding Filler Metals •. Welding filler-metal selection and handling 

is equally important. Figures 6 and 7 illustrate cracks developing in a 

weld joint where a 1% chromium-o.5% molybdenum steel pipe has been welded 

with carbon-G.5% molybdenum steel electrodes. The weld joint had been in 

service for approximately two years at 1000 of. Carbon migrated from the 

weld deposit into the base metal and left a decarburized zone in the weld 

deposit adjacent to the base metal. The resulting differences in prop-

erties were of sufficient magnitude to cause the initiation and propaga

tion of cracks during the high-temperature service involved. Failures 

in high-temperature ser~ice have occurred even in carbon-steel weld de

posits adjacent to carbon-molybdenum steel piping where the difference 

in composition: is only 0.5% molybdenum. 

Manufacture and Shaping of Materials 

Perfect piping materials are not made commercially. Defects may 

range from atom-size dislocations in the metal, which cannot even be 
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Uncla ssif i ed 
Ph o t o 5962 0 

Fig . 4. Crack in Heat-Af fected Zone in Ca rbon-{) . 5% Molybdenum Stee l 
Piping Caused by Graphitization After Service at Temp eratures Above 8 00 °F. 
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Unclassified 
Photo 59621 
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Fi g . 5 . Cracks in Heat -Affected Zone of Type 347 Stainl ess Steel 
Wel ded Joi nt t hat Occurred at Steam Temperatures over l 050 °F . (Magnifica
tion, 35X) 
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Unclassified 
Photo 59622 

-

Fig . 6 . Crack in a Welded Joint in a 1% Chromium-G.5% Molybdenum 
Pipe Welded with a Carbon-Q. S% Molybdenum Steel Electrode. (Magnifica
tions, A = lX, B = l OX) 
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Fig . 7 . Microstructure (A) of Bond Between Decarburized Carbon-o . S% 
Molybdenum Weld Metal and 1% Chromium-o . S% Molybde num Base Metal and 
(B) of Weld Metal Away from Decarburized Zone . (A ) Effects of carbon 
migration from weld deposits to base metal may be s een. (Magnification) 
SOOX) 



31 

observed under the highest power microscopes, to major metal. discontinui

ties visible to the eye. Some visible defects may not reduce the service 

life of the piping component; on the other hand, many visible surface de

fects and invisible subsurface defects can result in service failures. 

The defects caused by the manufacture and shaping of materials for 

high-temperature applications may have been introduced into the casting 

at the ingot stage. Defects may have also been produced during the sub

sequent rolling, forming, reduction, or extrusion of the ingot or billet 

into the final pipe product or into elbows) tees, flanges, or other shapes. 

Failures for which the manufacturer of the high-temperature piping com

ponent is responsible usually involve (1) notch-type defects or (2) metal

lurgical notches. 

Notch-Type Defects. Notch-type defects involve actual discontinui

ties or separations in the metal either at the surface or on the inside. 

Laminations, scabs, slivers, etc., represent very common types of metal 

separations in seam-welded or extruded steel piping. Laminations per

pendicular or diagonal to the pipe surface should be considered as more 

critical notches than those parallel to the pipe surface. . Shallow sur

face slivers and laminations parallel to the surface rarely have resulted 

in failures unless they were very heavy or reduced the wall thickness of 

the pipe substantially. A critical lamination on the inside of a stain

less steel pipe for high-temperature service is shown in Fig. 8. 

Mechanical notches caused by pipe or tube drawing, extruding, or 

machining have resulted in a number of failures of the type illustrated 

in Fig. 9, where cracks started from a draw-die groove on the inside of 

a tube. Mechanical fatigue initiated and propagated cracks at the notch 
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Unclassified 
Photo 59624 

Fig. 8 . A Critical Lamination on the Inside of a Stainless Steel 
Pipe Section for High-Temperature Service. (Magnification, 5X) 
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Unclassified 
Photo 59625 

Fig . 9 . Crack Starting at Notch Formed by Drawing -Die Groove. 
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formed by the die groove. Service environments involving stresses and 

corrosive conditions are even more likely to initiate cracks in such 

grooves (F~g. 10). 

Internal defects are quite common in castings used in high-tempera-

ture piping systems as fittings, valve bodies, etc. Only in rare instances 

have internal gas pockets or shrinkage defects caused actual failures, 

and then they occurred close to the inner or outer surface, where propa-

gation of the shrinkage into cracking was caused by mechanical or thermal 

fatigue. 

Cracks in a carbon-o.5% molybdenum steel valve body are shown in 

Fig. 11. Shrinkage cavities present in the same valve body near the area 

where the cracks occurred did not contribute to the failure. The shrink-

age cavities are illustrated in Fig. 12. 

Metallurgical Notches. Metallurgical notches represent differences 

in properties of suff'icientmagnitude to become a potential cause of fail-

ure. Such conditions can occur within the same metal, where localized 

heat-treatment produces an area of high hardness adjacent to an area of 

lower hardness. Metallurgical notches also can represent a hardened heat-

affected zone adjacent to a weld deposit, or the differences in properties 

between a wrought base metal and a weld deposit, which is essentially a 

casting. More apparent metallurgical notches occur between dissimilar 

metals. * 

*In welds between dissimilar base metals, the severity of the metal
lurgical notch may vary with the welding filler metal selected. Selection 
of the welding filler metal should include consideration of the coeffi
cients of thermal expansion in the respective materials involved. More-
over, procedures and heat treatments must be carefully specified. 
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Unc lassified 
Photo 59626 
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Fig . 10 . St ress-Corrosion Cracking I nitiat ed in Groove on Inner Sur
f ace of Steel Tube. (Magnification, SOX) 
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Unclassified 

Fig. 11. Crack ing in Carbon-D.5% Molybdenum Stee l Valve Body Start ing 
from Inner Surface. (Reduced to 9/l 0 ) 
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Fi g . 12 . Cross Section and Print of Radiograph I llustrating Shrink
age i n Cast Ca rbon-D .5% Molybdenum Stee l Valve Body with Weld Repair Over
lay on Outer Surface . (Reduced to 9/10 ) 
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Failures have occurred where the differences in hardness exceeded 

approximately 50 to 100 points Brinell) and particularly where the piping 

system has experienced thermal or mechanical fatigue. A failure along 

the weld-to-base metal interface in a carbon-0.5% molybdenum main steam 

piping system is illustrated in Fig. 13. The base metal was a valve body 

of somewhat higher than normal carbon content (0.26-0.31%). As often oc-

curs in castings) variations in the chemical composition may further in-

tensify the susceptibility toward localized hardening. As was normal at 

the time of welding ten years ago, the weld used was stress relieved at 

approximately 1150°F. After over ten years of service at 900°F, the 

Brinell hardness values* were the following: 

Valve base: metal 165-189 

Valve hea t-affe cted zone 231-235 

Valve heat-affected zone 268-290 
adjacent to weld 

Weld deposit 177-181 

A lower carbon content in the valve base metal or a higher heat 

treating temperature, which might now be recommended, would have resulted 

in a reduced hardness differential along the weld metal-to-valve base 

metal interface. This should have avoided this type of failure. 

Carburization or decarburization of the steel along the inner or 

outer surfaces can also introduce metallurgical notches. Surface car-

burization in a seamless elbow of 1.25% chromium-0.5% molybdenum alloy 

steel, which is extensively used in high-temperature high-pressure piping, 

is shown in Fig. 14. Butt welds subsequently made on the elbow) which 

*Hardness determinations were made with a microhardness tester pro
viding Knoop hardness values. These were converted to the Brinell values 
more generally applied to steel materials. 
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Unclassif ied 
Photo 59629 

Fig. 13. Failure at Base Metal-Weld Metal Interface Caused by a 
Meta llurgical Notch. (Magnification, 5X) 
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Unclassif i ed 
Photo 59630 

Fig. 14 . Surface Carburization in a Seamless Elbow of 1 . 25% 
Chromium-o . 5% Molybdenum Stee l . (Magni fication , 100X) 
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were deposited with a preheat of 500°F and stress relieved at 1325°F, as 

is normally done, nevertheless failed in the bend test after bending as 

little as 45 deg, Fig. 15. Where a lug or guide plate for hanger·attach

ment is welded to the outside of an elbow, or where a nozzle connection 

is made, failure can result during service because of thermal or·mechani

cal fatigue or static stress concentrations of excessive magnitude. 

Failures have been the result of hot shortness causing the grain 

boundaries of the metal to be more liable to rupture at elevated tempera

tures. Seamless wrought pipe, as well. as cast and forged pipe, have failed 

because of hot shortness. 

Final Fabrication and Welding Failures 

Fabrication of piping involves (1) forming by hot or cold bending, 

extruding, or swaging, (2) cutting, (3) welding, and (4) heat treating. 

When performed improperly, any of the above operations may result in de

fects which, in high-temperature high-pressure applications, can be and 

have been responsible for service failures. 

Failures resulting from weld defects are by far the most common. 

The continuously sharpening competitive pattern that places excessive 

emphasis on cost cutting contributes significantly to defective weldments 

and produces careless workmanship. It also often reduces the efforts in

volved in the preparation of detailed welding procedure speCifications, 

the proper training and qualification of welders, and the care taken in 

inspection. 2 

Pipe butt welds, of course, are usually welded from the outside only. 

The first weld pass in the root of the pipe joint is thus particularly 
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Unclassified 
Photo 59631 

Fig. 15. Cracked Bend-Test Specimen of Butt Weld in Surface-Carburized 
Elbow. 
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critical. It is more difficult to make pipe welds than the average 

plate or pressure vessel weld, which normally can be made from both the 

inside and outside. Thus, in pipe welds it is very important to avoid 

defects in the first·or root pass. 

In high-temperature high-pressure piping systems the first pass is 

normally made by shielded metal-arc welding against backing rings or by 

inert-gas tungsten-arc welding. When the latter welding process is used, 

backing rings generally are not employed. The same or other welding pro

cesses may then be used for the subsequent welding passes. 

Regardless of the welding process, the use of good joint fit-up is 

very important. A service failure in a badly fitted pipe joint is il

lustrated in Fig .. 16. The notches formed by the poor fit-up provided 

conditions for stress-corrosion cracking. 

Where the root pass is made without backing rings by the inert-gas 

tungsten-arc welding process, cracking may occur more readily than in 

backing-ring welds made by shielded metal-arc weldir~ where the initial 

weld pass provides more metal of a favorable composition and greater 

thickness, both of which contribute to a lesser susceptibility to crack

ing. 

It is often not recognized that even though a weld joint has been 

inspected by various techniques, such inspection is not a guarantee of 

soundness. Small cracks, inherent brittleness, or other defects may have 

been introduced by the particular welding process or filler material used. 

The difficulty in determining root-pass cracks by x-ray radiography 

is illustrated in Fig. 17. The root pass in the 6-in. 1.25% chromium-o.5% 

molybdenum sched.-80 (O.432-in. wall) pipe was welded by the inert-gas 
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Unclassified 
Photo 59632 

Fig. 16 . Root Crack at Notch Formed by Poor Fit - Up Resulting from 
Normal Pipe Tolerances . 
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Unclassi fi ed 
Photo 59633 

Fig. 17. Crack in Root Pass of Pipe Butt Held Made by Inert-Gas 
Tungsten-Arc Welding. (A) Radiograph of root pass containing a 2.S-in.
long center-line crack. (B ) Crack no longer visibl e in the radiograph 
after second metal-arc pass with covered e lectrode . 
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tungsten-arc process and contained the 2.5-in.-long centerline crack shown 

in Fig. 17A. .As is normally practiced, the subsequent weld passes were 

made by shielded metal~arc welding with 1.25% chromium-o.5% molybdenum

covered welding electrodes. After the second cover, or fill, pass with the 

covered electrodes, the root-pass crack was no longer visible by x-ray radi

ography (Fig. 17B). Obviously the completed weld also appeared sound and 

without cracks on the radiographic files •. Subsequent sectioning of the com

pleted weld, which involved approximately ten shielded metal-arc welding 

passes, revealed, nevertheless, that the root pass crack was still present. 

(Fig. 18). 

The "disappearance" of the crack was caused by the shrinkage of the 

first covered-electrode pass deposited over the inert-gas tungsten-arc root 

pass. The shrinkage drew the crack in the root pass tightly together. Cer

tainly the potential danger of such a crack is not lessened by its being 

closed mechanically. 

Other weld defects in the first pass, such as lack of penetration, 

slag, or other conditions which cause notch effects on the inner surfaces 

of the pipe jOints, have also resulted in weld failures. Even arc strikes 

on pipe surfaces, can provide conditions for cracking during service, par

ticularly where the service involves thermal or mechanical fatigue and the 

arc strike produces a highly hardened zone (Fig. 19). Heat treatments that 

reduce the base-metal hardness. adjacent to the arc strike may reduce and 

eliminate the tendency for this type of cracking. 

Localized Heating. Localized torch heating, as in flame cutting, 

may sufficiently disturb the metallurgical structure to permit corro

sion. A failure in a boiler feed-water pipe section, where the area of 

the steel in which corrosion occurred apparently had been heated to about 
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Uncl assifi ed 
Photo 59634 

Fig. 18. Cross Section of Weld I llustrating Crack in Root Pass Not 
Visible by Radiographic Examinations After Subs equent Weld Passes. 
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Unclassified 
Photo 59635 

Fig. 19. Crack Starting on Pi pe Surface Adjacent to Arc Strike. 
(Magnification, 18X) 
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2200°F, is shown in Fig. 20. The heating pattern from the outside of 

the,pipe is evident in the cross section, which was etched to reveal 

changes in the metallurgical structure. 

Uneven localized heating and the resulting hardness differences have 

also caused a number of service failures in high-temperature high-pressure 

piping systems. Even though uniform and carefully controlled heating is 

often extremely important, the industry is becoming, on the whole, less 

concerned with properly controlled heat treatment. 

Weld Stress Relief. The requirements of the ASME Boiler and Pressure 

Vessel Code and the ASA Code for Pressure Piping have gradually been re

duced with respect to post-weld stress-relief heat treatments. Under 

some conditions post-weld heat treatments may be eliminated completely. 

For example, for the chromium-molybdenum steels with a total alloy con

tent to 3%, which are used extensively in high-temperature applications, 

post-weld heat treatments are no longer required where the pipe diameter 

is 4 in. or less and the wall thickness is less than 1/2 in. 

Actually, heat treatments should not be indiscriminately eliminated. 

Failures have occurred in boiler tubing that had been cold bent. After 

cold bending, were welded onto the outside. The tubing was then 

cleaned by pickling and, finally, erected into the boiler. The failures 

that occurred were related to stress-corrosion cracking that started in 

the cold bent area from the inside of the tubing underneath where the 

lugs had been welded (Fig. 21), 

Excessively Severe Service Conditions 

Failures may OCCur when the service becomes more severe than the 

conditions for which the piping was originally designed. Thermal or 
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Unclassi f ied 
Photo 59636 

Fig. 20 . Failure in Area of Pipe Wall Locally Heated to Approximately 
2200°F. 
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Unclassif ied 
Photo 59637 

Fig . 21. Str ess Corrosion Cracking in Cold Bent Boiler Tubing with 
Lugs Welded on the Outside. (Magnification) ex) 
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mechanical fatigue are usually the most common causes of failures in 

high-temperature piping systems. Severe localized mechanical stresses 

have causerl or contributed to failures; for example, when the free move

ment of the piping system is restrained, binding, seizing, or bending 

may result. Failures have been caused also by overheating, hydrogen em

brittlement, creep, and still other service conditions considered exces

sively severe for the design application or for the materials involved. 

At times, several of these conditions combine to produce the failure. 

For example, oxidation inside cracks will resist the normal. thermal con

traction when the metal cools and may contribute to crack propagation. 

Thermal Fatigue. For best metallurgical conditions the temperature 

of the high-temperature piping systems' should be maintained continuously 

and uniformly. Operation economics often make it advisable, however, to 

shut down certain plant operations during specific periods. For example, 

steam power plants often have lowered demand requirements at night and, 

particularly, on weekends. The reduced load requirements necessitate the 

shutdown of some boilers at night and of a larger number of boilers on 

weekends. For example, during a weekend shutdown the piping carrying the. 

steam from a boiler to the turbine may cool from the 900 to 1100 normal 

operating temperatures to about 500 to 600°F. This causes contraction of 

the piping system, the boiler tubing, welded attachments, etc., in accord

ance with the coefficients of expansion of the materials involved. Sunday 

night, when the power plant unit is returned to normal operations, the 

boiler tubing, steam piping, and turbine casings are heated up again by 

the steam produced in the boiler. Thermal expansion occurs in all metal 

components, and the piping systems expand to their normal position. Over 
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a period of months, the resulting thermal fatigue may be more harmful to 

the materials involved, particularly at mechanical or metallurgical notches, 

than continuous operation would be at a particular temperature over a period 

of many years. 

Cracking in a main steam line caused by thermal fatigue is shown in 

Fig. 22. Sometimes single cracks occur; however, more often a whole family 

of parallel cracks occur that usually start from the inside of the pipe. 

The inner surface is subject to more severe thermal shock than the outer 

surface. These cracks, Fig. 23, gradually propagate until they 

reach the outer surface. 

Many failures have occurred in pressure-reducing sections in which 

water is sprayed on the inside. The quenching effect results in tem-

perature cycling over the range 300 to 500°F and causes failures across 

the pipe wall, as in Fig. 24. The insertion of stainless steel liner 

plates inside of the pipe generally does not provide any improvement, 

since these liner plates fail also, as in Fig. 25, and usually just as 

readily. 

Mechanical Fatigue. Even under continuous opera-

tion, some failures have occurred (Fig. 26). Usually these can be related 

to some degree of mechanical fatigue resulting from movement, vibra-

tions, restraints preventing free movement, or other conditions. Such 

failures often show a number of parallel cracks (Fig. 27). 

Overheating~ A failure caused by overheating of boiler tubing is 

illustrated in Fig. 28. Such failures are usually confirmed by consider

able differences in the microstructure (Fig. 29). 
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Crack -+ 

Unclassified 
Photo 59638 

Fig . 22. Cracking in Main Steam Pipe Section Caused by Thermal Fa-
tigue. 
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Unclassified 
Photo 59639 

Fig . 23. Parallel Cracks on I nner Surface of Pipe Section Subject 
to Thernal Fatigue . 
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Unclassified 
Photo 59640 

Fig . 24 . Cracks Caus ed b y Thermal Fatigue in Pressure - Reducing Section. (A) Photo 
graph of inner pipe surf ace . ( B) Cross section magnified 5X. 
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Unclassified 
Photo 59641 

Fig . 25. Cracks in Stainless Steel Liner Plate Welded on Inside of 
Pressure - Reducing Pipe Section. 
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Unclass i f i ed 
Photo 59642 
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Fig. 26. Cracks in Pipe Section Experiencing SOlne Mechanical Fatigue . (A) Photograph of Surface . 
(B) Print of radiograph. 
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Unclass ified 
Photo 59643 

Fig . 27 . Fami ly of Parallel Cracks Resulting f r om Mechanical Fa-
tigue. 
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Unclassified 
Photo 59644 

Fig. 28 . Failure in Boiler Tube as Result of Overheating. 
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Hydrogen Embrittlement.Hydrogen embrittlement is shown in Fig. 30. 

Such failures involve service at temperatures between 600 and 1000°F arid 

are usually preceded by considerable localized scaling (Fig. 31). More

over, the microstructure shows decarburization (Fig. 32). 

Copper deposits on the inside of high-temperature piping can also 

contribute to high-temperature failures. It must be recognized also that 

some failures in high-temperature piping may actually involve initiation 

or propagation of cracks during shutdown periods when the piping is at 

low temperatures. Static stresses are likely to become increasingly se-

vere as the system cools. 

Incorrect Material Identification· 

Incorrect identification of materials for critical piping service 

applications has been a far more frequent cause of failure than might be 

expected. The error may have been made by the fabricator or by the erec

tor handling the materials subsequently or by the user replacing piping 

components. Changing the service conditions in the operating plant to 

more severe conditions and assuming that some materials are of a different 

or more highly alloyed grade have also led to failures. 

The danger of mix-up is particularly great when the iden-

tification markings have not been applied directly to the surface of the 

material by die stamping or, on some materials, by electric etching. 

Nevertheless, a significant number of errors in identification have oc

curred even on materials marked by die stamping. 

Two type 304 stainless steel couplings torn loose from a type 304 

stainless steel vessel are shown in Fig. 33. To avoid possible mix-up 
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Unclassified 
Photo 59646 

Fig. 30 . Failure in Boiler Tube as Result of Hydrogen Embrittlement. 
(Reduced to 1/2 size) 
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Uncla ssif i e d 
Photo 59647 

Fig . 31 . Cros s Section of Boi l er Tube Showi ng Loca lized Scaling that 
Preceded Hydrogen Embrittleme nt . ( Magnifi cation) 5X) 



.-. ,-, - (. ' .. . \ 
... ' "# \ .. ~ 

,.-: . 
---~ ! 

I r- -
l 

) 
r/. , / 

,.I , 

. -, .- :\-..:.. ~, . . .. , . 
,,~ : .~/. . 

~ . 
, . ~ 

.. • 
l' .. 

65 

... ,.-" 
r · ,. ...... 

, 
-

.. 
, 

r 

; 

Unclassified 
Photo 59648 

( f 
I , ., .... 

.J 
t' 

Fig . 32 . Phot omi crograph Showing Evidence of Decarburization in 
Boiler Tube That Failed Because of Hydrogen Embrittlement . (Magnifica 
tion, l OOOX) 
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Unclas sified 
Phot o 59649 

Fig. 33. Failure Along Weld of Two 3000-lb Couplings Identified as 
Type 304 Stainless Steel) Which Was Actually Monel. 
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in the fabricator's shop, the couplings had the type 304 markings and 

3000-lb pressure rating applied directly to the surface by the manufac

turer. Certified mill test reports also attested that the chemical com

position conformed to the requirements of the American Society for Testing 

Materials. The type 304 couplings were welded to the type 304 vessel and 

filled in a service test. Subsequent examination revealed that the cou

plings actually were Monel alloy 400 (70% Ni-30% Cu). Welding of Monel 

alloy 400 with stainless steel electrodes results in brittle joints (Fig. 

34) because of the detrimental effect of copper in stainless steel weld 

metal. 

An example of a high-temperature failure in an incorrectly identified 

boiler tube is shown in Fig. 35. The material should have been 2.25% 

chromium-l% molybdenum, but actually it was carbon steel. 

Responsibility of Specifications 

On the whole, service failures in high-temperature high-pressure 

piping and tubing systems are on the increase. Although a number of fac

tors are responsible, one involves a decreasing concern among purchasers 

with respect to the quality of the pipe materials and fabrication they 

purchase. Where low price has become the only or primary consideration 

in the evaluation of quotations, the material or fabrication obtained may 

not meet the requirements of applicable codes and service, and may not 

even represent good workmanship. Excessive low-price emphasis by pur

chasers has forced some mills and suppliers to reduce supervision, in

spection, and quality control. It has led some contractors and inspec

tion agencies to employ short cuts or even deception. 
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Unclas s i f ied 
Phot o 59650 
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Fi g . 34. Photomicrograph of Interface Bet'Heen TyIJe 308 Weld Deposit 
and Monel (70% Ni- 30% Cu) Base Metal Illustrati ng "Hot Short" Cracking 
Caused by Copper Penetration. (Magni f icat ion , 100X) 
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Unc l assifi ed 
Photo 59651 

Fig . 35 . Failure i n Boiler Tube Resulting ~rom I ncorrectl y I dentified 
Tube Mate rial. Tne material was carbon steel but should have been 2.25% 
chromium- l% molybdenum steel. 
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Specifications are often not realistically prepared in sufficient 

detail to ensure sound materials and fabrication. Moreover, welding 

specifications are frequently prepared by persons who do not have intimate 

knowledge of welding, its capabilities, and i ts ;Limitat.j~Qm;;. 

Inspection requirements may not be based on realistic considerations. 

Too frequently it is not recognized that each specific destructive or non; 

destructive test evaluates only a particular material or weld in compari

son with another material tested under the same conditions. The inter

pretation of test results and their correlation with the behavior of the 

material under actual service conditions is at best only approximate. 

Quite frequently, the results have little or no relation to the actual 

service performance of the piping material that is to be welded. 

Perfection Must Be Tempered by Realism 

The author definitely does not intend to imply ~hat much stricter 

specifications covering materials, fabrication, welding, and inspection 

are needed. Instead more reasoned intelligence needs to be applied to 

specifications. A number of excessively tight special specifications al-

ready exist that have requirements of perfection so unrealistic that they 

have no relation to the actual service requirements of the piping com-

-ponents. In fact, unrealistic and excessively severe quality requirements 

may actually cause defective or less serviceable piping components. This 

may be brought about in either or both of two ways. First, a reliable 

fabricator who understands inspection by employing all of the fabrication 

and inspection know-how at his disposal may find that he cannot produce 

the component at a "reasonable" or competitive cost. An inexperienced 
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fabricator, who does not inspect every step in the fabrication of the 

component with the same detail, may get the job and miss detecting faults 

that later on contribute to a service failure. Second, repeated repairs of 

minor weld defects that show on radiographic films quite often cause other 

joint defects, notab~y metallurgical notches or tight root-edge creasing, 

which are not normally detectable by present inspection techniques but 

are likely to be more detrimental than the minor internal faults. 

Good engineering practice must be based on realism and must require 

a level of quality of materials, fabrication, and welding that meets the 

demand of the particular service. Too many engineers who are not familiar 

with materials, fabrication, welding, and inspection write requirements 

into specifications that involve extremely costly materials and procedures 

but which do not improve the reliability or the life expectancy of the 

product. By concerning themselves with unimportant (and usually costly) 

requirements, important considerations involving welding, heat treating, 

or inspection procedures are often confused or neglected. One require-

ment written into a number of specifications states, for example, that 

tungsten inclusions in stainless steel weld deposits are not permissible. 

Since, very small tungsten inclusions from the welding arc can readily 

"drop" into the molten weld puddle and be contained within the weld, care

ful radiographic inspection is necessary to detect these. Grinding out 

and rewelding all weld areas containing tungsten inclusions may require 

repair of 25% or more of the welds in a piping system. This will remove 

the fine tungsten inclusions, and there is no actual evidence that they 

have ever caused service failures. The rewelding may result in more serious 

defects, however, such as very fine fissures and cracks not detectable by 
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the inspection techniques normally applied.· It has been claimed that the 

very small tungsten inclusions represent hard particles within stainless 

steel and.that because of their different thermal coefficient of expansion 

they can start microfissures during service involving thermal or mechanical 

fatigue. On the other hand, stainless steel, and in fact·all alloys, con

tain carbide particles and other fine inclusions ,that differ substantially 

in hardness and coefficients of expansion from the main body (matrix) ma

terial. These, like tungsten, should also not be permitted. By logic, 

this would disqualify all stainless steels, all other steels and, in fact, 

all materials from consideration,. Actually, tungsten inclusions should 

be considered on the same basis as porosity or slag inclusions at the 

levels permissible in weld deposits. 

Adverse experiences with certain specific fabrication, welding, or 

inspection procedures are freque·ntly used as the basis of specification 

requirements written for the next job, without a careful evaluation of 

causes for the adverse results. For example, adverse experience with 

consumable insert rings used in pipe welding on one project led to their 

being condemmed by the same group on other projects. It was not recognized 

that· the problems might have arisen from consumable inserts of unfavorable 

cross section or the improper use of these inserts. In fact, consumable 

welding insert rings manufactured from welding wire compositions have 

been used on many projects where they have produced pipe welds consist

ently of the highest uniform quality. Many other examples could be cited 

of unrealistic fabrication requirements. 

There is a need also for learning more about causes and conditions 

leading to service failures. Various nonhomogeneities in materials, 
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mechanical and metallurgical notches, and weld defects should be evalu

ated in realistic tests simulating actualse~ice conditions. Many types 

of nonhomogeneities rarely, if ever, cause or contribute to service fail

ures. Requiring their removal or greater material perfection might in

crease product costs substantially and might double or triple welding 

costs. Furthermore, important projects might be delayed needlessly, and 

additional cost would result. 

Inspection also needs to be tempered with realism .. Millions of 

dollars worth of good welds have been cut out or repaired because in

spectors did not know how to interpret nondestructive test results. Often 

inspectors from one qualified inspection agency may pass a weld, only to 

have it rejected by another agency. Resolving the ensuing arguments may 

delay urgent projects and increase the cost needlessly to a point where 

the inspection costs often far exceed the material or welding costs. The 

responsible fabricators may then lose interest in the most important high

quality programs and leave the field to less qualified contractors. 
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AEROSPACE NUCLEAR SAFETY PROGRAM 

W. K. Kern* G. B. Conner** 

Operation of nuclear reactors and radioisotopic thermoelectric gen,.;,· 

eratorsinspace presents potential nuclear safety problems that are unique 

when compared with the nuclear safety problems of terrestrial reactors. 

The Atomic Energy Commission's statutory responsibilities, as assigned 

by the Atomic Energy Act of 1954, as amended, to provide for the protec-

tion of public health and safety with respect to the applications of nu-

clear energy have assumed an entirely new aspect. This was recognized 

early, and an Assistant Director for Nuclear Safety was established 

within the Division of Reactor Development to help fulfill these re-

sponsibilities. 

*Lt. Col. Werner K. Kern" a graduate pJ:iysi"cis,t} presently Chief of 
the Aerospace Nuclear Safety Engineering and Test Branch within the 
Division of Reactor Development of the U. S. Atomic Energy Commission. 
In this capacity, Col. Kern has been responsible since 1961 for the aero
space nuclear safety programs carried out by Sandia Corporation for the 
AEC Nuclear Power projects. His professional career in t~e U. S. Air 
Force has included a tour from 1956 to 1959 as Nuclear'Research Officer 
and physicist in special weapons research, development, and air festing 
at the USAF Air Proving Ground at Eglin AFB, Florida. Prior to this 
tour, he served with the Special Weapons. Program (SAC) for six years. 
Col. Kern has been very active in the field of upper atmospheric and re
entry research for aerospace nuclear power devices • 

. . , , , *·*'C'apt:.' 'Ger'al'd' ·B. Connor, a graduate nuclear engineer, is presently 
assigned to the U. S. Atomic Energy Commission as the Aerospace Nuclear 
Safety Analyst for the Division of Reactor Development. In this assign
ment, he has been responsible for nuclear safety analysis and evaluation 
of the aerospace nuclear safety programs and proposed aerospace flight 
plans and operations. The aerospace projects involved include the SNAP 

. reactors, SNAP radioisotopes, and Pluto. Prior to this assignment, Capt. 
, Connor served with the Aircraft Nuclear Propulsion Office in the U. S. 
Atomic Energy Commission in the Aircraft Reactor Safety Branch. His pro
f~ssional career also includes three-year tours as a special weapons nu
clear supervisor and as a SAC pilot. Capt. Connor has been actively en
gaged in all fields of aerospace nuclear safety and is presently partici
pating in the preparation of an aerospace nuclear safety ~andbook. 
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In nuclear safety, the basic study) laboratory investigation, and 

analytical approaches to the problems are essential but are not believed 

to be sufficient. The final "convictionlf or demonstration that nuclear 

accident phenomena are understood and that measures have been taken to 

adequately "containlf the consequences or to reliably prevent an accident 

must come from full-scale proof testing of the integrated system. This 

philosoppy: is especially pertinent to aerospace systems, since the systems 

must operate within strange and rigorous environments not heretofore en

countered. 

The safety of the,AEC's aerospace SNAP (Systems for Nuclear Auxil~ 

iary Power) devices and primary nuclear power or propulsion systems must 

be assured before they can be used for space applications. The four 

periods in the operational life of an aerospace nuclear system that re

quire specific safety c0D:siderations are,: (1) prior to and during lift

off (prela~ch operations), (2) ascent, (3) orbital injection, and 

(4) re-entry following mission completion. Some aspects of the safety 

of various aerospace vehicles were discussed in two 'previous NUclear, 

Safety articles. ~,,2 " 

Nuclear systems such as the various SNAP reactors will have essen

tially no ~ission-prqduct inventory during launch and orbit-injection 

operations, and thus the primary problem will be to prevent criticality 

and possible nuclear excursions in the event of an abort. For isotope

powered SNAP units, a diametrically opposite problem confronts safety 

personnel, since the generator contains its greatest nuclear strength at 

ilaunch. Thus each system must be approached as a separate entity in the 

demonstration of the safety des'i'gned and engineered into it. Until 
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capability for recovery, boost into solar orbit, or other means can be 

assured to prevent the dispersal of radionuclides within the biosphere, 

re-entry burnup is the mechanism chosen to prevent contribution to either 

local or world-wide ra~iation levels. 

Scope of Aerospace Nuclear Safety Testing Program 

The first step in establishing a meaningful aerospace nuclear safety 

program required recognition of all the unique. aerospace environments, 

both normal and abnormal, to which the nuclear system could pe subjected. 

The nuclear system was studied in all its various possible environments 

from assembly to re-entry upon mission completion, and all credible ac-

cidents were ca~aloged. A typical, but simplified, example derived from 

this procedure is outlined below: 

1. The incidents that can occur during transport to the launch base 

are: 

a. Road collision, overturning, or fire. 

b. Road accident followed by water reflection. 

2. Ground-handling procedures can lead to: ~ 

a. Fire, explosion, crane fall, crushing, etc. 

b. Criticality as a result of procedural errors. 

3. Prelaunch checkout can pose safety problems because of: 

a. Crane failure in which the reactor falls 100 ft. 

b. Procedural errors that activate the startup procedure. 

c. Vehicle collapse as a result of tank pressurization loss. 

4. Vehicle fueling and launch can cause: 

a. Accidental actuation of startup radio command. 
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b. Accident at launch pad during fueling or liftoff. 

c. Inflight accidents that would result in land impact. 

d. Flight accidents that would result in sea impact. 

5. Orbital nuclear-electric operation may perturb the system but, 

because a satellite's orbital lifetime is fixed by natural laws, the or

bit constitutes an ideally safe reactor-operating site. While the sys

tem is in space, no accident or malfunction can result in hazards to 

persons. 

6. Orbital decay and re-entry may pose additional difficulties, 

including: 

a. Re-entry after failure of primary reactor shutdown. 

b. Re-entry after failure of all shutdown systems. 

Once the possible incidents are postulated, they can be grouped into 

families of similar problems, and, further, the postulated maximum cred

ible accident can be identified. Then, in logical sequence, the prob

lems the normal system and its components will encounter can be estab

lished. Based on the solutions to these problems and an added safety 

factor, the system can be engineered and tested. Actually, a continuing 

safety analysis and assessment of both the nuclear unit and the complete 

system must be performed as development progresses. 

Although the prime contractor is responsible for safety, it became 

obvious that the aerospace nuclear safety testing program was too large 

and complex a task to be supervised adequately by the individual program 

offices of the AEC's Division of Research and. Development. The experi

ments to be conducted and the environments to be studied were closely 

related and applicable to many other aerospace nuclear projects. 
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Therefore, a large portion of the aerospace nuclear safety pro-:. 

gram was assigned to the Assistant Director for Nuclear Safety. 

office, working closely with program offices, studies the environments 

and performs the necessary full-scale field tests for all aerospace nu

clear projects. In fulfilling this mission, this office is in a posi

tion to independently assess the safety factors and features of SNAP 

and primary nuclear propulsion systems. The aerospace nuclear safety 

program consists of four major portions: (1) research and development, 

(2) ground environment studies, (3) flight testing, and (4) reactor ki

netics. 

Research and Development 

The research and development phase of the nuclear safety program is 

concerned with the basic phys.ics of the upper atmosphere, the thermody

namic heating rate, nuclear component and material ablation mechanisms 

(such a~ diffusion and dispersion), and resident times of ablated nuclear 

system particles. Additionally, this portion of the program involves the 

independent safety assessment of the nuclear system, since knowledge of 

normal and abort environmental parameters is established through analysis 

of the possible modes of accidents, as discussed previously. Several re

search flights to investigate upper atmoppheric phenomena as they per

tain to nuclear systems are to be conducted in the near future. The tox

icity of nonradionuclide materials and vacuum welding will also be stud

ied. It is hoped that design and engineering concepts and techniques 

will evolve from these lJacross~the-boardlJ research projects that will 

aid in future nuclear systems development. 
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Ground Environment Studies 

The ground environment studies encompass experiments that simulate 

ground or launch-pad aborts and normal and abnormal operational environ-

ments from liftoff to orbital injection. In various experiments the nu-

. clear system and its components are being subjected to the rigorous en-

vironmental conditions that can exist in case of a missile accident. 

,Components and complete systems are impacted against granite, soil, mud, 

and water at selected velocities simulating the various conditions to 

which the nuclear device may be subjected. For instance, a fall from 

the top of the booster vehicle would result in a rather low-speed impact, , 

while a return to earth because of failure to inject into orbit or a late 
( 

abort would result in a high terminal velocity, the ultimate speed being 

dictated ~y the physical parameters of the system. Thus impact tests 

are run at speeds as low as laO ft/sec' and as high as 80.0. ft/sec. Under 

these conditions, SNAP reactors should rapidly disintegrate and spill the 

core fuel rods in such a way that criticality would be improbable. Iso-

tope-thermoelectric units, on the other hand, must contain the fuel; thus 

the isotope container must· be designed to maintain integrity. 

In a launch-pad abort, not only does the nuclear system have to with-

stand impact forces, it must also withstand the extreme temperature en-

vironment that exists upon propellant ignition. Experiments are being 

conducted using simulated missile fuel conflagrations in which the nu-

clear components are immersed. The temperature effects on the components 

are being investigated and evaluated. The possible dissemination of re-

spirable toxic materials in the SNAP or nuclear propulsion system, such 

as beryllium, is being observed. Since an explosion caused by missile 
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fuel conflagration could subject the nuclear device to abnormal impulses 

and overpressures, explosion tests are also being conducted. 

Chemical interactions that could result from launch-pad aborts are 

being evaluated. The reactions of liquid propellants or hydrogenous liq

uids with reactor coolants (for example, NaK) and other materials are 

being studied to determine their extent. Electromagnetic radiation and 

vacuum welding effects on the reactor and its controls are being deter

mined and evaluated. 

Flight Test 

The flight-test phase of the nuclear safety program for aerospace 

systems involves flight demonstrations of the model or prototype system. 

The safety proof of the system in this type of experiment. Orbital 

decay and abort trajectories of various configurations will be flown at 

conditions as close as experimentally feasible to the actual operating 

conditions. Acquisition of the maximum amount of meaning~~ data with 

respect to recovery capabilities will be the secondary objective of each 

flight, the primary objective being the nuclear safety demonstration of 

the system. 

A vigorous aerospace nuclear safety program of many facets has been 

initiated on an accelerated basis to ensure empirical verification of 

analytical safety assurances on a timely basis. One of the first experi

ments to be conducted was the evaluation of the mathematical re-entry 

model upon which isotopic thermoelectric generator burnup upon re-entry 

from orbital mission was based. The experiment consisted of encapsula

tion of pyrophoric flare materials (alkalis) into cannisters of various 
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shapes and wall thicknesses. These, in turn, were enclosed in a scien..;:, 

tific passenger pod integrated into a developmental Atlas booster vehicle. 

A parabolic ballistic trajectory was flown with the capsules ejected 

from the pod above the sensible atmosphere C>400,:000 ft,). Spectrographic 

data were obtained on encapsulation material burnup and pyrophoric flaring 

of the alkaline materials contained therein upon re-entry into the atmos

phere. The analytical model was used to predict the position and altitude 

of these events, and the results of the pod experiments indicated that the 

model utilized was accurate within the limits of experimental error. Thus, 

it can now be confidently stated that the re-entry model yields a true pic

ture of the aerothermodynamic events to which the re-entering system will 

be subjected. 

The first complete'IUSAE,C safety demonstration flight is scheduled for 

the near future. Its primary objective will be to prove the safety de

sign features engineered into an aerospace reactor. The is such 

that rapid mechanical disassembly is achieved, making early exposure of 

the reactor core to the re-entry heat possible. Ejection, of the fuel: ,ele

ments into the high-altitude air stream should result in exposing the in

dividual elements to the maximum amount of heat and should provide the 

best opportunity for complete burnup. 

Space Reactor Kinetics 

One of the most serious accidents postulated for SNAP reactor sys

tems is a nuclear excurison induced by the accidental immersion of the 

,reactor in water or by the inadvertent rotation of the reflector drums 

to a critical position. Either of these conditions co~ld conceivably 
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occur in the event the reactor should fall from the vehicle at the time 

,of launch. Accordingly, the safety testing of SNAP reactor systems will 

include a series of transient tests, including excursions in the destruc

tive range, to determine the maximum energy release to be expected should 

an accident occur. The ultimate shutdown mechanism for the excursion will 

also be determined. 

The first destructive excursion test is scheduled for July 1963. Al

though the probability 6f this type of accident is small, the possible ef

fects must be investigated because of their serious hazard potential. 

Since significant data regarding the static and dynamic behavior of SNAP 

reactor systems will be acquired from these tests, they will also con

tribute significantly in determining design parameters for future sys

tems. 

Conclusions 

A comprehensive, vigorous aerospace nuclear safety program has been 

initiated to demonstrate and assure that the use of SNAP and primary nu

clear propulsive power packages will not present a radiological hazard 

to the world's popU1ac~. It is to be noted that, with proper operational 

procedures, an incident that would release radionuclides into the bio

sphere is held to be most unlikely, since the nuclear system will be de

veloped and engineered with a high degree of safety ,integrity. The aero

space nuclear safety program will investigate the maximum credible inci

dent, even though the probability of its occurrence will be very low. 

Nuclear safety experiments will analyze the safety, integrity, '"and va

lidity of the nuclear system in the most rigorous environments. Thus, 
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lesser incidents) which are more likely to occur) will not become of con

sequence. The results of the independent assessments by the aerospace 

nuclear safety program of the safety factors involved in the use of an 

operational aerospace nuclear device will establish a very high degree 

of safety confidence. 

Additional comments on this subject are available in references 3 

through 12. 
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SAFETY IN GAS-COOLED POWER REACTORS 

The interest of the United States in gas-cooled power reactors ex

tends, historically, back to the early days of the Manhattan Project, but 

the detailed engineering development of such systems has evolved only re

cently. The United Kingdom, through development of its Calder Hall re

actors, established a much earlier program of detailed system engineering 

and now has built or has under construction plants with several thousand 

megawatts of nuclear-electrical capacity based on the Calder Hall reactor 

technology. The current U.S. gas-cooled reactor programs were initiated 

in 1957: and a number of experimental and prototype gas-cooled reactor 

systems are now in various phases of design, development, andconstruc

tion in the United States. At the present time, .however, only one closed

cycle reactor system, the comparatively small gas-cooled reactor experi

ment (GCRE) at the National Reactor Testing Station (NRTS), has been 

operated at significant power levels. Safety requirements are therefore 

still being studied and are subject to continuing change. In the United 

States, safety evaluations of reactor designs are carried out primarily 

on the basis of the water-cooled reactor systems for which the technology 

is well established. In the United Kingdom, the Calder Hall systems have 

provided the reference basis, and technological changes are evaluated on 

the basis of the safety precedents established for these early gas-cooled 

reactor systems. 

The safety reference for the two countries has resulted in somewhat 

different concern for activity releases through fuel element failure, 

since the very highest rated gaS-COOled reactors under consideration in 
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the United States are a factor of 5 lower in power density than the water

cooled reactor systems, whereas the power density of the Calder Hall sys

tems is being scaled up in power density by factors of 10 to 30 in large 

gas-cooled reactor systems. Nevertheless, as the technology advances, the 

safety approaches of the two countries appear to be converging on a com

mon ground. 

Classes of Gas-Cooled Reactor Systems 

The gas-cooled reactor systems now under development, see Table I-I, 

include such a wide variety of engineering differences that a single set 

of design characteristics cannot be specified. By considering their fuels, 

moderators, coolants, and power-recovery systems separately, some distinc

tive features can be established for the several systems. 

Reactor Fuels. The various types of reactor fuels being used or con

sidered are described below: 

1. Natural~uranium Magnox-clad fuel elements are used for the United 

Kingdom's Calder Hall type of reactor, and both the United Kingdom and 

France are building a substantial power complex based on such fuel ele

ments. Their upper temperature is limited13 by the Magnox melting point 

of 580°C (1076°F}. 

2. Enriched U02 fuel with metal cladding is used for reactors with 

high-temperature capability. Reactors that will utilize this type of fuel 

are the U.S. experimental gas-cooled reactor (EGCR)14 and the British 

advanced gas-cooled reactor (AGR),15 which will have type 304 stainless 

steel-clad fuel rods. Earlier designs for the AGR also considered beryl

lium cladding and the recently abandoned Florida West Coast Nuclear 



, ft 

88 

EGCR 

Kaiser and Allis 
Chalmers 

Prototype, power 

Under construc
tion 

1964 

Indirect 

84.3 
25.7 

Helium 

Graphite 

Graphite 

U02 

2.2 (feed en
richment) 

·sphere 304 stain-

r, 

ft2 

~ra-

steel 

0.750 in. OD, 
0.020 in. wall 

None 

16 

19 

61.2 

66,800 

4310 

510 

300 

1050 

292 

4.27 X 106 

1080 

,urface 1575 (max.) 

11 -3000 

AGR 

UKAEA 

Experimental) power 

under construct:;.on 

1962 

IndirecL 

100 
28 

C02 

Graphite 

Graphite 

U02 

1.75 

Stainless steel 

0.415 in. 
0.015 in. 

None 

15 

14 

~45,OOO 

482 to 617 

270 

932 to 1067 

2.74 X 106 

1112 (max.) 

HTGR 

General Atomic 

Prototype, 
power 

Under construc
tion 

1963 

Indirect 

115 
40 

Helium 

Graphite 

Graphite 

UC and ThC in 
graphite 

~lla 

Graphite can 

4.15 in. OD, 
3.14 in. ID 
(graphite can) 

None 

9 

7.5 

242 

87)400 

4490 

662 

294 

13S2 

4.8 X 105 

>2200, in sleeve 
2700, in can 
3350, in spine 

2000 (max.) 

3200 

Dragon Project 

UKAEA 

Power study 

Under construct.ion 

Unknown 

Heat dump 

20.0 
None 

Helium 

BeO 

Graphite 

UC and ThC in 
graphite 

~13a 

Graphi te can 

0.375 i.n. OD, 
(graphite can) 

None 

3.52 

5.25 

396 

76,100 

76,100 

662 

294 

1382 

279 

76.3 X 103 

2462 (max.) 

Ca.lder Hall, 
One Reactor 

UKAEA 

Pu production 
and power 

Operating 

1956 

Indirect 

182 
42 

C02 

Graphite 

Graphite 

\J metal 

Natural 

Magnox 

0.630 in. OD, 
0.072 in. 
wall, finned 

None 

31 

2l 

11 

60,500 

10,300 

2S4 

100 

636 

9/t .5 

424 x 10" 

750 

766.4 (av.) 

Table I.l SUMMARY OF OPERATING AND DESIGN DATA OF IMPORTANT GAS-COOLS}) Rl':A.CTORS 

Hinkley Point, 
One Reactor 

English Electric 

Po,-rer 

Under construc
tion 

1960-1961 

Indirect 

980 
250 

C02 

Graphite 

Graphite 

U metal 

Natural 

A12 Magnox 

None 

49 

25 

20 

324 

185 

70'7 

216 X 106 

840 

820 (av.) 

FWCNP 

General Nuclear 
Engineering 

Protype, power 

Conceptual 

Discontinued 

Indirect 

159 
50 

C02 

D2 0 

D2 0 

Cored U02 

1.19 

Beryllium 

0.653 in. OD, 
0.0730 in. 
wall, fi.nned 

None 

122 

12 

113 

76,600 

550 

541 

1050 

511 

3.62 x 106 

~1l0 

~230 

1350 (max.) 

""3000 

Sanderson & Porter 
Pebble-Bed 
Reactor 

Sanderson & Porter 

Power 

Conceptual 

Discontinued 

Indirect 

337 
125 

Helium 

Graphite 

Graphite 

U02-Th02 in 
graphite matrix 

6.sa 

Graphite 

None 

1.5 

9.0 

8.1 

672 

102,600 

11,200 

550 

1250 

965 

1.34 X L06 

2170 
2440 

ORm Pebble
Bed Reactor 

(PBR) 

ORNL 

Power 

Conceptual 

Discontinued 

Indirect 

800 
330 

Helium 

Graphite 

Graphite 

3 

U02-Th02 or 
UC2-ThC2 in 
graphite 
matrix 

5.2a 

Graphite or 
Si-SiC 

None 

2.5 

20.7 

12.4 

187 

35,400 

73,200 

550 

1350 

700 

2.75 X 106 

2000 
2200 

ORNL Pebble
Bed Reactor 
Experiment 

(PBRE) 

ORNL 

E::;:perimental 

Conceptual 

Discontinued 

Indirect. 

10 
3 

Helium 

Graphite 

Graphite 

3 

U02-Th02 or 
UC2-ThC2 in 
graphite 
matrix 

48.4a 

Graphite 

None 

1.5 

1.5 

8.1 

710 

81,500 

417 

550 

1250 

1000 

4.32 X 104 

1200 
2000 
2200 

Brown Boveri 
and Krupp 

(AVR) 

Brown Eoveri and 
Krupp 

Power 

Under cons[;ruction; 

1963 

Indirect 

49 
15 

Helium 

Graphite 

Grlil-phite 

UC in graphite 

20 

Graphite 

None 

2.36 

9.8 

1l.S 

56.7 

31,700 

5270 

392 

1560 

132 

3.71 X 105 

39.4 

1650 
2550 

MGCR 

General Atomic 

Prototype for ship 
propulsion 

Concep~ual 

Discontinued 

Direct 

74.4 
50 

Helium 

BeO 

BeO 

U02 in BeO matrix 

8.96 

Hastel1oy-X or 
type 316L stain
less steel 

0.375 in. OD 

None 

6.37 

6.37 

373 

'77,200 

3565 

745 

1106 

1300 

1065 

3.?4 X 105 

>1000 

1500 (max.) 

ML-l 

Aerojet General 

Prototype, power 

Operating 

1961 

Direct 

3.3 
0.33 

N2 or air 

H2 0 

UHTREX 
(Turret) 

Los Alamos 

Experimental 

Design 

Unknown 

Heat dump 

3 
None 

Helium 

Graphite 

Graphite 

EBOR 

General Atomic 

Experimental 

Construction 

Unknown 

Air heat dump 

10 
None 

Helium 

BeO 

BeO 

.-..0.6 

U02 in BeO matrix U02 in graphite U02-BeO 
matrix, tubular 
shape, 5 1/2 in. 
long, 1 in. OD, 
1/2 in. ID 

93.1 93 ~2 

Hastelloy-X 

0.241 in. OD, 
0.030 in. wall 

None 

1.83 

1.83 

700 

78,100 

127 

791 

298 

1200 

274 

8.96 X 104 

156 
190 

1750 (max.) 

2160 (U02-BeO pins) 
2650 (U02 pins) 

None 

None 

6.3 

3.3 

31.1 

1600 

2400 

485 

10,250 

Hastelloy X 

0.375 in. OD, 
0.020 in. wall 

None 

..... 2 

6.3 

6.7 

77,100 

750 

735 

1300 

60,000 

240 

1500 

GCRE-l 

Aerojet-General 

Experimental 

Operation completed, 
being dismantled 

Water heat dump 

2.2 
None 

N2-G.5% 02 

H20 

Lead 

0.176 to 0.5 

U02 

30 

0.006-in.-thick 
type 318 stai:lless 
steel 

12 concentric cylin
ders, 0.045 in. 
thick, 1.85 in. OD, 
36 in. long 

. None 

2 

2.3 

300 

33,160 

800 

242 

1200 

204 

63,000 

190 
300 

1650 
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EGCR 

900 

1265 

20.66 ft 
4 in. 
46.33 ft 

Carbon steel 

21 
Stainless steel 

clad B4C 

Winch type 

1-1 
Stainless steel 

11,200, U02 

""10,000 

None 

14 

18 

2.5 X 10-4 

2 

AGR 

850 

650 

21 f·t ID 
2.88 in. 
53.5 1't 

Aluminum-zil1ed 
mild steel 

25 
Boron steel anci 

stainless steel 

Manual and 
manual/automatic 

13,200, U02 

~lO,OOO 

None 

1. 5 X 1013 (max.) 

14 

4 

35 + Th232 initially present. 

nd height. 

ctrica11y-driven emergency rods. 

~own ~18% reactivity. 

nt for another 2.2%. 

HTGR 

1005 

1450 

14.33 1't 
2 in. 
34.5 It 

SA2l2-B steel 

36c 
B48+O in stain

less steel 

Dragon Project 

Heat sink 

11.5 ft 
2.25 i't 
58 1't 

24 
B4C 

Combination hy- Motor·and winch 
draul.ic) me-
chanical' and 
pneumatic 

3-1 
Carbon steel 

190 U235 • 1190 20 U235 
Z ,., J 

Th,,32 

~80,000 

2760:8.54:1 2128:6.83:1 

2.75 X 1013 

~40 

25d 

<1 x 10-3 

2 

4.5 X 1013 (max., 
initial) 

17 

0.6 

6 

Calder Hall, 
One Reactor 

590 

200 

41 ft 
2 in. 
70 ft 

Steel 

104 
Boron-stain
less steel 

Motor and 
winch 

1-6 
Steel 

655.2 

640.0 

74-ft (sphere) 
3 in. 

Steel 

132, natural U 415, natural U 

~3000 '""3100 

None None 

5.3 4.1 

2 X 10-6 

4 

Table I.I (continued) 

FWCNP 

Pressure t-.!oes 

None 

33 

Rack and pinion 

152, U235 

~lO,OOO 

None 

4 X 10-1, 

9 

19.4 

1 X 10- 4 

2 

Sanderson & Porter 
Pebble-Bed 
Reactor 

1000 

1450 

13.75 ft 
0./,58 rt 
21 ft 

SA212-B steel 

12 
Haynes-25 

Rack and pinion 

2 

90.2, U233 ; 
992.2, Th2 J2 

48,500 

374:;:~.1:1 

1.3 X 104 (initial) 

16.9 

17.3 

3 

ORNL Pebble
Bed Reactor 

(PER) 

1050 

2415 

ORNL Pebble
Bed Reactor 
Experiment 

(PJ3RE) 

Heat sink 

32.1 ft (sphere) 9.25 1't 
4 In. 0.271 in. 

25 ft 

SP212-B steel 

20 
B4C in stain
less steel 

SA212-B steel 

Inconel 

Motor and winch Motor and 
winch 

625, U23 .5 

4000:18:1 

0.3 X 10- 3 

8.38 

11.1 

2 

2 
Steel 

21, U235 

1.5 X 10-3 

5.86 

14 

1 

941 

Brown Boveri 
and Krupp 

(AVR) 

1029 

23.5, U235 . 
340, Th2J2 

None 

141CR 

Closed-cycle gas 
turbine 

10.38 ft 

17.9 it 
SAJ02-B steel 

16 to 32 
Rare earth in 

utainless steel 

4 
S!;cel or iron 

160, U235 ; 
22~jQ, U238 

~30,QOO 

None 

2 X 10-4 

49 

2 X 10- 4 

1 

ML-l 

Closed-cycle gas 
turbir.e 

Pressure tubes 

u'HTREX 
(Turret) 

Heat; sink 

14 ft (sphere) 

1. 75 in. 

Type 321 stainless SA212-B steel 
steel 

12 Cb1ades) 
·Cd-In-Ag in type 

202 utainless 
steel 

49, U235 

~8,000 

None 

1.9 X 1012 

3 X 10-5 

4.3 

6.98 

1 

5 
ZrB2 in molybde

num container 

6.8, U235 

None 

2 X 1013 to 
4 X 1013 

~29 

EBOR 

Heat s::'nk 

116 in. 

280 in. 

A38?-B steel 

4 
DY203-A1203 in 

Hastelloy X 

100, U235 ; 
60, U238 

'2000 

None 

25 

1 

GCRE-l 

Heat·sink 

AlUllli.num pressure 
tubes, 1.875 in. OI 

10 
vI-ed-In 

Motor-driven nut ani 
bolt 

19.2, U235 

None 

20.7 

1 
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Group (FWCNG)16 reactor had a parallel interest in this type of fuel 

cladding. The Army GCRE,17 recently operated and dismantled, used a 

concentric tube fuel system containing a dispersion of U02 in stainless 

and the more recent ML_118 and the beryllium oxide reactor ex

periment19 (EBOR) use a mixture of U02 and BeO in Hastelloy-X tubes. 

The central-station power reactors use low-enrichment fuels, that is, 

enrichment in the range of I to 3% U235 and have an upper cladding tem

perature, based on the creep-rupture strength and corrosion resistance 

of the material, in the neighborhood of 1800°F. 20 

3. Purged thorium-uranium-graphite fuel systems are to be used in 

the U.S. high-temperature gas-cooled reactor (HTGR)21 and the European 

Dragon reactor. 22 The fuel consists of a graphite matrix containing 

thorium and uranium carbides that is made up in cylindrical shapes about 

3.5 in. in diameter with an impermeable outer shell of graphite and a 

provision for purging the fission-product gases released from an inner 

controlled-permeability fuel body. The upper surface temp~rature limit 

of the fuel is fixed at the level where the impermeability of the graph

ite 21 is lost and is in the range 2000 to 2400°F. 

4. Unpurged uranium and thorium-ur,anium-graphite fuel systems are 

to be used in the Brown Boveri and Krupp AVR reactor23 at Jlilich, 

Germany. The AVR is the principal power-reactor system being actively 

developed that uses this type of fuel, although studies of comparable 

pebble-bed reactors were carried out by Sanderson and Porter 24 and 

ORNL. 25 - 27 These fuel systems differ from the purged-fuel system mainly 

iN that the fuels to be used are expected to contain the bulk of the 

gaseous fission-product activity in a low-permeability graphite shell, 
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with possibly a pyrolytic-carbon coating around the fuel particles. The 

United States UHTREX28 system at Los Alamos is also included in this 

category, although only a limited effort will be made to hold the fission

product activity within the fuel body of UHTREX. The fuel considered for 

pebble-bed designs is in the form of spheres ranging from 3/4 to 1.5 in. 

in diameter. The tubular-shaped UHTREX fuel is 5 1/2 in. long, 1 in. OD, 

and 1/2 in. ID. The upper temperature limit of these fuel bodies is 

similar to that for 'the purged fuel. 

Moderators. The moderator materials presently available for gas

cooled reactors consist of graphite, beryllium oxide, heavy water, and 

light water. 

1. The Magnoxsystems, the AGR, and the EGCR all use a graphite

moderated and -reflected core structure with the fuel inserted in cy

lindrical graphite channels through which the cooling gas flows. The 

Dragon and HTGR incorporate the moderator into a homogeneous fuel body 

but provide a graphite reflector, the flow channels established 

by the natural spacing between the cylindrical bodies. The AVR has a 

similar, homogeneous, fueled core with a graphite reflector, but the 

flow channels are through voids in the randomly packed fuel spheres. 

In the UHTREX, the fuel bodies are inserted in discrete channels of 

graphite. 

2. The EBOR uses a beryllium oxide moderator in a geometrical 

arrangement somewhat like that of the EGCR. 

3. The FWCNG reactor, now discontinued, was to use a D20-moderated 

,system, with cooling gas flowing through pressure tubes containing the 

fuel: in a callandria surrounded by the heavy water. 



4. TheGCRE and ML-l are light-water-moderated systems with pres

sure tubes containing the fuel. The design is comparable to that of the 

FWCNG system. 

Coolants. Several coolants for gas-cooled reactors have been con

sid~red. 

1. Carbon dioxide is used as the gas coolant in Magnox, AGR, and 

FWCNG designs at pressures in the range of 200 to 300 psig. The upper 

temperature limit of the gas, as determined by compatibility with the 

moderator and fuel bodies, has been fixed at around 770°F for the Magnox 

fuels and 1050°F for the AGR fuel. 

2. The EBOR, AVR, Dragon, and UHTREX all use helium as the coolant 

to extend the high-temperature limits by taking advantage of the cool

ant's compatibility with all materials of construction. Impurity limits 

have a nominal effect on the temperature capability, but, even so, the 

EGCR was designed for 1200°F, the HTGR for 1380°F, the EBOR for 1500°F, 

the AVR for 1560°F, and the UHTREX for bulk coolant temperatures of over 

2000°F. 

3. Nitrogen is uniquely used as a coolant for the military GCRE 

and ML-l reactor systems. The l200°F bulk gas operating temperature ap

. pears to be somewhat arbitrary and not obviously associated with any 

material problems. 

4. Hydrogen and steam have also been considered for gas-cooled 

. reactor coolants, but none of the reactors currently under considera

tion use them in the design. For this reason no working limits have 

been established for them. 
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Power Recovery. Both indirect and direct power-recover cylces have 

been considered. 

1. Virtually all central-station power plants currently under de-

sign use steam-condensing cycles for power conversion, with steam condi-

tions provided in the range of 700 to 950°F and pressures up to 1400 psi. 

No designs of very high-performance steam systems of 2400 psi and 1000°F 

are being executed. 

2. Designs for direct power conversion by gas turbines are presently 

limited to the military reactors and studies of maritime application. 

Only the ML-l designers have plans to couple a gas turbine directly to 

the gas coolant, although a study of this application was made for the 

predecessor of the EBOR, the MGCRE, which was a maritime design. In the 

ML-l the gas temperature limit is set at l200°F for the gas turbine. 

Safety Characteristics 

With the wide variety of design features mentioned above, no highly 

specific safety characteristics can be shown to cover all gas-cooled 
\ 

power-r,eactor systems. The United Nuclear Corporation29 - 31 has made a 

study of the various reactor concepts and has categorized31 the safety 
\ 

features int9 the following two groups: (1) those that adversely affect 
I . 
I 

safety and (?) those that enhance safety. 
! 

Charact~ristics that Adversely Affect Safety. Relative to other 
I 
\ 

types of civilian power reactor, gas-cooled power reactors have several 

disadvantages\ insofar as reactor safety is concerned. There is no in-

herent mechan~sm for the safe removal of afterheat following depress uri-
, 

zation or los~lof-flow accidents. In most instances, free-convection 

'( 

) 
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cooling is insufficient. Unlike liquid coolants, the gaseous coolant 

cannot remove heat through a phase change.* 

The fuel cladding is more susceptible to failure during temperature 

transients. In gas-cooled reactors the cladding normally operates at 

higher temperatures than in other reactors. The higher temperatures are 

the result of the relatively low heat transfer coefficients of gaseous 

coolants and the desirability of achieving good cycle efficiencies. Dur-

ing a power transient, therefore, the cladding temperatures in gas-cooled 

reactors are considerably higher than in other reactors, and therefore 

the probability of cladding failures is greater. 

In the event of a large reactivity insertion, the absorption of 

energy by the coolant does not aid in shutting down the reactor because 

of a weak coupling between the coolant density and the reactivity. 

Afterheat removal in the event of a loss of coolant accident is com-

plicated by the possibility of chemical reactions of core materials with 

inleaking air. This is particularly true in the higher power-density 

designs where the core materials operate at relatively high temperatures. 

Characteristics that Enhance Safety. A number of inherent features 

that increase safety are common to many gas-cooled power reactors. The 

prompt temperature coefficients of reactivity are negative because fuels 

containing large quantities of fertile materials have strong negative 

Doppler effects. These prompt negative temperature coefficients tend to 

limit the transients caused by accidental reactivity insertions. 

*A severe depressurization accident in a light-water reactor can 
remove a ,sufficient amount of water from the system so that only steam 
is immediately available to cool portions of the core. In this 
instance, heat removal by a coolant phase change is of little consequence. 
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The core power densities are relatively low compared with those of 

other power reactors. This reduces the problem of afterheat removal fol

lowing severe loss of coolant accidents. 

The energy stored in the gaseous coolant is low compared with that 

stored in high-pressure liquid coolants. The small amount of stored 

energy relieves the requirements on the secondary containment vessel, 

and thereby reduces its cost. 

Large core heat capacities are available because of the presence of 

substantial quantities of moderator materials. Large heat capacities, 

in effect, help reduce the temperature peaks during power transients. 

The neutron lifetimes are relatively long, because of the types of 

moderator selected, the low enrichment fuels employed, and the moderator

to-fuel ratios used. This means that for a given reactivity insertion 

above prompt'critical, the periods are relatively long, and hence the 

resulting excursion is more easily terminated. 

There is generally good compatibility of the coolant with the core 

and primary loop materials at the operating conditions of the system if 

impurities, such as water vapor and air in the coolant, are kept at low 

levels. There is no significant Wigner-stored energy for graphite-mod

erated gas-cooled reactors operating with graphite temperatures in ex

cess of 600°C. This includes all graphite reactors examined, except 

the Calder Hall reactors. 

Removal of moderator by evaporation, sublimation, or burning reduces 

reactivity. Further, reactivity is' insensitive to changes in coolant den

sity, such as in a cold coolant accident. 23 
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The characteristics discussed above that are referenced primarily 

to water-cooled reactors deserve some clarification as they affect the 

vaious designs discussed here. Unlike the water reactor systems, the 

gas-cooled reactors do not have available the latent heat of vaporiza

tion of water as an afterheat sink, but they have, instead, a large mass 

of solid moderator with a substantial heat capacity. If the moderator 

can be allowed to go to rather high temperatures without exceeding the 

fuel temperature limits, its capability for absorbing heat from the fuel 

can be enormous (approaching or exceeding the water system heat-absorb

ing capability). In reactors of the Magnox:type,. where the melting 

point of the cladding is relatively low (580°C, I075°F), there is very 

little available heat capacity. The situation improves substantially 

for the U02 -fueled systems, where hot-spot temperatures are permitted to 

reach l800°F. The condition is less clear in the case of graphite-matrix 

fuel bodies, but presumably they have substantial emergency heat capacity 

because the average temperature of the fuel body is well below the upper 

temperature limit for catastrophic failure. Regardless of whether it is 

gas-cooled or water-cooled, a power reactor will overload this 

afterheat sink unless some supplemental heat-removal means is provided. 

Any important differencesbetweem systems will be associated primarily 

with the amount of time available in which to supply the supplemental 

heat-removal capability. 

Since the cladding of fuel elements in -cooled reactors operates 

at high temperatures compared with cladding in water systems, there is 

an implied low safety margin against fuel failure during transients. 

The factors leading to failure are so different in the several systems 
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that it is easy to be deceived in this ~atter. Water-cooled systems, 

for example, with their very high power densities may undergo severe 

fuel temperature transients if a flow channel is partially blocked and 

the fuel body becomes blanketed with steam. A similar case may be ex-

perienced with the Magnox fuels, which operate very close to the clad-

ding melting point, and to a lesser degree in the stainless steel-clad 

and graphite fuels, which have a somewhat greater temperature margin. 

The safety margin is determined by the difference between the rate of 

heat generation and the heat'-removal capacity. 

Water-cooled and -moderated reactor systems have a uni~ue safety 

characteristic in that the water expands rapidly with temperature and 

may, in fact, be removed by vaporization during a power excursion and 
, 

thus stop the incident. Gas-cooled reactors, on the other hand, in com-

mon with most other solid-moderator systems, gain no advantage in this 

area. The graphite-moderated gas-cooled systems have only a slightly 

negative moderator temperature coefficient at the beginning of the re-

actor fuel cycle, and at e~uilibrium fuel cycle conditions the plutonium 

or U233 buildup may turn the moderator coefficient slightly positive. 

Because of the heat capacity in the gas-cooled moderators, they 

have a very slow response to temperature transients, and the very large 

negative temperature coefficient of the fuel usually controls reactivity. 

The principal effect of the moderator coefficient is therefore confined 

to long transient periods in which the temperature of the moderator can 

be raised by energy release from the fuel or other undefined energy 

sources. 
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Unlike water coolants, gases have a negligible effect on the core 

reactivity. Consequently, removal of the coolant does not represent a 

means of limiting a nuclear excursion. Thus the only means of stopping 

an excursion is through the physical rearrangement of the fuel or mod-

erator or insertion of a supplemental poison .. 

Somewhat reminiscent of the early concern for metal~water reactions 

in nuclear systems is the problem of dealing with secondary chemical re-

actions following an accident. The problems differ in type and degree 

in various gas-cooled systems and are listed in Table 1-2. The rate and 

temperature characteristics of the reactions are such as to make them suc-

cessively more rapid with higher operating temperatures, thus requiring 

progressively more stringent safety precautions .. 

Toxic Gaseous Releases 

Aside from those fission~product sources released by the fuel, the 
~ ," 

purged-fuel systems establish through their fission-product trappingar-

rangement a second bulk source of fission products that requires safety 

consideration. High reliability in the trapping systems is an inherent 

part of the safety requirement for this type of reactor. 

Inhalation hazards must also be considered in the case of the D20-

cooled and helium-cooled systems because of the formation of tritium by 

radiation. The conventional problems of argon activation in the shield-

cooling system must likewise be considered. In addition there may be 

other safety considerations from the activation of nitrogen in the ML-l 

coolant or beryllium reaction products from the EBOR design. The limited 

information concerning these factors is not such as to warrant major con-

cern for their hazards implication. 
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Reactor Type 

Magnox 

U02 fueled 

e 

Table 1-2. CHEMICAL REACTION HAZARDS IN GAS-COOLED REACTORS 

Chemical Reaction 

C02-uranium. 

C02-Magnox 

Air-graphite 

Magnox-uranium
air 

Air-graphite 

Steam-graphite 

Conditions for Event 

Cladding melts or 
breaks 

Blocked channel 
c.auses.hot:spot 
of ---630 Q C 

Hot channel coinci
·dent with air in
leakage 

Hot channel· and air 
inleakage 

Loss of cooling coin
cident with air in
leakage 

Loss of coin-
cident with steam in
leakage; reaction rate 
slow at credible tran
sient temperatures 
around l20QoF 

Consequence 

Activity release from uranium 
oxidation 

Runaway fire involving Magnox 
and uranium 

Runaway fire and gross act iv.
ity, releas.e unless supple.,.., 
mental cooling is supplied 

Runaway fire and gross acti~
i ty_ . release.;. graphite-air 
reaction probability in
creases hazard 

Runaway oxidation, cladding 
melting, U02 oxidation, gross 
activity release) and contain
ment-can overpressure unless 
supplemental cooling is pro
vided 

Hydrogen generation could lead 
to explosion and containment 
breach unless reaction is stop
ped or hydrogen concentration 
is diluted below explosive 
limits 

e 

\D 
\D 
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Reactor Type 

Fueled 
graphite 
(all types) 

e 

Table I-2 (continued) 

Chemical Reaction 

Air-U02 

Air-graphite 

Steam-graphite 

Conditions .forEvent 

Cladding defective; 
air inleakage; high 
U02 temperature 

Air inleakage; reactor 
temperature at normal 
conditions 

Moisture inleakage at 
normal reactor tem-c: ... 
peratures 

Consequence 

Gross activity release to con
tainment vessel 

Runaway fire; gross activity 
release 

Hydrogen generation could lead 
to explosion; low moisture in-
leakage can cause increase in 
fueicladding fission-product 
permeability 

e 

t;. 
o 
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British Public Safety Evaluation for Magnox Reactors 

Normally the evaluation of reactor hazards is concentrated on assur

ing that the public safety cannot be unreasonably endangered by the re

lease of radioactivity and fission products. The various designs require 

different approaches to the assurance of public safety. Some insight is 

provided to the British approach by the UKAEA Guide to Safety Report Re

quirements. 32 This guide is primarily related to the Magnox reactors. 

for which no secondary containment is required other than that normally 

provided by the biological shielding around the reactor. For this rea

son the British pay a great deal of attention to the analysis of acci

dents that might simultaneously release activity from the fuel and rup

ture the primary coolant circuitry. The British standards require the 

designer to show the following: 

1. The control rods must be able to enter the core at any time when 

shutdown of the reactor is required. To show this, complete information 

on the structural design and heat-removal capability of the reactor core 

as it affects control rod insertion is required. 

2. Since the Magnox reactors operate at temperatures very close to 

the melting point of the Magnox cladding and reactions can occur between 

carbon-dioxide and uranium when the cladding is not interposed, complete 

information on the thermal performance of the fuel channel and substantia

tion of the fact that partial or complete blockage of the fuel channel 

coolant flow cannot occur are required. 

3. The more advanced Magnox reactor systems utilize on-stream fuel 

handling and the problems of fuel failure during fuel handling require 
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that these critical operations be examined for circumstances like those 

of item 2 above. 

4. The primary coolant circuitry ~ust be shown to have a very high 

level of reliability, and complete structural evaluation of the pressure

containing members, together with safety relief protection, must be pre

sented. 

5. Because the structural integrity of the system, regardless of 

the design, is predicated on assurance that fault transients will not ex

ceed certain design limits, a complete summary of the control logic and· 

control mechanisms must be provided to establish that protection can be 

guaranteed. Particular emphasis is placed on the kinetics of reactor 

shutdown to establish the time required for reactor trips under fault 

conditions. 

The foregoing are required to show the adequacy of the design, but 

the designer is then required to evaluate typical faults that are arbi

trarily established. Those listed in the AEA's Safety Report Require

ments are considered to be typical and not necessarily all inclusive. 

They are: 

1. The failure of the main blowers, considering first the case 

when the blowers do not provide any forced circulation, and then second 

the case in which pony motors permit the blowers to continue to operate 

at a reduced capacity but requiring, in the latter case, a time delay 

consistent with the time required to get the pony motors into operation. 

This accident assumes that the control rods scram and the Magnox can 

temperature does not exceed the 580°C melting pOint. The amount of time 

available for the shutdown action to occur is an important part of the 

evaluation. 
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2. Reactivity insertions in four instances: (a) continuous with-

drawal,of all the automatic rods at their fastest speed, (b) continuous 

withdFawal of the automatic rods at their most critical point with the 

primary blowers running at startup speed, (c) withdrawal of the auto-

matic rods at full speed while the reactor is at full power, Cd) com-

plete withdrawal of one automatic rod and, as a corollary, a step in-
\", 

crease in reactivity without compensation by the remaining control rod 

bank. The purposes of these analyses are to determine the limits of a 

nuclear excursion and to establish the time available for shutdown ac-

tion. 

3. The possibility of a fire occurring in a channel while the pri-

mary circuit remains intact is examined. Such an incident could arise 

from inleakage of air or a local hot spot that could permit reaction be-

tween carbon-dioxide and the Magnox or the uranium. The effect to be 

examined here is whether the fire could spread from a single channel 

through the entire core by the exothermal reaction between the Magnox 

and the coolant. This analysis is intended to show that such a fire can 

be extinguished by full flow circulation of the primary blower and to 

establish the length of time which such flow must continue to assure 

that the fire will remain extinguished. 

4. The possibility of a fractured coolant duct in which the open-

ing is sufficient to establish a coolant discharge coefficient of 1 is 

examined. In this accident the reactor is expected to be shutdown by 

the control rods} and examination is required of the effects resulting 

from complete loss of forced circulation and from the less stringent 

case when flow is reinstituted by the pony motors after some delay and 
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under conditions when the blower in the damaged circuit is inoperable. 

This accident analysis treats the case in which the reactor system is 

first filled with air and then, when the operator time permits, two 

valves in the fractured circuit can be closed and the-air purged from 

the circuit with carbon-dioxide. Apparently the purpose of this analy

sis is to show that a runaway fire will n?t occur because of the reaction 

between the air and the fuel elements or the graphite before satisfactory 

operator action can be taken to control the accident. 

5. Possible failures of the primary reactor vessel are examined 

for ultimate safety effects, but the design is expected to show that in

stantaneous fracture of the pressure vessel cannot occur. The purpose 

of this analysis is apparently to establish the ultimate limit of such 

an accident rather than to show that it is controllable. 

6. The possibility of a fractured st~am. generator is considered 

and the effect of moisture on the reactor components is evaluated. In 

particular, the ability of the pressure-relief devices to hold the pri

mary-circuit pressure limits within bounds must be shown. 

These six accident conditions, under a variety of highly extenuat

ing circumstances, are apparently utilized for the purpose of showing 

that gross quantities of radioactivity will not escape the primary cool

ant circuit. This is somewhat at variance with the U.S. approach, which 

starts with the assumption that some such accident has occurred, but the 

variation is mainly in the amount of activity that is assumed to be re

leased during the accident. The U.S. designs permit more latitude in 

the activity releases from the primary coolant circuit because secondary 

containment provisions o~ very large exclusion areas supplement the pub

lic-safety protection. 
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U ."S. Public Safety Evaluation 

The U.S. methods of accident analysis can be illustrated by the haz

ards investigations of the HTGR and the EGCR. Although not standardized, 

the U.S. methods do, in large measure, parallel the British techniques 

for Magnox reactor analysis, but somewhat more severe accident assump

tions are accepted for evaluation. The higher performance characteris

tics of U.S. designs as compared with the British Magnox systems prob

ably justify this difference. It is observed that the United Kingdom's 

higher performance systems, the AGR and the Dragon, do provide similar 

safety features to those of the U.S. EGCR and HTGR designs. 

The EGCR and HTGR designs consider accidents that involve the re

lease of bulk quantities of fission products external to the primary 

coolant system. In the EGCR the activity release is associated with 

failure of a significant portion of. the fuel cladding and release of 

gaseous fission products; 'how~ver,),t}:re': soli<i-fission-product retention 

capability of the U02 is shown to be essentially intact. In the HTGR 

the accidents considered assume the release of bulk fission activity 

not already purged from the fuel body to the trapping system or from 

the trapping system itself. In both reactors the containment of the 

activity releases must be provided by some means other than holding the 

primary coolant system intact. 

These, two U. S." gas-cooled central-station power reactors, the EGCR 

and the HTGR, provide steel enclosures for all of the primary coolant 

circuitry, including the steam generators. The design limits for the 

containment shells are fixed by the premises assumed in the accident 

analysis. The following are the important considerations: (1) leak 
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tightness with respect to activity released at the time of the accident 

or subsequent to it; (2) design pressure based on the pressure rise re

sulting from the ,release of primary system coolant, secondary gas reac

tions (such as air with graphite or ste,am with graphite), steam release, 

and the gas temperature rise resulting from the stored energy in the 

gaseous coolant and from the exothermic··chemica1 reactions; (3) .design 

temperature based on the temperature rise resulting from coolant re

lease, afterheat, steam release, and exothermic chemical reactions; and 

(4) missile resistance to flying objects propelled by coolant stored 

energy, failure of rotating machinery, or hydrogen explosions. 

The HTGR designers have elected to use a low-oxygen atmosphere 

within the containment shell in order to avoid the problems arising 

from hydrogen explosions and air-graphite reactions. The lower oper~ 

. ating temperatures in the EGCR have permitted designers to cope with 

these problems by providing a nitrogen purge system that will be brought 

into action after an accident of major proportions. 

An illustration of the type of analysis performed in the U.S. is 

present in the OR~ conceptual design study of the EGCR's emergency

cooling system. 3) The core thermodynamic behavior was examined to de

termine whether the following conditions could be met: (1) no runaway 

graphite oxidation; (2) no cladding temperature above 1800°F in order 

to prevent further cladding ruptures and to limit oxidation of U02 in 

ruptured elements; and (3) an exit coolant temperature of less than 

1350°F. The accident considered was one resulting from the rupture of 

the primary coolant circuit and sequential failure of one steam genera

tor, which would cause failure of the primary coolant blowers and 
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instantaneous failure of some fuel cladding. An interesting and impor-
\ 
I 

tant difference in the design features of the C02-cooled AGR and Magnox 

reactors compared with the helium-cooled EGCR system is that release of 

steam into the primary coolant circuitry in a large quantity could over-

load the EGCR blowers and cause damage and failure, whereas in the C02-

cooled systems the introduction of steam reduces the load on the blower 

because of the steam's lower density than that of the pressurized C02-

The studies by ORNL were intended to show that by controlling the oxy-

gen content in the ruptured primary circuit through a nitrogen purge 

and by early operation of a small independent emergency blower system, 

the core temperatures could be controlled within limits that would pre-

vent fUrther activity release. Evaluations were made of the maximum and 

average power channel temperatures in the reactor to show that if the 

emergency coolant flow could be established within several hours after 

the accident the reactor core temperatures could be controlled suffi-

ciently. The study also showed that the emergency-cooling loop was capa-

ble of reducing the temperatures to a very low level within 24 hr after 

the emergency cooling flow was established. 

As a result of this study, supplementary cooling provisions were 

made in the EGCR for emergency use. A water-spray system was added to 

cool the external surface of the containment vessel, and an emergency 

cobling loop with a nitrogen purge to control the oxygen content of the 

reactor core after a system rupture was provided. These features of the 

EGCR eliminate the need to operate the steam generators following a loss-

of-pressure reactor aCCident, in contrast to the Magnox systems which are 

shown to be safe on the premise that th~ bulk of the gas-circulation and 
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steam-generator equipment remains intact. This seetjlin,gl.,conservatism in 

. the EGCR design developsbecause,unlike the Magnox system C02 blowers, 

the EGCR blowers cannot be expected to survive a gross inleakage of 

steam, one of the accepted accident postulates. 

The HTGR designers postulated21 a similar accident for safety-, 

evaluation purposes, but the safety solution is different and brings 

out some important differences between the clad-U02 and fueled-graphite 

reactor systems. In the HTGR the graphite fuel can tolerate very high 

temperatures, above 3000°F, without melting, whereas the EGCR fuel clad

ding would melt at such temperatures. Thus, during a loss of cooling 

accident, the reactor core of the HTGR can safely rise to very high tem

peratures. The arrangement permits the HTGR to release its afterheat 

through radiation:to'.Ja water jacket surrounding the reactor vessel, 

eliminating the need to provide any forced gas circulation. This sim

plification is not without its penalties. The air-graphite and steam

graphite reactions must be avoided or restricted, and the HTGR design 

does this by specifying a low oxygen atmosphere inside the containment 

shell for routine operation to assure no oxidation of the graphite and 

no reactant for the hydrogen generated through steam release. The very 

high temperatures do ~ose a difficulty in keeping the core support struc

ture intact, and this is solved by providing copper heat conductors to 

carry the heat from the core supports to the vessel wall, where it can 

be cooled by the vessel cooling jacket. The high temperature also gives 

rise to concern for the vaporization of fission products from the fuel, 

thus sacrificing shutdown margin from this source. Supplemental fused 

control rods are provided to offset this potential difficulty. 



109 

Reactivity accidents are evaluated on much the same basis in the 

EGCR and HTGR. Both designs are based on assuring a negative fuel tem

perature coefficient to guarantee a ceiling on any nuclear incident, but 

both rely on control rods to hold the reactor system permanently sub

critical. Because the bottom-entry control rod system of the HTGR raises 

the classical questions about rod-drive disablement, the rod drives have 

been supplemented with emergency electrically driven safety rods inserted 

from the top of the reacter. These latter rods are designed so that they 

can be driven through the core even if the core becomes disarranged. The 

EGCH design uses gravity safety-rod insertion and only a fraction of its 

total of 21 rods is required to shut down the reactor. 

The types of accidents considered in the safety evaluation of U.S. 

gas-cooled reactor systems normally arise from failure of major system 

components. A number of major components are examined as part of the 

safety analysis in a manner not unlike that specified by the U.K. Table 

I-J lists the types of failure considered, with the potential dif

ficulties and the protective measures provided. 

The protective features listed in Table I-3 are similar to those 

provided in U.S, water-cooled reactor systems. The most troublesome cor

rective measure is the location and isolation of a defective steam gene

rator. Very prompt valve closure is required in order to prevent or mini

mize damage, and the inleakage of moisture is used as the isolation signal. 

German Containment Practice 

The Jlilich reactor34 offers an unusual containment arrangement that 

has some highly attractive safety features, The ability of a reactor 
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Table 1-3. TYPES OF COMPONENT FAILURES.'ABSUMED IN SAFETY ANALYSES 

, Component Failure 

Primary power failure 

Primary blower failure 

Steam generator tube 
rupture 

Primary coolant system 
rupture 

Problem Areas-

Loss of core cooling 

Partial loss of core 
cooling 

Over pressure, blower-
damage, and steam re
actions with graphite 

Loss of core cooling, 
fuel element failures 

Corrective Measure 

Natural circulation to steam 
generators under pressurized 
conditions (EGCR), or circu
lation by auxiliary-power
driven pony motors (HTGR) or 
emergency diesel power 

, Reactor shutdown 

Relief valves, automatic steam 
generator isolation, reactor 
shutdown 

Reactor shutdown, blower cir
culation continued 

e 

I-' 
I-' o 
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system to cool itself by natural-convection flow to the steam generators 

is a very desirable asset, and many reactors are designed to provide 

natural-convection cooling during a normal shutdown with the primary cool

ant circuit pressurized. Most gas-cooled systems lose this capability 

when depressurized, but the reactor at JUlich has been ingeniously de

signed to retain this capability. The Julich des~gn provides two con

tainers, with the inner one capable of holding the normal design pres

sure; the outer larger vessel is designed for a lesser pressure. A 

rupture of the inner container releases the reactor contents to the outer 

one, which is filled with an inert gas. The pressure rise of the outer 

container is such as to assure sufficient gas density tocontinue.tbe 

natural-convection cooling capability of the reactor system so that no 

forced circulation is required to protect the reactor internal components, 

even under the worst accident condition. While this arrapgement does not 

establish a level of safety for this reactor that exceeds that of other 

systems under design, it does provide a method of afterheat removal fol

lowiijg a major accident that eliminates the need for operating gas cir

culation equipment within the containment. 

Safety System Provisions 

All reactor safety systems are used to protect the plant from mal

functions resulting from the component failures and control system dif

ficulties. ·A comparison of. several gas-cooled reactor safety systems 

is presented in Table I-4. All the reactor systems considered provide 

for shutdown of the reactor upon loss of heat-removal capability. A 

second scram is provided. for coolant overtemperature. In some sense 
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Fault 

Loss of heat
removal capa
bility 

Coolant over
temperature 

Loss of cool
ant pressure 

Steam genera
tor rupture 

Startup 
Accidents 

Turbine 
failure 

Table I-4. SIGNALS FOR EMERGENCY SHUTDOWN GAS-COOLED REACTORS 

EGCR 

Flux minus 
flow 

High coolant 
outlet tem
perature 

Low coolant 
pressure 

High coolant 
pressure 

High flux in 
startup 
range 

None 

't:-

FWCP 

Low coolant 
flow 

High coolant 
outlet tem
perature 

High rate of 
pressure 
change 

High rate of 
pressure 
change 

High flux 
level 

None 

Signal 

HTGR- Dragon MGCR ML-l 

Not speci
fied 

Anomalous Loss of cool-'N6t speclfied 
coolant ant or sea-
tempera-c;' .water flow 
ture ," pres-
sure;, .. and 
flow 

High coolant 
()outlet tem
perature 

Anomalous High outlet High outlet gas 
temperature coolant gas tempera-

. tempera·is· ..... , ture 
ture 

Low coolant Anomalous 
pressure coolant 

tempera
ture 

High coolant Anomalous 
pressure coolant 

tempera
ture 

Short reactor Excessive 
period rod with

drawal 
rate 

Excessive 
steam pres-. 
sure turbine 
trip 

Anqmalous 
secondary 
flow or 
pressure 

Not identi- Rate of pressure 
fied loss 

Not applh._·· Not applicable 
cable 

Not identi- Short reactor 
fied period 

Turbine 
over
speed, 

Not ident Hied 

e 

I-' 
~ 
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Table 1-4 (continued) 

Fault Signal 

EGCR FWCP HTGR' Dragon MGCR ML-l 

Loss of elec- Loss of cc/n .... Not identi- Not identi- Loss of None Loss of electri--trical power trol rod fied fied electrical·· cal supply 
drive clutch I?upply 
power 

Loss of in- None None Loss of None None None 
strument failure-
power free 

power 
supply 

I-' 
High activity None Excessive Excessive Excessive None None I-' 

\.;..) 

release radiation activity activity 
level in con- in stack 

tainment 
volume 

Vessel nozzle Loss of None None None None None 
over-tempera- nozzle 
ture annulus 

flow 

Control rod Loss of None Loss of con- None None None 
drive fail- nozzle trol rod 
ure interior hydraulic 

flow fluid 
pressure 
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Fault 

Loss of sec
ondary cool
ant 

Fission-pro
duct trap
ping system 
failure 

Moisture in-
leakage 

EGCR 

Low steam 
drum level 

None 

None 

FWCP 

None 

None 

None 

e 

Table I-4 (continued) 

-. Signal 

... HTGR .. ' ... Dragon 

None None 

None Loss of 
liquid 
nitrogen 

High mois- Not iden..;. 
ture level. tified 

MGCR 

Loss of heat 
exchanger 
water, loss 
of sea water 

None 

None 

ML-l 

Loss of modera
tor flow 

None 

None 

e 

I-' 
I-' 
+'-
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this is a duplication of the loss of heat-removal capability, but the 

two incidents are not necessarily coincident, and an excessive coolant 

temperature could lead to. rupture of the primary coolant system and.a 

depressurization accident. 

Since depressurization of the high-pressure gas coolant would cause 

a very substantial loss in the heat-removal capability, it could lead to 

very high core temperatures which.would ·not be indicated by either of 

the two previously mentioned scram conditions. The signal used for shut-

ting down the reactor in this case varies for the several. systems examined 

here; low coolant pressure .and rate of pressure change are both used as 

a signal. The indirect cycle systems also provide for a scram as a re-

suIt of gross inleakage of moisture. This is normally associated with 

the rupture of a steam generator, and the signal provided for shutdown 

is high coolant pressure or high rate ofpr.essure change caused by re-

lease of the higher pressure steam into the primary coolant system. 

All the reactor systems provide protection against startup accidents 

by some type of high flux signal in the startup range or a short reactor 

period .. There is little information about the kinetic behavior of the 

reactor systems ~nder these conditions, but it appears that the protec-

tion is provided because low-power operations are normally performed with 

little or no heat-removal equipment in operation. Under these conditions , 

the reactor system must rely on its inherent heat capacity for protec-

tion against power excursions. The startup accident protection thus pre-

vents this limited heat-removal capability of the reactor system from 

being overridden by an accident during low-power operations. 
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It is noted that} with the exception of the EGCR} most reactor sys

tems require emergency shutdown upon failure of the turbines. This omis

sion is deliberate in the EGCR because a full-capacity bypass turbine con

denser is specified in the design} and it is expectedthl3.t,full::'P9wer 

operation of the reactor will sometimes be carried out with the turbine 

out of service. 

Loss of electrical power causes scram of the reactor in the case of 

the EGCR and the Dragon. The same result is probably obtained in the 

HTGR through an indirect signal} although this is not obviously the case. 

It is noted that the HTGR also provides emergency shutdown on loss of 

"failure-free" power. In rriany instances this is a superfluous signal} 

since loss of electrical power to the instruments will cause the reactor 

to behave as though one of the other scram symptoms has occurred. 

Of the several designs} only the EGCR does not provide scram on high

activity release. This signal is an indication of trouble and requires 

some emergency action} but in the case of the EGCR it is apparent that 

the difficulty must be recognized at a much earlier stage in the accident 

than the activity release .•. On the other hand} the HTGR and the Dragon 

do provide shutdown because of the presence of excessive activity in the 

containment volume or the containment stack. This may be the result of 

anticipated difficulties in the fission-product trapping system that 

would not be apparent from the operations of the primary reactor system 

but would warrant immediate shutdown in preparation for assurance of 

public-safety protection. 

The EGCR safety system provides for a scram of the reactor upon re

ceiving a symptomatic trouble signal from any of three pieces of equipment. 
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These are loss of the nozzle annulus flow, indicating potential over

temperature of the reactor vessel nozzles; loss of nozzle ~nterior flow, 

indicating that cooling for the control rod drives has been lost; and 

low steam-drum level, indicating that the steam generator tube sheet may 

be in danger of losing its water coverage and thus being subjected to 

high thermal stresses. These equipment protection features are provided 

to avoid more serious accidents. In the case of either the vessel noz

zle overtemperature or the highly thermal-stressed tube sheet, a reactor 

loss-of-coolant-pressure accident could follow. In the loss of control 

rod drive cooling case, the prinCipal interest is to assure that the rods 

are inserted before the heat from the reactor has time to overheat the 

drive mechanism. In none of these cases does the symptom indicate in

stantaneous reactor trouble, and the safety action is .intended to avoid 

operating difficulties that may occur minutes or hours later. 

The two reactor systems using vented fuel elements, the HTGR and 

the Dragon, appear to have somewhat different philosophies regarding 

problems resulting from failure of the fission-product trapping system. 

Both reactors, as noted previously, are scrammed on indication of ac

tivity release to the containment shell, but the Dragon provides an ad

ditional scram on loss of cooling in the fission-product trapping system. 

The inference drawn is that prompt shutdown of the reactor can in some 

way relieve the hazard associated with this failure for the Dragon. Such 

is not the case for the HTGR, but it is most probable that the action 

required for the Dragon is associated mainly with relieving the operator 

of a decision responsibility during this emergency. 
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From th~ presently available information, the HTGR appears to be 

the only reactor requiring scram on high moisture level. This action 

does not appear to be a problem of public-safety protection, but rather 

one of protecting against fuel. __ damage by shutting down the reactor sys-

tern. It is presumed that the reactor core could be cooled to a tempera-

ture level at which moisture would not attack the low permeability fis-

sian-product barrier and thus prevent fuel damage leading to outleakage 

of activity into the primary coolant circuitry. Public safety would be 

endangered only if this incident occurred concurrently with a loss of 

coolant pressure and a breach of the reactor's secondary containment sys-

tern. 

Summary 

The progress in the safety evaluation of gas-cooled reactor systems 

in the United States is not yet such that accepted standards for safety 

are established. It does appear that British and U.S. designs are on 

comparable safety bases where equivalent reactor designs are inv91ved, 

but more liberty is taken in the containment of the Magnox systems be-

cause their lower power densities simplify the heat-removal problems under 

accident conditions. The U.S~ power reactor safety evaluation standards 

developed for water-reactor systems appear to be adaptable to gas-cooled 

systems, with the exception that nuclear shutdown can be permanently as-

sured in the latter system only by supplemental poison insertion. Some 

compensating features of the gas-cooled system, including the lower quan-

tity of stored energy in the coolant, the higher temp~rature capability 
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of some fuels, and the lower reactor power density, have advantageous 

effects on the over-all system safety. eM. Bender) 
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MEDICAL ASPECTS OF BERYLLIUM POISONING 

Inasmuch as beryllium is being used in :increas':i.ng iquanti'~:ie&,.':i::,il!·;:the.,. , 

nuclear energy program, it continues to be of interest to nuclear safety. 

A previous article35 in Nuclear Safety reviewed the early history of be

ryllium toxicity, discussed some of the symptoms of the various forms of 

the disease, and presented the recommended criteria for the control of 

beryllium hazards in industrial situations. The present article elabo

rates on the medical aspects of beryllium toxicity and what is being done 

about the prevention and treatment of beryllium disease. 

The story of beryllium disease is "one of the most frustrating,' 

contradictory, infuriating and controversial episodes in medical his

tory.1I36 Although some still disagree, the available ,evidence37 - 39 sup

ports the general agreement that beryllium toxicity is a reality and has 

been the cause of death of a number of people. Much of the difficulty 

in recognizing the disease lies in the fact that the various clinical 

patterns resulting from beryllium exposure are not unique in terms of 

their body effects and are no different than those produced by other 

intoxications or infections. There is, further, no clearcut distinc

tion between the so-called acute and chronic disease. There appears to 

be, instead, a spectrum ranging from reactions as a result of massive 

exposures, which produce a response within days, to those that are so 

insidious that the reactions take years to develop and yet may be ulti

mately fatal. Tepper, Hardy, and Chamberlin37 have arbitrarily defined 

acute beryllium disease as that including beryllium-induced disease pat

terns with less than one year!s natural duration and have labeled cases 
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of more than one year's duration as chronic beryllium disease. They 

point out that there is often an overlap between the two, but, in most 

cases, acute forms of beryllium intoxication are of several months dura

tion, whereas the chronic disease, for all practical purposes, is never 

entirely resolved. 

Acute Beryllium Disease 

The acute disease patterns were the earliest recognized manifesta

tions of the toxic effects of beryllium on human t~ssues. With the ad

vent of control measures, this type of disease has almost disappeared. 

The target organs of the acute disease are the skin and the mucous mem

branes of the eyes and respiratory tract. In all syndromes there is a 

dose-effect relationship, that is, the more intense or prolonged the ex-

posure, the greater the toxic response. The skin manifestations and the 

inflammatory reactions of the conjunctivae and membranes of the upper 

respiratory tract are, relativelYJ not serious, and recovery has been the 

rule. Acute pneumonitis has been by far the most serious of the acute 

syndromes and takes two general forms. One is a fulminating illness 

following brief but mass.ive exposures that usually occurs within several 

days of the exposure. The second is a more insidious disease that usu

ally shows up after prolonged exposure to lesser concentrations and, at 

times, requires months to become manifest. The clinical features.of 

these intoxications resemble those of pneumonias induced by other agents, 

and treatment is essentially the same. In the majority of documented 

cases, the course of the disease was relatively benig~, and total re

covery followed within one to six months. Fatalities have also been 
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documented, but these occurred in the early years before beryllium tox

icity was fully appreciated or recognized. Although present-day controls 

and preventive measures have made the acute disease a rarity, accidental 

exposures still occur, and it is likely that cases of this nature will 

continue to be seen in the future. 

Chronic Beryllium Disease 

The chronic disease was recognized later, chronologically, than the 

acute disease, and it has been by far the more controversial of the two. 

There are a number of reasons for this. The clinical characteristics of 

chronic beryllium disease are no different from those of some other not 

well-understood diseases, such as sarcoidosis and miliary tuberculosis. 

There is apparently a delay in onset of the illness following exposure, 

and there is little correlation between the degree or intensity of ex

posure and the severity of disease. 

The clinical character of the chronic illness d{ffers from that of 

the acute in several aspects. First, it is a systemic disease; second, 

there is no cure; and third, it is commonly progressive in severity de

spite removal of the person from the exposure. It is sometimes surpris

ing to those who are aware of the toxic effects of beryllium that the 

chronic disease is a systemic disease that involves several organs and 

systems rather than a disease that is localized in the lungs. It is 

~rue that beryllium exerts its most deadly effects on the lungs, but 

the sa~e type of response as in the lungs has been found in many other 

body tissues, including the skin, liver, spleen, kidneys, skeletal mus

cles, lymphnodes, and bone marrow. Berylliosis differs in this regard 
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from pneumoconiosis, a disease with which it is commonly compared but 

which is essentially a dust disease localized in the lungs. It is quite 

possible that some of the systemic manifestations contribute to the dis

ability of the person who has the disease. There is, unfortunately, lit

tle more known about this today than when it was first recognized. 

Lack of correlation between intensity of exposure and severity of 

disease has always been a bone of contention in discussions of the chronic 

disease. Many cases do show a direct relationship, and yet it is not pos

sible to discount the number of cases that have resulted in fatalities 

or severe disability despite histories of minimal exposure) some even 

after the cessation of exposure and years after such cessation. "Igno

rance of exposed population numbers, fluctuations in plant populations, 

and uncertainty in the degree and nature of atmospheric contaminations 

make correlations very unsatisfactory. 1137 . This varying dose-effect rela

tionship is not unique, however, in medical histories, and the same type 

of response has appeared in other diseases, for example, infectious hepa

titis. The lack of agreement between dose and effect has led some observ

ers to postulate an immuniologic or allergic type of reaction as the basic 

body response in the chronic disease. Experimental and clinical proof 

has not been obtained to substantiate this theory, and the basic mecha

nisms are no clearer than they were some 15 years ago. 

What is the current status of treatment of chronic beryllium dis

ease? The evidence accumulated in the past 15 years indicates that 

Cortisone and the more recent steroids favorably affect the course but 

do not cure the disease. 40 Prior to the advent of the sterOids, treat

ment of the chronic disease was restrict~d to supportive measures and 
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was generally ineffective. Except.for the patient who fortunately had a 

mild form of the disease, the outlook was poor. Patients with beryllio-

sis almost invariably got worse with time and ultimately became respira-

tory cripples or died from pulmonary or myocardial insufficiency. Ster-

oid therapy.has changed the prognosis so:.that a person with chronic be-

ryllium disease has a much better outlook in terms of milder symptoms, 

less disability, and fewer complications; however, there is, as yet, in-

sufficient knowledge of the long-term effects of therapy to conclude 

that cures are obtained. 

Chelating agents have shown promise in treatment of chronic beryl-, 

lium effects in experimental work on mice and other animals. 36 Evidence 

has been lacking that they are of value in the treatment of human chronic 

beryllium disease. 37 In the few actual cases in which they have been 

used, other variables.Have ·clQua:ed the Circumstances, and objective evi-

dence of improvement has been scanty or absent. 

What is the mechanism of action of the chronic beryllium disease? 

This still is as little understO.od as it was in the early days when the 

disease was first recognized. It is known that the primary lesion is a 

granulomatous response (much as seen in tuberculosis and sarcoidosis), 

but clinical patterns have shown extreme variability. MOst appear to 

show some progressive disability. There is a progressive loss in re-

spiratory function, and death, when it occurs, is usually due to a com-

plication affecting the cardiovascular system (cor pulmonale). Not in-

frequently the terminal event is an infection· with which the weakened 

lung cannot cope. The same reactions are seen in silicosis. It is 

important to point out that the presence of beryllium as such in the 
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body does not establish the disease, and neither does the fact that a 

granulomatous reaction can be demonstrated, since the same response can 

occur in other diseases. Diagnosis is established when there is a clear 

documentation of beryllium exposure in addition to objective manifesta

tions of the disease process in body tissues, that is, positive beryl

lium assays along with histological evidence of a granulomatous reaction. 

Do acute cases of intoxication become chronic? Some apparently do; 

most probably do not. Of the known acute cases, one tenth have become 

chronic; but tliisis only an estimate because of the wide variation in 

clinical responses, lack of exposure data, etc. 

The Patch Test 

What is the current status of the patch test? This has remained a 

controversial subject since its introduction 15 years ago. Curtis, 41 

who did most of the early work with the test, showed that small amounts 

of inorganic beryllium salts gave a positive skin response in patients 

with beryllium disease. He did not claim that this necessarily re

flected other organ sensitivity. Furthermore, a negative test did not 

necessarily mean tha~'beryllium disease was not present. In a later 

series of cases,42 Curtis found the test positive in 32 patients with 

beryllium disease, and negative in 14 with other chest diseases. He 

points out, however, that he considers a positive test "not in itself 

pathognomic of a pathologic process other than that in the skin or mu

cous membrane," and that lithe patch test could not stand alone as an 

absolute pathognomic sign for the presence-of beryllium granulomatosis 

in the lungs." He further found that spontaneous flareups did occur in 
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control persons and considered that these indicated eczematous hypersensi

tivity induced by the test. Because of this latter finding, a number of 

physicians, notably Waksman,43 feel that the patch test is potentially 

dangerous in a person whose tissues might contain berryllium if he does 

not yet have the disease or is in the state of clinical remission. 

Hence its use in routine testing of beryllium workers and in screen

ing persons who are to be exposed to beryllium is best avoided. The patch 

test is useful as a diagnostic tool, but its value is limited, since a 

positive reaction is evidence only that the subject is sensitized to be

ryllium and the reaction does not prove the existence of past or present 

disease. A negative test, however, in a person suspected .of having beryl

lium disease makes the diagnosis less likely, since a negative reaction 

in the presence of disease is rare. 

Toxicity of Different Beryllium Compounds 

Have all beryllium compounds known been found to be toxic? Of all 

the beryllium compounds encountered in industry, only one, beryl, the 

natural ore (a beryllium aluminum silicate), has not been associated in 

any way with beryllium disease, acute or chronic, industrial or experi

mental. This is surprising when it is considered that much of the work 

involved in mining and handling the ore is dusty, and undoubtedly expo

sure has been sustained. All other commonly encountered beryllium com

pounds have been incriminated. The acid salts, beryllium sulfate and 

fluoride, primarily used in the extraction industry, have been associ

ated with the acute disease in all its forms. Exposures to dusts and 

fumes of metallic beryllium, as well as to dusts of beryllium oxide, 
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have also been found to cause the acute disease. It may be that the re

ported exposures to metallic beryllium were actually exposures to the 

oxide, for fine particles of the metal certainly have a thin surface 

coating of oxidized material. Coarse particles or formed shapes of the 

metal itself are not toxic. The toxic properties of beryllium oxides 

have been shown to differ, depending on their method of manufacture. 44 

The oxides prepared at relatively low calcining temperatures have pro

duced cases of acute disease; the high-fired oxides have not. 

It has been felt that physical factors are the reasons for the dif

ferences in behavior. It is known that the total surface area of the 

oxide particles increases with decreasing temperature and that the low

fired oxide is more rapidly soluble in water. How these factors relate 

to their disease-inducing properties has not been satisfactorily ex

plained. 

The greatest number of cases of chronic disease have been related 

to beryllium-containing phosphors, which were at one time used exten

sively in fluorescent-lamp manufacture. It was suggested by VanOrdstrand 

and others 45 that beryllium oxide was possibly the etiologic agent "in 

most, if not all, cases of chronic beryllium disease. II This reasoning 

is based on the fact that the early phosphor workers and those exposed 

to finely divided metallic beryllium were also exposed to the oxide, and, 

in spite of the predominance of acid salts in extraction procedures, the 

oxides, as well, are present in most of these operations. 

Incidence and Prevalence 

What proportion of people exposed to beryllium contract disease? 

Tnis, unfortunately, is still a question that cannot be adequately 
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answered, since data on incidence and prevalence rates are confusing. 

There is clear evidence that there is a threshold or concentration of 

berylliUm below which acute disease does not occur, despite widely vary

ing incidence rates within single plants themselves. This position is 

much less tenable, however, for the chronic disease. A continuing con

troversial subject is the so-called "neighborhood case,'" a name applied 

to cases of beryllium disease where exposures have apparently been in

direct. This was first described in 1938 by Gelman,46 and later by 

Hardy47 and Eisenbud. 48 As of 1960, 47 such cases had been reported in 

the literature. Paraphrasing Tepper, Hardy, and Chamberlin,37 this num

ber un~uestionably represents only an unknown fraction of such cases, for 

the diagnosis cannot be made when it is not suspected as the possible 

cause of diseases, and many patients with minimal symptoms have almost 

certainly been overlooked. 

Medical Control 

It is obvious from what has been said regarding the epidemiology 

and treatment of the disease that the most important means of control 

lies in its prevention. No known method of treatment restores the good 

health the patient might have had if he had never developed the disease. 

The first line of defense rests primarily with the industrial hygienist 

and engineer. Physicians function as a secondary defense. 

The application of well-established health hygiene prinCiples has 

resulted in a negligible number of new cases of beryllium disease in re

cent years. These practices have included adequate sampling and analysis 

of air, properly engineered e~uipment to collect dust andfumes"good 
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housekeeping, and instruction of exposed personnel in personal hygiene. 

Howeve~1t would be presumptuous, even today, to claim that the disease 

has been conquered by preventive means. It is also presumptuous to state 

that the criteria of safety (in terms of the permissible limits of the 

concentration of beryllium and its compounds in air) have been established 

on a firm basis. It does appear that the hygieniC standards first set 

forth by the Advisory Committee to the USAEC in 1949, and later accepted 

by the American Conference of Governmental Industrial Hygienists and the 

American Industrial Hygiene AssOCiation, are adequate. Despite periodic 
, ) 

reconsiderations of available information by these groups, the original 

recommendations have not beeh changed. These well-known standards are: 

(1) ,The inplant atmospheric concentration of beryllium should not exceed 2 

.~g/cm3) as an average, over an 8-hr day. (2) Even though the daily aver-

,age might be within the limits of recommendation',~tL), no per~on should 

be exposed to concentrations greater than 25 ~g/cm3 for any period of 

time, however .short. (3) In the neighborhood of a plant handling be-

ryllium compounds, the average monthly concentrations at the breathing-

zone level should not exceed 0.01 ~/cm3. 

No provisions were made in these recommendations with respect to 

either the physical or chemical nature of the beryllium compound in-

volved. To date, no cases of either acute or chronic beryllium: disease 

~ave been reported in connection with any plant operation in which these 

standards have been maintained. There is insufficient data at present 

'to establish alternative limits, so, although, these standardst{etre'; not .. ' - :"~. . ' 

precise criteria and their scientific basis is weak, they are still the 

best available guides in current technological practice. 
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Medical control, although secondary, should not be ignored. At the 

time of the pre-employment examination, the physician should examine the 

prospective beryllium worker critically with respect to the risk of that 

person developing beryllium disease. People with inadequate intelligence 

or regard for the health· or"~hemselves or others should not be permitted 

to handle potentially dangerous materials; persons with skin disease that 

might prove unduly sensit;i:veto'soluble beryllium salts should not be ex

posed; and persons with chronic respiratory tract disease which, in the

ory, at least, might be associated with poor or damaged defense mechanisms 

or ~imished pulmonary reserve might also be rejected.' People with ab

normal chest x-rays ;'01: witb.ahistory of repeated respiratory infections J 

with significant past exposures to pptentially injurious'industrial dusts, 

such as silica,withorga~ic,lieart disease, or with 'tuberculosis should 

also', be screened carefully. 'Certainly there is no evidence that these 

disorders will influence the development of beryllium disease; however, 

they may be associated with, changes in health which are difficult to dis

tinguish from chronic beryllium disease. 

'Periodic examinl3.tions of beryliiumhandlers are a part of a sound 

health-maintenancepol-icy;'as they would be in any industry or in pri

vate medical practice. Particillar inquiry should be made regarding re

spiratory symptoms. If a known over-exposure occurs, the affected per

son should be examined carefully and at more frequent intervals, with 

particular reference to the possibility of his contracting the acute di

sease. The objective of both the periodic examinations and exposure ex-

aminations is detection of minimal disease, and certainly is not to be 

,regarded as a form of protection. The chec~ps are a means of picking 
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up a potential disease process as early as possible. There is no evi

dence to date that routine examinations of. the blood and urine or vital 

capacity are helpful in the control of beryllium disease. The beryllium 

patch test should be avoided as a routine test, since :,itmSiY be' a sen- . 

sitizer. 

Summary 

General agreement exists today that beryllium and its compounds are 

directly responsible for toxic effects among exposed persons. The clini

cal responses are not unique and are similar to those found with other 

diseases. There is a wide spectrum in the clinical picture, with no 

clearcut differences between acute and chronic effects. The most typi

cal, seriOUS, acute toxic effects involve the lungs and result in a 

chemical pneumonia; there is a definite dose-effect relationship, and 

recovery is the rule. The chronic disease, like the acute disease, most 

significantly affects the lungs,but unlike 'the former is a slowly pro

gressive disabling disease for which a dose-effect relationship has never 

been adequately determined. It is, moreover, a systemic disease and is 

characterized by the fact it is frequently separated by a period of years 

from the time of exposure) is prolonged in duration with little evidence 

for cure, and is commonly progressive in severity despite cessation of 

~xposure. All industrial beryllium compounds, including the metal (ex

cept for beryl, the natural ore), have been reported as having caused 

some manifestation of the disease. Patch tests, though potentially use

ful in diagnosis and a means of screening, have considerable limitations 

and may cause exacerbation of beryllium disease in a sensitive person; 
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they are felt by most authorities today to be of little value. Control 

of the disease is based on application of good industrial hygiene prin

ciples and prevention and not on treatment. Steroids have been found to 

be useful in favorably affecting the course of the disease but not in ef

fecting a cure. Chelating agents, although showing promise in experi

mental applications, have not proved to be of any practical value. 

(Gino Zanolli, M.D.) 



i 

! 
. 133 

JCAE HEARINGS ON RADIATION STANDARDS;. INCLUDING" FALLOUT 

The Subcommittee on Research, Development, and Radiation of the 

Joint Committee on Atomic Energy (JCAE) held public hearings in Washington, 

D. C. on June 4-'7, 1962 on "Radiation Standards, including Fallout. 1149 

liThe subject matter of the hearings proved to be particu
larly timely because of the mounting public and congressional 
concern over the extent of the hazards from fallout due to re
newed testing of nuclear weapons in the atmosphere, first by 
the Soviet Union in the fall of 1961, and later by the United 
States in the spring of 1962 ..•. A major purpose of these 
hearings, as in the case of those in the past, was to obtain 
a better perspective on all aspects of radiation hazards and 
of the standards which have been established as a guide to 
protection against these hazards .•••. Of particular inter
est to the committee were the role and responsibilities of 
the Federal Radiation Council, which remained unclear at the 
conclusion of the 1960 radiation standards hearing. 

"Several pertinent documents became available for study 
prior to or during the hearings, ••• [including reports from 
the Federal Radiation Council,50 the Public Health Service51 

and the A~omic Energy Commission. 52] The Federal Radiation 
Council report discussed the possibilities of adverse health 
effects from tests conducted up to the end of 1961. "It also 
revdewed available data, derived from experiments with mice, 
comparing the effects of low-and high-level radiation ex
posure on the number of mutations produced. The National 
Advisory Committee on Radiation report for the Public Health 
Service examined the needs "for countermeasures and surveil
lance to combat environmental radiocontamination. The pro
ceedings of the Conference on Radioactive Fallout From Nuclear 
Weapons Tests included a number of technical papers by ac
tiveworkers in the AEC fallout research program "and associated 
research efforts. 

liTo bring the subject of radiation standards and fallout 
up to date, the committee considered certain major points as 
listed in the summary analyses of previous hearings. These 
included in the field of radiation protection standards:* 

(a) The nature and development of radiation protection 
standards and criteria. 

*See 1960 summary-analysis of the hearings, Radiation Pro
tection Criteria and Standards: Their Basis and Use, p. 2. 
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(b) Activities of Federal, State, and private agencies 
and groups concerned with radiation protection, criteria and 
standards. 

(c) Concepts underlying radiation protection criteria 
and standards: Biological concepts; social and economic con
cepts; concepts of risk; and concepts of practical applica
tion, particularly in dealing with operational applications 
related to new sources such as fallout. 

(d) . Organizational, administrative, and legislative 
problems. In the field of fallout, they included:* 

[1] Origin and distribution of fallout. 
[2] . Uptake of radionuclides through food chains. 
[3] Biological effects' of radiation. 
[4] Population exposures from past tests. 
[5] Population exposures from future tests. Ii 

The hearings lasted four days, during which time many personages 

from government, scientific institutions, and business presented testi-

mony on the various topics considered. All this testimony has been in-

corporated into the record of the hearings, copies of which are available. 

The record of the hearings is voluminous, and it is hardly possible to 

summarize fairly the various pOSitions of the different individuals and 

organizations on the issues discussed. Hence the reader is encouraged 

to refer to the Committee report for background information, specific 

data, and details; howeverisome of the apparent highlights and trends 

presented in the testimony are discussed here. All quotations below are 

taken from the report on the hearings. 49 

Radiation Protection Standards 

According to the testimony there has been no basic change in indus-

trial application of radiation protection standards since 1960,although 

*See 1959 summary-analysis of the hearings, Fallout.From Nuclear 
Weapons Tests, p. 2. 



the application of these standards has been clarified by Federal Radiation 

Council Report No. 2. 53,54 The average annual exposure of industrial 

workers at atomic energy facilities in 1960 and 1961 was -1/3 rem per 

year, which is to be compared with the permissible 5 rem per year, whereas 

the additional dose to persons living in the vicinity of nuclear plants 

was estimated to be less than 1 mr per year, which is to be compared with 

the 500 mr in 30 years suggested by the ICRP. 55 Recent data also in-

dicate that th~ average medical exposure to individuals in the population 

isone-fourth.to one-half the 0.1 rem per year previously estimated. 

Consideration was given to the establishment of additional criteria 

on several aspects relating to radiation exposure including: (1) exposure 

of patients for medical purpose, (2) radiation':'protectionand measurement 

devices, (3) application of limits established for peaceful application 

to situations involving fallout from nu~lear weapons tests. Additional 

criteria were not, however, recommended in any of these cases, since it 

was felt not necessary in the first instance, premature in the second, 

and no progress had been made in studies of the last. 

!tBased on'an analysis of the current status of radiation 
protection standards as reflected in our various nearings, and 
considering .the wide variety of radiation producing sources, 
including fallout, the subcommittee believes that the follow-

identifies the main problems which exist in this area: 

"I. The major issues in the field of radiation protec
tion standards involved their application to the population 
from an· increasing variety of sources, particularly those 
leading to radioactivity in the environment; for example, fall-
out, waste disposal, space application, and so forth. Al
though problems remain in the area of standards for occupa
tional exposure, the major defTciencie:s appear to lie .in 
population exposure standards. [This point has. been raised 
repeatedly in reactor consideration. 56,S?] 
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"2. Some fundamental questions related to exposures of 
the population appear to be unanswered; for example: What 
purposes are the radiation standards supposed to achieve? 
Just what are· radiation protection standards trying to do? 

Under present philosophies of radiation protection is 
there some fixed value of radiation exposure from all sources 
which cannot be exceeded without undue risk to health? As 
a matter of national policy or philosophy, should radiation 
protection standards be applied to all programs of the Govern
ment, including those required by national security and new 
applications under development? Is it ei.ther necessary or 
desirable for population standards to have a fixed numerical 
relation to occupational standards? •. 

"3. Effective leadership for developing radiation pro
tection criteria and standards to cover new operational prob
lems such as fallout is not adequately exercised by any gov
ernment agency or group at present. 

114. There continues to be no effective means by which 
social and economic factors can in fact be applied in con
cert. with other major considerations in the development of 
radiation standards for application to fallout unless this 
can be achieved through the staff or by other mechanisms of 
the FRC. The subcommittee believes that there is an 
increasing urgency for Government action in this area and 
that the Federal Radiation Council is neither adequately 
staffed nor organized for this purpose. II 

Problems Concerning Fallout 

Most of the testimony at the hearing pertained to fallout, which 

was subjected to increased attention because of the resumption of nuclear 

testing by both the United States and the USSR. The problem of greatest 

concern at these hearings was r131 , which has an 8-d half life. People 

are exposed to fallout iodine principally through fresh-miL~ consumption, 

from whence it concentrates in the thyroid and is presumed to cause thy- . 

roid cancer. However, no consistent relationship between the concentration 

of fission products in air and r131 in milk has not yet been discovered. 

HCumulat1ve levels of iodine 131 in milk are, in some areas, approaching 

or possibly exceeding the acceptable levels recommended by the Federal 
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Radiation Council for environmental sources generated by peaceful applica-

tions.What levels of this nuclide can be tolerated for exposure of a 

population from fallout have not been established. I! 

Methods were presented for the pre~iction of probable exposures from 

stratospheric, world-wide fallout from"weapons testing under three condi-

tions:;· (1) at low altitudes in polar latitudes, (2) at low altitudes in 

equatorial latitudes, and (3) at high altitudes in any latitude. The 

distribution "of tropospheric fallout was, however, considered to be un-

predictable. 

"A new concept, called the dose commitment concept, was 
introduced during the hearings to explain the significance of 
fallout. The fundamental hypothesis of this concept: is : .. that 
the risk of biological damage to a large population is pro
portional to the average radiation exposure level produced by 
radioactiye ~ontaIDination in the environment [regardless of 
when:::the exposure is receivedJ;; Thus, it is not necessary to 
specify the biological effect, because the same effect should 
be produced by an equivalent exposure to radiation from natural 
sources. * Previous oompj3:risoi!J:s have been based on a 3D-year ex
posure for genetic effects and a 70-year exposure for somatic 
effects compared to natural background during 30 and 70 years, 
respectively.· ... 

liThe major·problem areas in this field appear to be: 

";1.. While our ability to predict the general pattern of 
global fallout appears reasonably well developed for certain 
patterns of testing, it is quite clear that many local situa
tions exist for which prediction is not well worked out. 

"2. There are still major gaps in basic information on 
what biological effects relate to what levels and rates of 
radiation exposure. These gaps can be expected to remain 
for some time. 

113. Development of an approach toward evaluating transi
tory high dietary or air levels of one or more short-ltved.nu
clides is needed. The committee believes that recurring periods 
of such levels will be experienced from time to time in the 
future. 

*At the same time, the validity of this assmnption depends ultimately 
on the validity of the linear hypotheSis for dose-effect relationships. 
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"4. Definition of an adequate Federal program of radiati9n 
exposure assessment and protection." (Win. B. Cottrell) 
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INTEGRITY OF REACTOR FUELS 

The integrity of reactor fuel elements plays a major r-61e in the 

economy, as well as the safety, of nuclear reactor operation. The con

sequences of fuel element failure may range from contamination of the 

reactor coolant stream to the release of significant amounts of activity 

to the atmosphere, and, yet, the longer a fuel element can operate with

out failure, the greater is the benefit derived from a given expense for 

fuel fabrication and recovery and the less are the expense and downtime 

for refueling and decontamination. Thus extensive irradiation testing 

and postirradiation examination of nuclear fuels are carried out to 

guide the operation of reactors, to evaluate the integrity of new fuels, 

and to aid in the development of fuels with higher burnup capabilities 

and less severe consequences of failure. 

FUels subjected to postirradiation evaluation take many forms. 

These include fuel elements removed from reactors after failure or after 

periods of normal operation,fuel elements or prototypes irradiated to 

destruction in reactor transients and in steady-state reactor operation, 

and fuel assemblies and clad and unclad fuel specimens irradiated in 

operating reactors under conditions simulating, to various degrees, an

ticipated conditions of use. The fuels examined include some of the 

types already established by reactor use, modifications of these made 

to meet demands for longer life and higher performance, and new mate"" 

rials for future reactors. Previous reviews1,2 treated several aspects 

of this topiC, and the results of recent tests of various types of fuel 

are presented here. 
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Metallic-Uranium-Based Fuels 

Much of the current information on metallic-uranium-based fuels 

relates to elements clad to meet the conditions in power reactors and 

to uranium alloyed to improve its dimensional stability. Although most 

of the work reviewed here is based in U. S. technology, some Canadian 

investigations are discussed. 

Fuel Element Failure in the SHE. A multiple fuel-element failure 

in the Sodium Reactor Experiment (SRE) in July 1959 required extensive 

repair and modification to the reactor system. 3,4 Examination of the 

failed fuel elements revealed two modes of failure. 5 ,6 In one, thermal 

cycling and radiation damage caused swelling of the uranium fuel that 

was sufficient to rupture the cladding. In the other, interdiffusion 

of uranium and the stainless steel components formed low-melting alloys 

that penetrated the cladding. The occurrence of either of these mecha-

nisms required overheating of the fuel element, which occurred because 

the coolant channel was blocked by reaction products of tetralin that 

had leaked into the sodium system, probably from the tetralin-cooled 

frozen-metal seals in the sodium pumps . 

. The reactor has now been restored to operation following several 

modifications to prevent recurrence of the damage. 5 For example, the 

tetralin coolant has been eliminated from the reactor system to avoid 

the source of channel blockage, and, the fuel elements have been made 

smaller and structurally stronger to facilitate removal in the event of 

failure. Further, the uranium fuel has been replaced with a thorium-

base alloy that is less susceptible to either of the types of, .damage , 
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found in the defective elements because of its isotropic structure and 

the higher melting point of the thorium-iron eutectic (1580°F compared 

with 1340°F for uranium-iron eutectic). 

Capsule irradiations of uranium samples to exposures of 2260 Mwd/MT, 

simulating SHE conditions, showed? volume increases up to 15.1% for 

alpha-rolled uranium and 13.1% for cast uranium. Also, examination of 

fuel elements removed from the SHE after an exposure of 850 Mwd/MT, that 

is, before the failure of several fuel elements, had revealed unsatis

factory dimensional stability of the unalloyed uranium. 4 In fuel ele

ments irradiated to about 1000 Mwd/MT, swelling and warping of the ura

nium slugs led to disJ;>lacement of the NaK thermal bond and stretching 

of the stainless steel can. Of some experimental fuels tested in the 

reactor, an alloy containing 2% zirconium was not much better than un-

alloyed uranium, but uranium-l.5% molybdenum and thorium-5.4% uranium 

alloys showed excellent dimensional stability. 

(Deleted because of Classification) 
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(Deleted because of Classification) 

Uranium Alloy Fuels. Two of a series of eight· stainless steel cap

sules containing uranium-molybdenum specimens failed during irradiation 

.in the Materials Testing Reactor. 10 The failures were found to be due to 

stress-corrosion cracking of the outer capsules, which had been sensi

tized by a preirradiation heat treatment. The cracks permitted cooling 

water to leak slowly into the helium annulus about an inner stainless 

steel capsule. In one of the capsules, a leak probably developed in the 

inner capsule and permitted steam to consume the NaK thermal bond and 

the fuel alloy. The other inner capsule was still intact, and the con

tained fuel alloy showed only slight di~ensional changes (1.5% volume in

crease). 

Fast-reactor fuel pins with various types of cladding have been 

tested to failure in reactor transients that provided a rapid tempera

ture rise by nuclear heating;ll Most of the experiments were with EBR-II 

Mark I fuel alloy, which is uranium with additions of 2.5% molybdenum, 

1.5% ruthenium, 0.5% palladium, 0.3% rhodium, and 0.2% zirconium. Al

though the actual reactor fuel contains uranium of 49% enrichment, natu

ral uranium and uranium enriched to 3%U235 were used in these experi

ments to obtain suitable heating rates. Stainless steel-clad EBR-II 

Mark I elements failed upon reaching cladding temperatures above 960°C 

during brief transients, and they failed violently at temperatures above 
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1015°C. Failures also occurred at temperatures down to 600°C in tran

sients in which the peak temperature was maintained for several seconds. 

The failures resulted from dissolution of the stainless steel by eutectic 

formation with the uranium. Much higher temperatures were required to 

cause failure of similar elements clad in niobium or tantalum; these sur

vived brief transients up to 1400°C. Enrico Fermi fast breeder reactor 

core I elements, which are zirconium-clad uranium-10% molybdenum alloy 

enriched to 10% U235 , showed damage but no failure below 1300°C. 

Stainless steel-clad elements fueled with both cast and wrought 

uranium-2% zirconium alloy were irradiated in the EBR-l to burnups of, 0.08 

to 0.189 at. %.12 Dimensional stability was better for the cast material 

than for the wrought fuel slugs and was adversely affected by annealing 

of the wrought materiaL On- the other hand, Block13 hasr.eported that 

uranium enriched to 10% U235 and alloyed with 1 or 2% iron showed seri

ous distortion upon irradiation to a burnupof 0.1% of the uranium. 

Thorium-Based Uranium FUels 

'The highly anisotropic crystal structure of uranium gets much of the 

blame for the distortion of uranium that occurs under irradiation. Tho

rium, on the other hand, has a cubic structure that should resist such 

distortion. Also, thorium does not undergo phase transformation in the 

temperature range normally or accidentally encountered in metal-fueled 

reactors. As indicated above, a thorium-base fuel showed excellent di

mensional stability in experimental fuel elements in the SRE, and this 

fuel is now being used for the full core loading in the reactor. 

Kittel and Horak14 have examined irradiated thorium alloys contain

ing up to 31% uranium. Alloys containing 20% uranium or less showed 
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excellent dimensional stability. Severe distortion occurred in alloys 

of higher uranium content, consistent with the appearance in these alloys 

of a continuous network with the alpha-uranium structure. 

Oxide-Based Fuels 

Uranium dioxide has gained widespread use as a nuclear fuel because 

of its stability under irradiation and high temperatures and in the pres

ence of water. The effects of irradiation on the physical properties 

of this oxide have been reviewed by Roake. lS The factors influencing 

the integrity of U02 fuel elements in water-cooled reactors were re

viewed previously,2 and irradiation testing of U02 fliels;.has cohtinued. 

Also, extensive testing is under way of U02 diluted with other ceramic 

materials. The most prominent diluent is the fertile Th02J but other 

diluents have been examined for improved thermal properties. 

Uranium Dioxide Irradiation Tests. Gray and Mrazikl6 have examined 

a pressurized water reactor (PWR) type of Zircaloy-2-clad U02 fuel rod 

that failed after 1.93 at. % burnupin a Materials Testing Reactor (MTR) 

test. It is believed that a cladding defect developed during the test 

and admitted water. The resulting superheated steam corroded the inside 

of the cladding and produced hydrogen, which embrittled the cladding and 

led to cracking. A possible contributing factor in the failure was that 

a short time previously the test equipment had been disassembled for re

pairs and reassembled in such a way as to expose this rod to a higher 

flux than intended. Other rods in the test assembly survived a much 

higher exposure. 

Examination of similar PWR elements exposed under more normal con

ditions has been reported by Bleiberg17 and by Center and his co-workers,IS 
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In general, no serious irradiation effects were observed. The latter re

port1Scites an instance of a blanket rod performing satisfactorily at 

2.22 X 1020 fissions/cm3 with a heat flux of 98,700 Btu/hr.ft2 despite a 

0.004-in.-diam penetration of the O.027~iri. cladding. The penetration 

apparently developed early in the exposure as a result of cladding de

fects introduced in fabrication and not as a result of irradiation. 

The catastrophic failures that sometimes occur in U02 elements with 

defective Zircaloy cladding have been attributed by Notley and his co

workers19,20 to fluoride impurities in the U02. They found failures in 

fuel elements with 0.025-in. defects in the cladding and 500 ppm fluoride 

in the uranium dioxide. Similar fuel elements made from U02 containing 

only 50 ppm fluoride performed satisfactorily under the same conditions. 

Although the investigators did not propose a mechanism for the failures, 

it appears that fluoride ions released from the oxide accelerated cor

rosion and hydriding of the cladding. 

Notley21 has observed the dependence on diametral clearance and con

tact temperature of the relative motion during irradiation of Zircaloy-2 

cladding and stacked U02 pellets.Parry22 has examined two Zircaloy-2-

clad U02 fuel elements, one of which failed, after irradiation in the 

NRX for 16.2 days at a heat flux of 78 w/cm2. In both elements the ura

nium oxide reacted with the Zircaloy end caps; there was evidence that 

the interface reached a temperature of 1400G c. The cause of the failure 

was not determined, but heavy hydriding of the cladding indicated that 

water had entered the fuel element. 

A maximum burnup of 6100 Mwd/MT in a pressurized-water loop at 240°C 

was survived with negligible damage by a prototype three-rod element 
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comprising.U02 pellets clad by collapsed A-2BB aluminum-alloy tubing. 23 

Cole24 has found little dimensional change upon irradiation up to 3390 

Mwd/MT of swaged rods of stainless steel-clad U02+x ' 

Irradiation testing of prototype fuel elements for the Experimental 

Gas-Cooled Reactor (EGCR) has been reported. 25,26 The test element, 

identical with the actual element except in length, is a stack of hol

low, cylindrical, dense U02 pellets between two magnesia spacers in a 

type 304 stainless steel tube. Since it was feared that fracturing of 

the pellets might lead to fuel chips dropping through the central VOid, 

alternate elements with porous beryllia plugs in the center and elements 

with solid pellets were simultaneously tested. The elements were exposed 

in the Oak Ridge Research Reacto~ (ORR) and the ETR in 300-psi helium 

with cladding t~mperatures of 1300 or 1600°F. Unimportant dimensional 

changes were observed. in irradiations up to 2400 Mwd per MT of U02' At 

the higher temperature, ridges containing voids and sigma phase were 

formed in the stainless steel at the fuel-pellet interfaces that could 

lead to failure after longer exposures. The pellets showed considerable 

cracking, but the cracks were not of a type that would impair the integ

rity of the fuel elements. Some bowing was observed in elements with 

solid pellets or beryllia cores. 

Irradiation Behavior of Thorium OXide Fuels. In pellets of Th02-10% 

U02 (fully enriched)-l% CaF2 irradiated to. about 20,000 Mwd/MT, the re

sistance to fracture was found 27 to increase markedly with increasing 

open porosity but to be unrelated to closed porosity. Pellets of Th02 

containing up to 25.61% U02) lead-bonded to XBOOl aluminum cladding, 

have also been irradiated to high burnups.2g A specimen irradiated to 
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23)400 Mwd/MT increased 1.7% in volume. The two specimens with the 

highest uranium content failed after 27,000 Mwd/MT at a heat flux of 

7 X 105 Btu/hr.ft2• 

The incorporation of molybdenum fibers in Th02-U02 fuel pellets 

markedly improved stability to radiation. 29 The onset of damage oc-

curred after considerably longer exposures than in. similar unreinforced 

pellets. Stability of the pellets was also increased by the use of lead 

rather than helium as a heat-transfer bond to the Zircaloy-2 jacket. The 

metal fibers improved thermal conductivity and resistance to thermal shock. 

Similar use of niobium fibers was of no value because the niobium reacted 

with the oxides. 

Insignificant dimensional changes upon irradiation in the Experimen-

tal Boiling Water R~actor (EBWR) for 1000'Mwd/MT were found30 for an Elk 
. . . 

River fuel assembly'consisting of Th02-3% U02 pellets in type 304 stain-

less steel tubing. The element was exposed to a maximum flux of 

8.0 X 1012 neutrons/cm2.sec and the maximum surface heat flux was 85,000 

BtU/hr. ft 2 . 

Fuels with Other Ceramic Diluents. Considerable fracture occurred 

in pellets of Zr02-10% U02-9% CaO irradiated bare in NaK to burnups rang

ing from IlJ300 to 17,200 Mwd/MT.31 Fuel elements of U02 and U02 diluted 

with BeO and clad in Hastelloy-X have been tested for use in mobile high-

temperature air-cooled power reactors (such as the ML_l).32 In capsule 

irradiations in the MTR to 13% U235 burnup, negligible damage occurred 

in Be0--70% U02 (18 mole % U02)) but one specimen containing Be0--80% U02 

(27 mole % U02) swelled enough to cause cladding failure. A contributing 

cause of the failure was a decrease in thermal conductivity of the fuel 
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because of a change from-a BeO matrix to a U02 matrix during irradiation. 

In a fuel element sustaining burnup varying with position from 5800 to 

24,300 Mwd/MT-(0.69 to 2.9% of the U235 ) in a nitrogen-cooled loop in the 

General Electric Test Reactor (GETR), both U02 and the U02-BeO mixture 

showed good dimensional stability, although the undiluted U02 pellets 

showed more cracking. Although the Hastelloy-X cladding did not fail dur-

ing irradiation, it became so embrittled by a grain-boundary precipitate 

that two of the 12 fuel tubes broke during postirradiation examination. 

Alumina-coated, fully enriched, U02 particles dispersed in graphite 

have been irradiation-tested by Burian and his co-workers. 33 After burn

ups of 4.7 and 5.6% of ,th~U235 in the::Battelle Research Reactor at 510 

and 730°C, little irradiation damage was noted in the graphite. The 

alumina coatings softened and about 8% of them cracked~ 

Uranium Carbide Fuels 

Sinizer and his co-workers 34 have irradiated uranium carbide ther-

mally bonded to stainless steel capsules with sodium or NaK. For burn-

ups ranging from 2000 to 25,000 Mwd per metric ton of uranium at central 

fuel temperatures from BOO to 1900c F, the growth in diameter of the car-

bide fuel pieces could be empirically correlated by the relationship 

(
TF ,- 541)', 

== 0.6 .+ 0.77 
1000 

where Rn is the ratio of the diameter increase (in percent) to the burnup 

(in atom percent) and TF is the central temperature (in degrees Fahre~. 

heit). Radial~and transverse cracks were observed in the slugs but were 
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not believed to be detrimental. Hyperstoichiometric carbides (>4.8% C) 

transferred carbon through the molten metal bond to the stainless steel! 

capsule and embrittled the steel. 

Osborne and Morgan35 have irradiated of UC clad in tantalum 

to burnups up to 4610 Mwd per metric ton of uranium at initial central 

temperatures up to 2290°F. In all cases, reaction was observed between 

the carbide and the tantalum. Cladding failures occurred in two of the 

six capsules. 

Dispersions of fully enriched UC2 in graphite spheres coated with 

either pyrolytic carbon or siliconized silicon carbide have also been 

irradiated. 33 The carbide-coated spheres attaining 4 and 6.5% U235 

burnup cracked badly and the one with the higher dose fell apart. A 

pyrolytic-clad sphere showed line cracks in the cladding at a burnup of 

5%, whereas another was in good condition, with no leakage from the clad

ding, at a burnup of 3%. 

Aluminum-Based Fuels 

Aluminum-based fuels have long been used in research reactors be

cause of the ease of fabrication and reprocessing, despite their re

stricted heat rating. Continued development, including irradiation test

ing, of aluminum-based fuel elements is aimed at achieving good perfor

mance at higher burnupsJ higher fluxes, and higher temperatures. while 

retaining the ease of fabrication and reprocessing of these fuels. A 

serious failure of an aluminum fuel element in the Westinghouse Testing 

Reactor (WTR), reviewed in detail previously,36 and recent developments 

in connection with other aluminum-based fuels are described here. 
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Alloy and Cermet Fuels for Research Reactors. Francis and his co-

workers37~39 have examined fuel plates with aluminum cores containing up 

to 50% uranium or 65% U02J irradiated to burnups of up to 50% of the ura

nium. The claddings tested have been 1100-, 5052-, 6061-J X8000-, and 

APM-series aluminum alloys. Leitten and his co_workers40,41 have simi

larly studied dispersions in aluminum of 64% UAl3' 63% U30SJ and 60% UC2' 

The changes observed 36,37 are, in generalJ modest dimensional changes 

that are seldom greater than 3%, loss in ductility, and increases in hard

ness and strength. Dispersed uranium oxides react with the aluminum with

out affecting the integrity of the fuel. A full-scale fuel element con

taining the 63% U30s cermet, with the uranium enriched to 20% U235 , 

showed excellent dimensional stability upon irradiation in the ORR to 

an average U235 burnup of 41% (57% peak).40,41 

Sample alloy fuel plates have performed satisfactorily37 with two 

types of duplex cladding. One irradiated to a burnup of 38% had an inner 

12 mils of ARM M257 aluminum for mechanical strength and an outer 3 mils 

of X8001 aluminum for good corrosion resistance. A burnup of 28% was 

achieved in an alloy fuel with an inner 1 mil of 2% boron-aluminum alloy 

for burnable poison and an outer 14-mil aluminum cladding. 

A gamma-scanning technique has made possible determination of burnup 

contours in fuel plates from the MTR and ETR. 37 The burnup in MTR plates 

peaks about 2 in. below the center line. In the ETR, burnup is more sym

metrical, peaking very close to the center line. In both reactors, the 

burnup is greater at the plate edges than at the axis. These results 

show less flux asymmetry than the customary flux-wire measurements. The 

same fuel plates showed negligible defects in ultrasonic inspections. 



Irradiation of Prototype 8L:':'1 Fuel Plates. A prototype SL-l fuel 

plate failed because of local corrosion of the x8001 aluminum cladding 

after 58% burnup of the U235 in a 420°F circulating-water loop in the 

MTR. 42,43 The fuel core, an alloy of aluminum with 17.5% uranium, 2% 

nickel, and 0.5% iron, was sufficiently resistant.to attack by the water 

that the radioactivity level in the loop did not require shutdown until' 

two days after the failure. The penetration of the cladding was attri

buted to the small ratio of aluminum surface to loop water volume, aggra

vated by a period of operation at a high pH (10) and by overheating be

cause of a scale deposit. A similar plate irradiated to 45% U235 burnup 

showed only modest corrosion. 

Fueled-Glass ions. Dispersion plates of fueled glass in 

aluminum have been tested44,45 in the MTR to 17 to 24% burnup of the 

uranium. The fuel cores were compacts of equal volumes of aluminum and 

glass fibers that contained 50% fully enriched U30g.The irradiation 

caused no changes in microstructure, no visible fission-fragment damage, 

and no reaction of the glass with aluminum. Cha~ges in dimensions and 

tensile properties were in the normal range for uranium-aluminum disper

sion fuels. 

Stainless Steel~Dispersion Fuels 

Weir46 has reviewed the irradiation behavior of dispersions of U02 

in stainless steel and has theoretically analyzed the mechanism of damage. 

He concludes that a high burnup potential is favored by decreasing the 

volume fraction of the U02, increasing the U02 particle size, and de

creasing the temperature. 
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Freas and his co-workers 47 have examined type 318 stainless steel

clad dispersions of 30% fully enriched U02 in type 318 stainless steel 

after irradiation in the MTR at estimated central temp~ratures ranging 

from 800 to 1600°F and burnups ranging from·10 to 15%'of the U235 • Both 

spherical and hydrothermal uranium oxide was used, but 'all the irradiated 

specimens were free of swelling, cracks, and cladding defects. Increases 

in thickness were all under 3%, and decreases in density were under 1%. 

Paprocki and his co-workers48 have examined type 347 stainless steel

clad dispersions of 26% fully enriched U02 in type 347 stainless steel 

after irradiation in the.MTR and ETR. Three specimens failed because of 

inadvertent local overheating. Otherwise, the performance was satisfac

tory. The maximum density decrease was 3.1%, and cracks introduced in 

the oxide by fabrication were healed by irradiation. No adverse effects 

resulted from inclusions of burnable poison in the form of B10 in the 

cladding or ZrB2 or NbB2 dispersed in the fuel core. 

Heffner49 has studied damage to stainless steel-dispersion fuels 

during progressively more rapid transients in Special Power Excursion 

Reactor (SPERT I and III) tests. A£, the periods of the transients de

creased to ,about 14 msec, rippling of the fuel plates was observed. At 

shorter periods, the plates bowed and, in the regions of maximum neutron 

flux, developed blisters. After repeated transients or periods as short 

as 5 msec, these blisters burst and exposed the fuel. The blisters did 

not result from weakening of the cladding but, rather, from voids formed 

beneath the cladding and along the U02 stringers. 
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Plutonium-Containing Fuels 

Specimens of PUC and UC-201 PUC were irradiated in the EBR-I to 

burnups from 500 to 770 Mwd/MT at central temperatures of 370 to 6500C. 50 

The mixed carbide specimens decreased in density, but the dimensional 

changes were unimportant. The specimens with more carbon atoms than plu

tonium and uranium atoms cracked. Most of the plutonium carbide specimens 

fractured considerably. 

Fuel alloys thorium-5% plutonium and thorium-10% plutonium showed 

adequate dimensional stability upon irradiation at 450°C to 1.9 and 

2.6 at. % burnup, respectively.51 The alloys zirconium-5% plutonium 

and zirconium-7% plutonium were badly distorted. Fuel rods of plutonium-

1% aluminum, NaK bonded in Zircaloy-2 tubes, similar to Mark IV fuel ele

ments for the EBR-I, showed unimportant dimensional changes upon irradia

tion at 385°C in the EBR-I to a burnup of 0.1 at. %.52 

Horak and his co-workers 53 have reported on the irradiation behavior 

of uranium-based plutonium-co~taining fuel slugs, which are prototypes of 

fuel for the second core of the EBR-II. The principal alloy investigated 

was 70% uranium, 20% plutonium, and 10% fissium, the latter being 4.6% 

zirconium, 25.9% molybdenum, 39.8% ruthenium, 6.5% rhodium, and 23.2% 

palladium, a mixture representative of the fission products accumulated 

in recycle fuel after repeated pyrometallurgical reprocessing. The fuel 

specimens remained in good condition to better than 1% burnup at central 

temperatures:,lessthan 370° C. Swelling and warping became progressively 

worse at higher irradiation temperatures. Fuel stability was improved 

by lowering the plutonium content to 10% but impaired by increasing the 

f, . 
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fissium content to 15%. The alloy uranium-20% plutonium-5% molybdenum 

was less. stable than the reference alloy. 

Bailey54 has reported irradiation tests of several Zircaloy-clad 

plutonium fuels representative of fuels intended or considered for the 

Plutonium Recycle Test Reactor (PRTR). Capsule irradiations at the MTR 

included aluminum-based alloys containing 1.65 to 20% plutonium and either 

o or 12% silicon. Also tested were U02-Pu02 mixtures containing 0.0250 

to 7.45 mole % Pu02 and having either low (~5% of theoretical)· or high 

(-90%) density. Four- and seven-rod cluster alloy fuel elements were 

tested in a Hanford in-pile loop. 

Exposures of the capsules ranged from 1.4 X 1019 to 10.5 X 1019 

fissions/cm3 at 46°C. In general, the performance was satisfactory. 

The only failure was a high-density oxide sample exposed to a flux eleven 

times greater than intended. The alloy fuels without silicon showed the 

best dimensional stability. The high-density. oxides showed better fis

sion-gas retention than those of low density. Grain growth was observed 

in one high-density specimen, and central void formation was noted in 

two specimens of low density.· 

The four-rod cluster element contained 24 g of plutonium and con

sisted of 8-in. rods of aluminum-8% plutonium and aluminum-8% plutonium-

12% silicon in Zircaloy-3 tubing with Zircaloy-2 end caps. Exposure to 

3.0 X 1020 neutrons/cm2 at 185 to 210°C in pressurized water of pH 6 led 

to measurable but acceptably low dimensional changes. The two fuel slugs 

comprising one of the rods diffusion bonded during the irradiation. 

The seven-rod cluster contained 20 g of plutonium and was fueled with 

18.3-in. rods of aluminum-l.8% plutonium clad in Zircaloy-2. Acceptably 
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low dimensional changes were observed after an exposure of 4.7 X 1020 

neutrons/cm2 in water (pH 10) at 230 to 310°C •. 

Conclusions 

It is clear that dimensional instability severely limits uranium 

metal to relatively low burnups and temperatures. When clad with stain

less steel, overheated uranium and the. steel form low-melting alloys that 

penetrate the cladding. AlloyIng additions to uranium, :'lin particular mo

lybdenum}:T~prove its performance, but the burnup and temperature limita

tions are still below those of other fuel materials. Plutonium-base fuel 

alloys are similarly limited. 

When a concentrated fuel is needed, as in a low-enrichment uranium 

reactor or a fast reactor, performance at high temperatures and high burn

ups requires a ceramic 'fuel. Uranium dioxide has shown excellent perfor

mance to very high burnups. The stability of the oxide toward water has 

enabled oxide fuel elements to perform satisfactorily in water-cooled re

actors, despite defects in the cladding, when the oxide was free of fluo

ride and the elements were free of defects through which water could enter 

but from which steam could not rapidly escape. Uranium monocarbide is 

another promising fuel, although there is at present inadequate experience 

with its use. Although ceramic fuels crack during irradiation, it is not 

expected that cracks will impair their performance. 

When dilution of the reactor fuel is permissible, many satisfactory 

systems can be considered. Uranium and plutonium may be alloyed with sev

eral diluent metals, and ceramic compounds of these elements may be dis

persed in both metal and ceramic diluents. 



Aluminum-based fuels have had long use in research reactors. Use of 

new alloys with improved strength and corrosion resistance has raised the 

attainable operating temperatures and heat fluxes for these fuels. In-

creased uranium concentrations can be obtained by alloying or powder

,metaJ"luirgJcal:: .. tecl:iniques; that avoid UA14 formation or by dispersion of a 

ceramic, such as U30g. Dispersed oxides react with aluminum under irradia

tion, but the reaction apprently does not impair the integrity of the fuel 

element. 

When gains in fuel economy and prolonged reactivity from conversion 

are desired, thorium-based fuels may be used. Uranium and plutonium have 

both been incorporated in thorium fuels and tested successfully at tempera

tures and burnups greater than those at which uranium-based fuels show 

serious distortion. Poor performance has been observed, however) for tho

rium fuels containing greater than 20% uranium. 

Special-purpose water-cooled power reactors can use fuels based on 

zirconium or stainless steel. While this review has not uncovered recent 

information on zirconium-alloy fuels) their long and expanding use in 

Naval reactors attests to their integrity. The cermet fuels of uranium 

oxide in stainless steel have had less extensive use, but encouraging in

formation on their stability and limitations is now becoming available. 

Preliminary information on zirconium-base plutonium fuels is discouraging. 

Increasing interest is being shown in all-ceramic dispersion fuels. 

Solid solutions of uranium dioxide in thorium oxide show the same high 

performance as the pure uranium oxide fuels, and the thermal properties 

of this material can be improved by incorporation of molybdenum £ibers. 

For high-temperature systems, dispersions of U02 in ceramics such as 
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beryllia, zirconia, and graphite. and dispersions of UC2 in graphite are 

being examined. Although experience with these fuels is not yet exten

sive, several appear promising. (S. Peterson) 
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STRESS-CORROSION CRACKING OF STAINLESS STEEL 

Of the types. of corrosion that can plague reactor systems, none is 

more insidious or damaging than stress-corrosion cracking. This type of 

attack frequently occurs under conditions where the metal or alloy in 

question is resistant to general attack. Stress-corrosion c!acking re

sults from the combined action of a tensile stress, either applied or 

residual, and a specific corrodent on a metal or alloy; in the absence 

of either, failure does not occur by this mechanism. Failure manifests 

itself as fine, hair-line cracks, which can be either inter- or trans

crystalline, depending on the corrodent and the metallurgical condition 

of the alloy. The time necessary for cracks to nucleate and the rate of 

propagation depend on many factors, including the corrosiveness of the' 

solution and the stress level. 

Most stress-corrosion cracking failures in reactor systems have oc

curred in components fabricated of austenitic stainless steel. These 

alloys demonstrate excellent corrosion resistance in most reactor-asso

ciated environments, but in the presence of chloride, hydroxide, or fluo

ride ions, stress-corrosion can occur. Because chloride ions are univer

sal contaminants, most stress-corrosion cracks in the austenitic stainless 

steels are promoted by chloride ions. In the case of chloride-induced 

cracking the presence of oxygen is essential, and in alkaline-phosphate 

boiler water at 467 to 500°F, Williams and Ecke155 have shown an approxi

mate relationship between oxygen and chloride-ion concentration. In their 

study, they found that cracks developed with a chloride concentration of 

10 ppm and approximately 1 ppm oxygen, but cracks were not found if the 
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solutions contained several hundred ppm chloride when the oxygen concen

tration was less than 0.1 ppm. Also, with 0.1 ppm chloride, cracks were 

not found when the oxygen concentration was 200 ppm. In general, the 

higher the temperature the greater the susceptibility of a material to 

cracking, but Scharfstein and Brindley56 found cracks in cold-worked and 

stressed types 304 and 347 stainless steel on exposure to water contain

ing as little as .5 ppm chloride at 165°F. 

Oxygen is not necessary to produce cracks if the corrodent is free 

alkali;57 however, to produce cracks at comparable temperatures) sub

stantially greater concentrations of hydroxide ions than chloride ions 

are needed. With either chloride or hydroxide ions, the probability of 

cracking and the rate of crack propagation are greatly increased if a 

mechanism exists whereby the local concentration can be increased over 

that in the ~ulk of the solution, for example, by alternate wetting and 

drying or by the wick type of action that might occur with certain porous 

insulation materials. 

In general, the higher the stress the greater the likelihood of 

cracking in a given environment) but, on the other hand, there appears 

to be no threshold stress below which cracking will not occur. This is 

illustrated by the fact that annealed and water-quenched specimens of 

type 347 stainless steel cracked upon exposure to a solution containing 

50 ppm chloride at 250°C without the application of applied stress. 58 

Apparently the residual quenching stresses were sufficient to produce 

cracks. 
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Stress-Corrosion Cracking Incidents 

Reactors of nearly all types have experienced damage in the form of 

stress-corrosion cracking of austenitic stainless steel components. Some 

of the recorded incidents, and brief descriptions of the conditions under 

which cracking occurred are summarized in the following paragraphs. 

Heat Instances of failures caused by stress corrosion 

of both types 347 or 304 stainless steel heat exchangers have been re~ 

ported. In one instance a nonregenerative heat exchanger, which was part 

of the purification system for the primary coolant in the USS Nautilus, 

was shown to contain cracks upon destructive examination at Battelle 

Memorial Institute. 59 This heat exchanger was made entirely of type 347 

stainless steel and had been in use approximately 4 1/2 years. The pri

mary coolant entered the heat exchanger at 260°F and was cooled to 120°F. 

The fresh water on the secondary side entered at 110°F anq left at 164°F. 

The secondary water normally contained about 5 ppm chloride, but occasion

ally it contained as much as 15 ppm; the oxygen content was 4 to 6 ppm. 

Although complete failure did not occur, cracks penetrated as much as 

80% of the wall and.undoubtedly would have lead to failure with continued 

use. 

Stainless steel heat exchangers that· remove heat by producing boil

ing in the secondary water are particularly vulnerable to stress-corrosion 

cracking in the region where the tubes are rolled into the tube sheet. If 

the boiling water contains even very low concentrations of chloride ions 

and oxygen, chloride ions can concentrate in the crevices between the 

tubes and the tube sheet, and cracks can be expected in the highly stressed 

tube ends. Tests conducted in conjunction with the Naval Reactor Program60 
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and examinations of stainless steel boilers from nonnuclear ships 61 have 

shown the severity of this situation. 

Shortly after the startup of the Shippingport Reactor, tube failures 

were observed in one type 304 stainless steel heat exchanger; 62~'63 

Failure did not occur in the region of the tube sheet but, rather, in 

straight lengths of tubing. These failures were attributed to free caus

tic in the secondary water. Although the free caustic content of the 

boiler was too low to produce cracks of itself, it was postulated that 

steam blanketing due to an inadequate number of risers allowed concentra

tion of the caustic to a sufficient level on the tubes to produce stress

corrosion cracks. Elimination of the free caustic from the water and 

installation of additional steam risers appear to have prevented any sub

sequent failures. 

Severe stress-corrosion cracking has been experienced in at least 

two of the types 304 and 304L stainless steel heat exchangers used in the 

Savannah River Plant. 64,65 The heat exchangers operate with heavy water 

on the primary side and river water on the coolant side. A double tube 

sheet is provided at both ends to prevent leakage of moderator into the 

cooling water and to provide a space tha't permits leakage through either 

tube sheet to be collected. In two heat exchangers, leakage of heavy 

water into the space exceeded several hundred pounds per day after 4 to 

4 1/2 years of service, and consequently they were removed from service. 

Subsequent examination showed that the tubes contained many trans granular 

cracks that initiated on the outer surface of the tubes. The tubes were 

also covered with deposits that contained substantial concentrations of 

chloride ions. The source of chloride ions was either decomposition of 
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chloride-containing gasketing material or leakage and subsequent evapo

ration of the river water (1 to 6 ppm chloride) through the second tube 

sheet. The decontamination of the damaged heat exchangers prior tore~ 

pair was recently described. 66 

Fuel Elements. Although no nuclear superheat reactor has gone criti

cal at this time, testing associated with the general nuclear superheat 

program has shown that, if stainless steel cladding is used for the super

heater elements in conjunction with a boiling-water reactor, the prob

ability of stress-corrosion cracking of the cladding will be high. 67 In 

this case the problem stems from the fact that it is virtually impossible 

to maintain the water absolutely free of chloride ions and to pre-

vent at least some carry-over of water with steam to the superheater ele

ments. In addition, steam originating in a boiling-water reactor contains 

oxygen and hydrogen (radiolytic decomposition of water), the fuel element 

cladding is always stressed to some level, and, at least during startup 

and shutdown, a film of water is present on the cladding. Under these 

conditions, a high incidence of cracking would be expected. In-pile 

tests conducted in the SADE test loop at Vallecitos showed that deposits 

containing chloride ions formed on the type 304 stainless steel-clad 

superheater elements and, in most cases} intercrystalline cracks pene

trated the cladding and allowed the escape of fission products after 

relatively short exposure times. 68 

Pressure Vessels. An instance of st~ess-corrosion cracking of aus

tenitic stainless steel caused by fluoride ions was observed in the clad

ding of the SlC pressure vessel. 69 During hydrostatic testing of the 

vessel, a Viton-A O-ring was used as a temporary gasket. Cracks were 
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discovered in the vessel cladding after two weeks of exposure to ammo

niated water at 480°F in 'the presence of oxygen. Thermal decomposition 

of the Viton-A released fluoride ions, and trans crystalline cracks as 

deep as 3/8 in. were observed in the cladding. The cracks were removed 

by grinding, and the metal was replaced by manual welding. The stress

corrosion cracking of austenitic stainless steel as a result of thermal 

decomposition of Viton-A in the complete absence of chloride ions has 

also been found at Bettis. 70 

Other Austenitic Stainless Components. Another failure at the 

Savannah River Plant occurred at a reactor outlet nozzle after about 7 

years of operation. 64,65 'The failure appeared as a long crack in highly 

sensitized type 304 stainless steel. The heat exchanger cracks referred 

to above were transcrystalline, but this crack was completely inter

crystalline. Since the crack began on the primary water side, where the 

chloride concentration was less than 6 ppb, the failure was probably not 

attributable to chloride-induced stress-corrosion cracking. The cause 

of the failure has not been adequately determined. Extensive removal of 

the permanent biological shield and construction of temporary shielding 

to prevent personnel overexposure were necessary to repair the defective 

nozzle. 

During the course of preliminary hydrostatic testing of the primary 

system of the N. S. Savannah, numerous leaks occurred around the aus

tenitic stainless steel valves and pumps. At the time of testing, the 

primary system had been insulated but not waterproofed, and consequently 

the insulation, which contained some chloride, became wet. Following 

this the system was held at 150°F for several days and then at 510°F for 
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four days. Because of the fear that chloride leached from the insulation 

and deposited on the pipe walls might produce stress-corrosion cracking, 

sections of the piping were examined metallographically.71 Although no 

deep cracks were found, shallow penetrations believed to be incipient 

cracks were observed. As a result of these findings all insulation was 

removed, the outer surfaces were cleaned, and indications of incipient 

cracks, as shown by dye-penetrant examination, were removed by grinding. 

Although no major material damage to the N. S. Savannah primary system 

occurred, failure by cracking was a distinct possibility if the chloride 

ions on the stainless steel surface had not been removed. 

The flange leak-detector system of the second aqueous homogeneous 

reactor at ORNL (HRE-2), which consisted of many thousands of feet of 

1/4-in.-diam type 347 stainless steel tubing, supposedly filled with pure 

water, developed many leaks during precritical testing. 72 The cracks 

were shown to be caused by chloride-ion contamination in the tubing in

terior. Cracking of the tubing and the high-pressure flanges was so se

vere that both had to be replaced, and there was a substantial delay in 

reactor startup. 

17-4 PH Stainless Steel. Although type 17-4 PH stainless steel is 

not an austenitic steel, it can be hardened by suitable low-temperature 

heat treatment, and it possesses general corrosion resistance in aqueous 

environments comparable with that of the austenitic stainless steels. 73 

Unfortunately, in the fully hardened condition, the material is subject 

to stress-corrosion cracking in high-temperature aqueous environments, 

even in the absence of chloride, hydroxide, or fluoride ions. 74 Over

aging of the alloy results in some loss of hardness and strength but 
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greatly reduces the susceptibility of the alloy to stress-corrosion crack

ing. Stress-corrosion cracking of improperly heat-treated 17-4 PH stain

less steel components in the control-rod drive system of the Dresden re

actor necessitated shutdown of the reactor75 in November 1960. Replace

ment of the defective type 17-4 PH stainless steel with the same alloy 

that had been overaged appears to have been effective in that no further 

difficulty has been reported. 

Mitigation of Attack 

There are several ways in which stress-corrosion cracking of aus

tenitic stainless steels can be prevented. Elimination of agents re

sponslble for cracking is one, and, at least in the case of stainless 

steel heat exchangers, it has been effectively applied. While it may 

not be possible to eliminate all traces of chloride ions from boiler 

water, it is possible to essentially eliminate all oxygen by the use of 

scavengers, such as hydrazine or sodium sulfite. In addition, free al

kali is eliminated by the coordinated-phosphate water treatment in which 

the water is made alkaline with phosphates so that upon evaporation no 

free caustic exists. 76 Under these conditions cracking does not occur. 

In many cases it is not to eliminate all oxygen, and in those 

cases only complete elimination of chloride ions can assure freedom from 

cracking. 

Since a tensile stress is required for stress-corrosion cracking, 

placing vulnerable surfaces under compressive stresses will eliminate 

stress-corrosion cracking. In:.reactor systems, however, there is little 

practical application for this method of control. 
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In common with other types of aqueous corrosion processes, stress

corrosion cracking is an electrochemical. phenomenon under cathodic con

trol. Thus, in the laboratory, cathodic protection has been shown to 

effectively eliminate the formation of cracks or to prevent further growth 

of cracks that have started. There are, however, practical difficulties 

in locating anodes in complicated equipment so as to ensure that adequate 

current reaches all surfaces that require protection. 77 Furthermore, in 

many systems, it is not the material that is fully submerged in the aque

ous environment that needs protection, but, rather,it is the material in 

splash. zones and similar places where normal cathodic protection cannot 

be extended that is the most susceptible·to failure. 

Perhaps the surest way to prevent stress-corrosion cracking failures 

in reactor environments where chloride or caustic contamination is likely 

is to use a material other than an austenitic stainless steel. Many of 

the nickel base alloys, Inconel, for example, are not susceptible to either 

caustic or chloride-induced failures. 78 Particularly in pressurized-water 

reactors, the substitution of Inconel for stainless steel in critical re

gions can eliminate cracking problems. (J. C. Griess) 
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FISSION-PRODUCT RELEASE FROM URANIUM-GRAPHITE FUELS 

In a previous review article, Rosentha179 discussed the advantages 

of all-ceramic fuel elements and pointed out the severe fission-product

release problem associated with uranium-graphite fuel materials. A re

view of the information. on the mechanisms of fission-product release from 

U02 was recently provided by Carroll. SO other studies, both in-pile and 

out-of-pile) on fuel elements for the high-temperature graphite reactor 

(HTGR) designed by General Atomic for the Philadelph~a Electric Company 

and High-Temperature Reactor Development Associates, 81 the Dragon re

actor,S2 the Brown-Boveri/Krupp high-temperature reactor, 83 and the 

pebble-bed reactor84 have been concerned with techniques for reducing 

the rates of fission-product release by orders of magnitude below those 

observed in early screening tests. This review deals with the approaches 

that have been taken recently and the current status of this work. 

Fuel Element Coatings 

The most direct approach to the problem of fission-product release 

from fueled graphite is to use a gas-tight ceramic cladding on the fuel 

element. Unfortunately every element with an impervious coating tested 

to date has failed under irradiation. One of the more promising tech

niques involved coating the element with siliconized-silicon carbide. 

This coating was demonstrated to be protective to graphite for 1000 hr 

in air at lSOOQF. Under irradiation, however, the coatings have failed 

consistently from the combined effects of thermal cycling and irradia

tion. Fuel elements with low-permeability pyrolytic~carbon coatings 

have suffered the same fate. Apparently the cracks that form in the 
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graphite under the coating as a result of thermal stresses or irradiation

induced contraction readily propagate through bonded coatings. Once the 

coatings fail the fission-product release rates are the same as those of 

uncoated fuel elements under the same conditions. This feature is one of 

the major drawbacks to the concept of fuel-element coatings. There is 

still'hope that an acceptable coating will be developed, but no reactor 

materials development group is now placing major emphasis on this approach. 

Low-Permeability Bottles 

A second way to control fission-product release is the use of a low

permeability graphite bottle. This approach has been selected for the 

reference design for the Brown-Boveri/Krupp reactor, and low-permeability 

graphite sleeves are used for the HTGR and the Dragon reactor. Ordinary 

reactor-grade graphite has a permeability of· about 1 cm2/sec. Fission 

gases flow readily through this material by combined viscous and Knudsen 

flow. The "dusty gas II theory of Evans et a1. 85 is quite successful in 

describing the combined processes quantitatively. By a process of re

peated impregnations of this .type of base stock with organic liquids, 

such as furfuryl alcohol, followed by thermal decomposition treatments, 

the permeability can be reduced to values of the order of 10- 8 to 10- 10 

cm2 /sec. In the low-permeability mater,ial the migration of fission gases 

occurs primarily by Knudsen flow and is sufficiently slow that most of 

the short-lived volatile precursors decay to long-lived stable daughters 

before they migrate out of the fuel element. 
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A typical chain in which decay is important is 

16 s Xe140 ~ 66 s Cs140 ~ 12.8 d Ba140 ~ 

40.2 h La140 ~ stable Ce 140 • 

Both Ba140 and La140 are energetic gamma emitters, and Ba140 is long 

lived. In ordinary graphite, a volatile precursor of the undesirable 

Ba140 may escape and subsequently deposit as Ba 140 on the heat exchanger 

after decay of the precursor. If, however, the volatile Xe 140 and Cs 140 

decay to Ba140 before escape from the low-permeability bottle, then the 

activity will be retained in the fuel element, unless the temperature is 

sufficiently high that the barium will vaporize. Other decay chains with 

volatile precursors and long-lived daughters are those of mass 90, 91, and 

137. Even though the short-lived species decay before they reach the ex

ternal surface of the fuel, stable xenon and krypton can slowly escape. 

In this way the internal pressure will not become sufficiently great to 

cause the bottle to rupture, unless a severe upward temperature transient 

occurs. A quantitative treatment of the relationships between perme

ability and release rates of species with different half-lives has been 

given by Prados. 86 

There are a number of disadvantages to the low-permeability bottle 

approach. One is that the fuel elements are unprotected if the bottle 

cracks. A second is that the low-permeability bottle must be sealed 

after the fueled body is placed inside it. Seals have been made in two) 

ways: (1) by brazing the joint between low-permeability components with 

a brazing alloy such as that developed by Donnelly and SlaughterS? and 

(2) by repeatedly reimpregnating the graphite after the fueled core has 
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been placed within a machined graphite ball and the end plug screwed in. 

The second technique is to be-used for the Brown-Boveri/Krupp reactor. 

Fuel elements with brazed end plugs have invariably leaked under irradia

tion. Elements made by reimpregnation have not been adequately tested. 

Based on the meager information available, it is concluded that further 

work will be required to properly assess the usefulness of low-perme

ability bottles. 

Coated Particle Studies 

A third technique for retaining fission products in ~h all-ceramic 

fuel element involves the use of coated fuel particles. In this case 

individual fuel particles, such as U02 or UC2, are coated with an im

pervious coating before they are incorporated into a fuel element. In 

this way each fuel particle is protected individually and the failure of 

anyone coating results in a minuscule release of activity from the fuel 

element. This approach has the additional advantage that a fuel which is 

unstable in air, such as (U, Th)C2)l:s protected from the atmosphere dur

ing the fabrication of the fuel body and during subsequent storage. For 

some fuel elements, coatings on the carbide particles are desirable for 

the latter reason, even if the coatings are unable to survive the irradia

tion environment. 

Although many types of coatings have been tried, the chief emphasis 

to date has been on two types: A1203 for U02 and pyrolytic carbon for 

UC2. Like other oxide coatings, A1203 is applied to U02 by the~'.hlY:diro;lysis 

of AlCi3 at high temperature. SS Pyrolytic carbon is applied by the pyro-

lytic decomposition of organic gases, such as methane or acetylene. S9 
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Depending on the temp~rature and rate of deposition of the pyrolytic car

bon, coatings may be made with different characteristics. The two most 

common types of coatings are referred to as laminar, or "onion-ring," 

and columnar. 90 The laminar coating is characterized by its fine-grained, 

smooth, layer-like structure, whereas the columnar coatings are distin

guished by large, radially oriented grains and rough surfaces. Some 

coated-particle vendors have chosen to apply an inner laminar coating 

followed by a columnar coating. The composite structure is referred to 

as "duplex II because of the different appearance of the two . layers . 

The impetus toward the coated-particle approach was provided by the 

SP-5 sweep capsule.test at Battelle Memorial Institute for the Sanderson 

and Porter pebble-bed reactor program. 91, 92 The fuel element was a 

1.5-in.-diam ball of graphite that contained 100- tol40-~-diam U02 parti

cles coat~d with a 40-~ thickness of vapor-deposited Al203' During ir

radiation, a helium sweep was monitored periodically to determine the 

extent of fission-product release. At a fuel temperature of about 1350°F, 

the initial fission-gas release rate was about 10-7 of the amount pro

duced. Cracking of the particles was first noted at 1 at. % burnup and 

became relatively severe at between 3 and 5 at. % burnup. After about 

6 at. % burnup, the postirradiation examination showed that 8% of the 

particle coatings had cracked. The final fission-gas-release rates were 

about 10- 2 of the amount generated for the long-lived gases and below 10-4 

for most of the shorter lived ones. The fact that 92% of the particle 

coatings did not fail spurred efforts toward improved particle coatings. 

One of the questions that arose during irradiation of the SP-5 Cap

sule was the compatibility of Al203 with graphite. Above about 2000°F 
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these materials react to form CO and other reaction products that are 

volatile. In order to achieve an inherently compatible system, attention 

was directed toward the thermodynamically stable system, pyrolytic-carbon

coated uranium carbide. 

Screening tests at General Atomic, 93:Ba;t.telle Memorial Institute, 94 

and the Oak Ridge National Laboratory95 showed that uranium carbide par

ticles with pyrolytic~carbon coatings maintained their integrity when 

tested by acid leaching, alpha contamination, and neutron activation. 

High-~uality particles released 1 to 10 ppm Xe 133 in 24 hr at 1832°F. 

Even at 3300°F, for periods up to 100!fr1r, the Xe133 release was found to 

be small. 95 Abbve about 3600°F, particles from some batches were ob

served to rupture spontaneously. This rupturing was attributed to stresses 

on the coatings which could result from differential thermal expansion be

tween the uranium carbide core and the pyrolytic-carbon coating. 

Although the pyrolytic-carbon coatings retained xenon at 3300°F and 

below, Ba140and Sr84 were released rapidly at 2550°F and abovej 95-97 

I 131 and Te132, like Xe133, were released only when defective coatings 

were present. A number of studies are under way at several installations 

to determine the rates and mechanisms of migration of barium, cesium, and 

strontium through pyrolytic graphite. 

The observations of the migration of barium led to the concern that 

uranium might also migrate through the coatings. To check this poss.i

bilitYJ unsupported coated particles were heat treated and then examined 

by neutron-activation tests and by low-voltage radiography. The tests 

showed tha,t uranium did migrate through both laminar and columnar coat

ings at 2900°F. 97 In neither coating was the migration uniform, and 
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concentration of the uranium at certain points suggested that the migra

tion occurred by diffusion along defects. In laminar coatings uranium 

was observed to spread circumferentially along laminations, resulting in 

moon-shaped regions of high uranium concentration. In samples of both 

types of coated particles, a few coatings were found that were free of 

uranium. This observation leads to the hope that a suitable fabrication 

technique can be devised to prevent the migration. It is also possible 

that uranium migration will not be a problem at lower temperatures, for 

example, 1800°F. 

Irradiation Tests on Coated Particles 

Irradiation tests on unsupported coated particles and fuel elements 

containing coated'particles have been carried out at Battelle Memorial 

Institute, General Atomic, and the Oak Ridge National Laboratory. Tests 

have also been made on uncoated particles for comparison. Both sealed

capsule and sweep-capsule experiments have been run. In the latter type 

of experiment, the rates of release of the noble gases with half-lives 

longer than about 1 hr are monitored periodically. By means of IIdaughter 

traps II developed at Battelle Memorial Institute91 information has also 

been obtained on the rates of release of very short-lived noble gases, 

such as 16 s Xe140 • After irradiation the fuel samples are examined 

visually and metallographically for evidence of cracked coatings, fuel 

migration, and changes in fuel microstructure. 

Sweep capsules are especially effective for assessing the fission

gas-release characteristics of fuel materials during irradiation, since 

the effects of temperature, thermal cycling, and burnup can be determined. 
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Data are normally reported in terms of the RIB ratio, which is the rate 

of release of a given fission product divided by the rate of formation 

of that species. During startup and after transients the theoretical 

value of the RIB ratio is. difficult to compute. At steady state, how-

ever, that is, after irradiation for about five half-lives of the particu-

lar species being monitored, the RIB ratio for a given species should be 

constant. For the two known. processes of fission-gas release in-pile, 

that is, recoil and diffusion, the RIB ratios for uniform spheres of ra-

dius, a, are given by the following equations. 

For recoil, 

(1) 

where d is the recoil range in the fuel. 

For diffusion, 

R ( D )1/2 [ - == 3 -. . coth 
B a 2A . 

. Aa2 
for D > 100 . (2) 

In Eq. (2),.D is the diffusion coefficient and X is the decay constant. 

For small values of RIB, Eq. (2) may be approximated by 

(3) 

It is useful to compare ratios of RIB for different isotopes of xenon and 

krypton being released Simultaneously. For the recoil process, values of 

RIB should be independent of X. When diffusion occurs,.R/B should vary 

inversely with the square root of A. Thus a plot of log R/B vs log A 

should yield a straight line with a slope of -1/2. This latter condition 
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is normally observed in data from tests on both coated and uncoated ura

nium carbide particles, suggesting that the mode of release is diffusion. 

The diffusion is not necessarily out of the fuel particle. Some evidence 

suggests that the rate-controlling process at temperatures up to 1832°F 

is the diffusion of recoils out of the graphite surrounding uncoated 

particles or particles with defective coa~ings. 

Typical release-rate data obtained by Carroll and Reagan9 ? forun-· 

coated and coated particles at 1500°F are shown in Table 11-1, together 

. with data on single-crystal U02 for comparison. The particles were also 

tested at other temperatures, and the temperature dependence of release 

was found to vary from sample to sample. The sample with a laminar coat

ing showed almost no temperature dependence, but the sample with a colum

nar coating indicated a marked temperature dependence. Apparent diffusion 

coefficients of uncoated particles of UC 2 showed an activation energy of 

about 20~kcaljmole and those of the U02 showed an activation energy of 

30 kcaljmole. In both U02 and UC2 samples, 1133 accounted for about 25% 

of the Xe133 , and 1135 accounted for about 80% of the Xe135 . Since the 

activation energy for iodine release was about the same as for xenon re-

lease, the mechanisms of iodine and xenon release appear to be identical. 

The release-rate characteristics of the, sample that had a duplex 

coating were particularly encouraging. After a burn up of 14.7 at. % of 

the total uranium, the release rate was about 103 less than that of un

coated particles under the same conditions. Postirradiation examination 

showed extensive damage to the inner, laminar coating, but ·the outer coat

ing was undamaged. If the cause for the presence of 0.3% defective coat

ings in this material can be established, the release rates may be reduced 

even further. 
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Table II-1. FISSION-GAS-RELEASE DATA FOR COATED AND UNCOATED FUELS TESTED AT 1500°F 

Fuel Ratio of Release Rate to Generation Defective Type of Rate, RIB Fuel Coating Particle Coatingsa 
Size 

Kr 87 Kr88 Kr85m Xe135 Xe133 (%) 

X 10-3 X 10-3 X 10-3 X 10-3 X 10-3 

U02b None 50-mil plate 0.81 1.3 1.Sc 1.2 3.4 

UC2 None 175-246 !l 3.8 5.3 lOc 10 72 

UC2 Laminar 175-200 !l 0.18 0.18 0.27c 0.20 0.50 5 
f-' 

UC2 Columnar 150-250 !l 0.024 0.027 0.057c 0,058 0.33 2 
CX). 
w 

UC2 Duplex 175-246 !l 0.003 0.004 0.06c 0.044 0.034 0.3 

aBased on postirradiation visu~l inspection. 

bSingle-crystal sample. 

cBased on a Kr 85m yield of 1.5%. 
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Although the results of the sweep-capsule tests at 1500°F were en

couraging, limited tests on fuel elements at higher temperatures have not 

been so favorable. Evidence for this is shown in Table 11-2. The com

parisons are based on Kr88 because it has no troublesome precursors and 

its specific activity is high. The minimum values in Table 11-2 occurred 

during or shortly after startup. At temperatures of 2000 and 2600°,F, the 

rates of release increased approximately exponentially with burnup. Du~ 

plicate unsupported particles in sealed capsules showed much lower inci

dences of failure. In the sweep capsules, tantalum sheaths on thermo

couples were found to be severely oxidized, indicating that the sweep gas 

contained oxidizing impurities. Thus the failures observed may not have 

been due to irradiation effects, alone. In capsule ORR-08A-5, the fuel 

elements containing particles with duplex coatings were affected by ir

radiation at 1750°F far more than the unsupported particles with duplex 

coatings. It is important to note that because of differences in deposi

tion conditions, the two batches of particles were not identical. For 

the unsupported particles, for example, the nominal thickness of the 

inner laminar layer, which is exposed to fission recoils, was 25~. For 

those in the fuel elements, however, this thickness was only 12~. In 

addition, more temperature changes and thermal cycles were experienced 

by the graphite-matrix fuel elements than by the unsupported particles. 

Recent irradiation tests performed at Battelle Memorial Institute 

on A1 203 - coated:, 002, have identified a major problem with this system. 99 

Samples that were irradiated to burnups of 2 to 4% of the uranium atoms 

at 212°F showed a much higher incidence of coating failures than dupli

cate samples irradiated at 1960°F. A possible cause for this effect is 
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Table SUMMARY OF RESULTS FROM FISSION-GAS-RELEASE EXPERIMENTS AT ORNL 
ON FUEL ELEMENTS CONTAINING COATED URANIUM CARBIDE PARTICLES 
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the observation of Bleiberg and co-workers that Al203 loses its crystal

linity on exposure to fission fragments at low temperatures. 100 At 

higher temperatures the damage is annealed out without loss of crystal

linity. If loss of crystallinity is the cause of low-temperature fail

ures of Al203 coatings, failure might be prevented by the use of an under

coating of a nonfissile ceramic to catch the fission fragments. 

Fission-Product Control by Purging 

In the HTGR and the Dragon reactor fuel elements, a low-permeability 

graphite sleeve is used to keep fission products out of the coolant. Be

tween the sleeve and the fueled core .is an annulus through which helium 

is passed continuously. After leaving the fueled core, the helium sweep 

gas passes through a silver-coated charcoal trap at the bottom of the 

fuel element and then into a fission-product clean-up system outside the 

reactor. Coated particles. are used in the fueled core of the HTGR, not 

to retain fission products, but, rather, to prevent hydrolysis of the 

(Th,U)~2 during fabrication and handling. 

Irradiation tests on the HTGR fuel element were conducted in the 

GAIL loop in the General E~ectric Test Reactor (GETR) at Vallecitos. 101 

All conditions were those of the reference design, except that the fuel 

element length was one fourth that of the reference design. The graphite 

sleeve had a room-temperature permeability of 10- 5 cm2/sec. Both the 

primary coolant stream and the purge line were monitored for radioactive 

noble gases. The results are still tentative and have not been published, 

but it is known that the observed activity levels were fully acceptable 

for the HTGR. 
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One other problem has arisen, however, that reflects on the accept-

ability of the purge technique for controlling fission-product release. 

Recent work of Walton102 has shown that cesium, strontium, and barium 

migrate rapidly through low-permeability, impregnated graphite at rates 

that are independent of the permeability with activation energies of only 

7 to 18 kcal/mole. The rates are consistent with an in-pore surface dif-

fusion model and are several orders of magnitude greater than the rates 

at which these species escape from lattice positions into which they have 

recoiled. Thus while the purge is effective in reducing contamination 

from daughters of volatile nuclides, a mechanism exists for contamination 

of the primary coolant. The severity of thepr6blem: depends on the fu-

gacities of the fission-product species exposed to the coolant. Further 

work will be required to assess the magnitude of the problem. (J. L. 
\ 

Scott)' 
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POWER REACTOR STABILITY EXPERIENCE 

The problem of power reactor stability continues to receive con

siderable attention, with progress ranging from refinements in theoreti

cal treatments to improvements in experimental techniques. Measurements 

of system stability characteristics are now regarded as being as much a 

part of the essential reactor startup experiments as the usual determi

nations of critical loading, available excess reactivity, rod calibra

tions, and flux distributions. Techniques have been developed that pro

vide detailed stability information from simple experiments; and, by 

noise analysiS, basic information on reactor properties can be obtained 

with no interference with reactor operation. 103 

Fuel-Rod Bowing in Sodium Reactor Experiment 

Despite the refinements in methods. of prediction and the lnclusion 

of stability measurements in startup programs, there are occasionally sur

prises when a reactor is taken to power, inasmuch as effects that were 

either unforeseen or unappreciated become important. Operation of the 

SRE with its second core is an illustration. 104 

When the power was raised for the first time after the second core 

was installed, it was found that abrupt power changes resulted from small 

rod motions and that smooth control was impossible. The first core had 

shown excellent self-regulation at power, and on the basis of predictions 

and low-power tests the second core was expected to be stable. An ex

perimental program was therefore initiated for finding the cause of the 

difficulty. 
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The first step was the use of an on-line analog computer that simu

lated the reactor system with two feedback loops. The reactor was oper

ated in a range of moderate power while the rod positions were transmitted 

to the simulator. The output of the simulator and the reactor nuclear 

power were recorded for comparison} and the time constants and gains of 

the feedback loops were adjusted until the simulator output matched the 

behavior of the actual power. A positive feedback was found to be neces

sary} indicating that despite a predicted strong} negative Doppler coef

ficient, there was a fast, positive power coefficient. Doubts as to the 

uniqueness of the simulator results were resolved by experiments with 

power ramps} flow ramps, and ramps in both power and flow, which showed 

both the expected Doppler coefficient and a predominant effect) which was 

positive. 

These results led to calculations which indicated that the probable 

cause was outward bowing of the rods in a fuel cluster when the power was 

raised. 105 No similar effect was observed with the first core, mainly 

because smaller clearances permitted less bowing of the fuel rods. Rod 

bowing was confirmed when tests showed that the net fast power coeffi

cient decreased and became negative as fuel clusters were progressively 

replaced with clusters restrained from bowing by wire wrapping. 

In the latter phase of the experiments) power ramp tests were ana

lyzed by feeding the reactor chart records into the analog computer and 

varying the number and characteristics of the feedback loops until the 

simulator output matched the reactor output. The results of these tests 

proved valuable in separating various effects and required l~ttle re

actor operating time. 106 



190 

Stability of Direct-Cycle Turbojet-Reactor Systems 

Reactors were joined to turbojet engines in the HTRE (Heat Transfer 

Reactor Experiment) series. Air entering through an axial-flow compres

sor passed through the core to a turbine, which was directly coupled to 

the compressor, and out through a tailpipe and nozzle. 

This unus.ual reactor application was susceptible to an unusual form 

of instability.l0? In the core, the specific heat input to the air de

pended on the air flow rate; in the engine, the turbocompressor speed and 

air flow depended on the specific heat input to the air. Stability ana

lyses and operating experience showed that HTRE-3 was stable during high

speed, high-power operation; but when the speed was reduced, a point was 

reached where the engine-reactor system became unstable, and the speed 

dropped rapidly. 

The low-speed instability was normally circumvented by the control 

system, which used combustion heat to control the air temperature enter-

ing the turbine while holding the nuclear power at a setpoint. But on 

three occasions, the speed was brought up through the region of insta

bility on nuclear power alone, with manual control. This was a delicate 

operation, requiring close control of speed and fuel-plate temperatures 

within the proper relationships, but it was judged to be feasible as a 

routine method for starting a reactor-turbojet-sY$tem. 108 . 

Transient Analyses 

The experimental program of the Yankee reactor plant included tests 

that confirmed the safe operation of the plant for accident transients. 

In addition, the stability of the plant for normally controlled loading 
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and unloading was demonstrated. Comparison of predicted and actual re

sponse was difficult because} for conservatism} the most adverse com

binations of reactivity coefficients had been used in the analytical 

studies. Also} feedwater transients were not included in the analysis} 

and while these proved to increase the stability for normal load changes} 

in cases of turbine trip or reactor scram} the transients in feedwater 

flow caused more severe primary-loop temperature transients than pre

dicted. Additional feedwater control was added as a result of this ex

perience. I09 

A report by the operators of the Shippingport pressurized-water re

actor describes in detail the analysis of transients from chart records 

obtained during two unscheduled safety shutdowns of the plant. IIO During 

the first shutdown} which was caused by a faulty valve-position indicator} 

all variables remained under control. The second shutdown occurred during 

a test in which the turbine power was being rapidly reduced. Burnup had 

resulted in withdrawal of control rods to a region of low sensitivity} 

and the temperature coefficient of reactivity was reduced for the same 

reason. As a result} although the rods were being driven inward} the 

coolant temperature rose to the trip point and caused a rod. drop. 

Analyses of the chart records for these unscheduled transients were 

hindered by the difficulty of reading and correlating time on the chart 

records from various recorders in the plant. This is a common experience 

of those who seek to extract information on fast-moving incidents from 

slow-moving charts designed for another function in routine plant opera

tion. 
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Noise Analysis 

The small fluctuations in the nuclear power of a reactor, when pro-
. 

perly analyzed, can afford information on the inherent stability of the 

system. This is so because the frequency spectrum of the fluctuations 

(the reactor-spectrum driving function) shows the response of the system 

to the small input disturbances, or nOise, which are always present. For 

a thorough treatment of random processes in control theory, see Laning 

and Batting. 111 

Determinations of the reactor transfer function by using noise analy-

sis to obtain the power spectral density have been based on the assump-

tion that the reactor-spectrum driving function is a white nOise,' that 

is, a random disturbance possessing all frequencies in equal amounts. 

The SRE has been used in a program of improvement of techniques for the 

measurement of power spectral density. Reactor flux spectra were measured 

at three power levels, and the frequency response was compared with the 

response to reactivity oscillation under identical operating conditions. 

The results indicated that the reactor-spectrum driving function deviated 

from white noise at some low frequency and that the frequency where de-

viation occurred was higher at elevated power and temperature. 112 

The power spectral density of the N.S. Savannah reactor has also 

been measured, in a search for plant instabilities, with the ship at 

dockside, in a calm sea, and in a heavy sea. 113 A significantly higher 

amplitude of the power spectral density, around 1 cps, was observed when 

the sea was rough. Ship heave, roll, and pitch would be expected to 

affect inertial and thermal driving heads of the water in the core. 114 
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Xenon Instability 

The Shippingport reactor, during operation with the first set of 

enriched seed elements, showed a tendency to develop oscillatory power 

distributions because of xenon instability. The second and third seeds 

differed from the first in increased fuel loading and the use of two 

fuel zones, with boron poison in one zone. No spontaneous radial power 

oscillations occurred during seed 2 and 3 operation, and deliberate 

attempts to induce oscillations by asymmetric rod motion resulted only 

in highly damped oscillatory behavior. Fluctuations .in controlling-rod

group height, possibly caused by axial xenon OSCillation, were observed, 

however, at certain times during seed 2 full-power operation. 115 

(P. N. Haubenreich) 
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LOSS OF COOLANT ACCIDENTS IN GAS-COOLED REACTORS 

(Held over from Vol. 4) No.2) 
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IN-PILE LOOP HAZARDS 

(Held over from Vol. 4) No.2) 
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POSTINClDENT ANALYSIS OF SOME ASPECTS OF THE 
SL-l CONTROL-SYSTEM DESIGN 

W. J. Kann* D. H. Shaftman** 
B. 1. Spinrad*** 

Argonne National Laboratory 

(Editor's Note: The role of the control system in the SL-l 
incident has been of considerable concern to designers of 
reactor systems. The following review was prepared by the 
organization responsible for the design and initial opera-
tion of the SL-l and, although quite candid, is based upon 
a control philosophy which is less restrictive than that ad
vocated by the editors. Thus the ideas and conclusions ex-
pressed herein do not necessarily represent the views of the 
editors of Nuclear Safety nor do they necessarily reflect 
the official position of the AEC, except where the Board of 
Investigation or Commission officials are quoted or referenced.) 

Sufficient·evidence l - 3 is now available to state, with a reasonable 

degree of certainty, that the incident which destroyed the SL-l on 
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January 3, 1961, was a nuclear excursion caused by manual withdrawal of 

a single control rod (the central rod) to an indicated position of ap

proximately 20 in. (See article in Section VI of this issue on the Final 

Report of the SL-l Board of Investigatio~,;) At the time of the incident, 

the over-all control system for the reference 3-Mw (thermal) core of 40 

fuel assemblies comprised five movable cross-shaped control rods, six 

fixed strips of cadmium inserted into two tee-shaped control-rod chan

nels, full-length and half-length burnable-poison strips attached to the 

fuel assemblies, and a manually operated soluble-poison backup shutdown 

system. 

The purpose of this analysis is to re-examine the safety aspects of 

the control systems employed in the light of lessons learned from the 

SL-l incident and discussions stimulated by it. The ~essons learned can 

be applied to the design, installation, operation, and maintenance of 

more general movable-control systems, control rods, or other control de

vices for reactors. 

Reactor Components 

Fuel Assembly. The reference core included 40 fuel assemblies, each 

containing nine fuel plates. The active region of each plate consisted 

of a uranium-aluminum-nickel alloy core (0.050 in. thick, 3.50 in. wide, 

and 25.8 in. long} clad with a 0.035-in. thickness of aluminum-nickel 

alloy (X8001). The uranium was enriched to approximately 93 wt % U235 , 

and the nickel constituted approximately 1.6 wt % of the fuel-plate core 

(see ref. 2, 24) . 



212 

Burnable-Poison Strips. To assist in control of the excess reactiv

ity in the core, thin burnable-poison strips were fusion welded to the 

side of each fuel assembly. The strips were extruded from a mix-

ture of aluminum, nickel, and boron highly enriched (>90%) in B10. One 

full-length (25.8-in.) poison strip, containing approximately 0.5 g of 

B10, was welded to a side plate of each fuel assembly. One half-length 

(12.9-in.) strip, containing approximately 0.2 g of B10, was.welded to 

the bottom half of the other side plate of each of the 16 central fuel 

assemblies. Burnable-poison strips of a similar type had been used suc

cessfully in BORAX III (see ref. 2, p. 216). 

Core Shroud. The core shroud structure, fabricated from aluminum

nickel alloy (X800l), provided for a maximum loading of 59 fuel assem

blies and one neutron source assembly into 16 compartments. Twelve of 

the compartments (-8 in. square) were designed to accommodate four fuel 

assemblies, and the four corner compartments were capable of containing 

three assemblies (see ref. 2, Fig. 22). In the reference core of 40 

fuel assemblies, dummy fuel assemblies were added to maintain vertical 

of the fuel assemblies and the source assembly in their re~ 

spective compartments. 

The walls (0.156 in. thick) of the compartments formed channels 

(0.5 in. thick) to guide the vertical movement of five reference cross

shaped control rods and four additional tee-shaped rods. An average 

water clearance of 0.14 in. existed between the guide shrouds and either 

side of a control rod. 

Rods. Each of the five cross-shaped control rods consisted ..;....-------
of a cadmium absorber section (0.060 in. thick, 14 in. wide, and 34 in. 
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long) clad with 0.080-in.-thick aluminum-nickel.alloy (X8001). The total 

rod thickness was 0.220 in. Although the active core length was only 25.8 

in., the additional absorber length (more than 8 in.) of the control rods 

was provided to give essentially full coverage of the core during normal 

shutdown and during assembly (or disassembly) of a drive to its control 

rod (see Fig. 111-1). The central rod had a 17-in.-long follower. The 

other four rods had 5-in.-long followers. The upper end of each rod had 

a 3-in.-span cross extension and a stainless steel ball-joint end fitting. 

The end fitting provided a simple means of connecting the rod to the drive 

mechanism (see ref. 2, Fig. 27). 

Control Rod Drives. The control rods were driven independently by 

rack-and-pinion-type drive mechanisms (see Fig. 111-2). The rack and 

pinion, pinion-support bearings, and rack backup roller operated in the 

saturated-steam and water atmosphere above the reactor vessel. The rack

and-pinion teeth were chromium plated. The pinion-support ball bearings 

were of Stellite. Approximately one year before the incident, they were 

replaced with standard-alloy carbon-steel ball bearings (see ref. 3, 

p. 67). 

Soluble Poison System. There appeared to be no reactivity problem 

in shutting down the reactor with the system of control rods (even if one 

control rod were fully withdrawn) if the reactor was maintained at de

sign temperature and pressure. In order to maintain shutdown at ambient 

temperature, however, at least partial insertion of the central rod was 

always necessary. 

A backup shutdown system, using a relatively concentrated solution 

of boric acid (100 g of H3B03 per ga'llon), was available to provide 
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additional control, if needed, as the temperature of the reactor water 

decreased. The system included a hand-operated pump to be used when the 

reactor was at above-atmospheric pressure. At atmospheric pressure, the 

solution could flow into the vessel by gravity. 

The boric acid solution was available as an auxiliary shutdown method 

and was to be used at the discretion of the operator. The system was not 

intended to effect an emergency shutdown. Rather, it was to be available 

for such contingencies as the inability to insert a control rod. In the 

SL~l, the boric acid system was not employed for reactivity control ex-

cept for a period of experimentation and for a short xenon-measurement 

run at power. 

Pre incident System Malfunctions 

Deterioration of Poison Strips. In August 1959, some bowing of the 

burnable-poison strips was observed between the fusion welds that held 

the strips to the side plates of fuel assemblies. After 400 Mwd of re-

actor operation (February 1960), it became evident that the actual rod 

bank position, at power, was dropping much more rapidly than was pre-
-

dieted by the calculations (see ref. 3, Fig. 30). It was believed that 

the progressive lowering of the critical rod bank position during reactor 

operation resulted from a more rapid loss of o from the reactor core 

than had been anticipated. 

During a periodic inspection of fuel assemblies in August 1960, it 

was discovered that the burnable-poison strips were deteriorating. Re-

moval of fuel assemblies from the center of the core was accomplished 

with considerable difficulty. These fuel assemblies were bound tightly 
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within their compartments, probably because of the extreme bowing and 

deterioration of the poison strips. Remote viewing of strips indicated 

that the bowing was more pronounced in the center of the reactor core, 

where the power density was higher (see ref. 3, pp. 31-32). To compen-

sate, in part., for this stationary-control loss, three cadmium blades 

were added in Nov.ember 1960 in each of two diametrically opposite tee-

rod locations. These served as fixed control rods in the reactor core 

(see ref. 3) p. 52). 

Early in the postincident investigation, it was suggested that the 

bowing of the pOison strips might have led to bending of the control-rod 

guide shrouds and a resultant narrowing of the control-rod channels. This 

was previously listed as a possible cause of sticking or binding of con-

trol rods, but it is no longer offered as an explanation of the "rod 

sticking" experienced during reactor operation. Although the deterio-

ration of the burnable-poison strips was not anticipated and was quite 

undersirable, it appears to have been irrelevant to the actual SL-l in-

cident. 

Sticking of Control Rods. During reactor operation, ,a history of 

84 occasions of "sticking of the control rods" was accumulated. This 

"sticking" has been categorized into three types (see ref. 3) p. 61): 

"Type I - Sticking of a control rod resulting in failure 
to meet the drop time requirements (one second for 10" drop; 
two seconds for a 30" drop) and which did not require a power 
assist from the drive assembly. 

"Type II - Sticking of a control rod in which the con
trol rod stopped and required a power assist to-enable the 
control rod to reach its zero position (even if it subse
quently fell free at a lower level). 

"Type III - Sticking of a control rod in which it was not 
possible to drive the control rod in a desired direction, e.g., 
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clutch slippage during a rod withdrawal, or failure of a drive 
assembly shear key or gears resulting in failure to drive a 
control rod. II 

There were 19 Type-I, 52 Type-II, and 13 Type-III sticking events. 

There is no record of measurements having been made, with the re-

actor at operating temperature and pressure, to check the dimensions of 

the pressure-vessel head with regard to alignment of the drive mechanisms 

and the control rods. Misalignment of a control-rod drive relative to 

the control-rod guide shroud is still a reasonable possibility; however, 

it follows that sticking should then have occurred in a much greater per-

centage of the rod movements. 

As mentioned earlier, bowing of the burnable-poison strips appears 

not to have caused "rod sticking. If In November 1960, a "burr" was ob-

served and was removed from one control-rod guide shroud (see ref. 3, 

p. 63). This did not eliminate subsequent sticking in this location. 

Indeed,out of a total of 20 sticking events during the period May 1959 

to December 1960, nine sticking events occurred at this location within 

one and one-half months after removal of the burr (see ref. 3, Appendix 

A) • 

Post incident examination of the shrouds and the control-rod blades 

has revealed that only a thin film of corrosion was present. Rub marks 

and scratches found on the guide shrouds and control-rod blades are at-

tributed to normal wear during preincident operation. There was no evi-

dence of inward bowing or warping of the shroud, s'ignificant loss of 

cadmium, abnormal wear of rods or shrouds, or buildup of crud in the 

control-rod channels. In short, the shrouds and control rods appear to 

have been in normal condition prior to the incident, after more than two 

years of use. 4 
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Among other possible causes of what has been termed Ircontrol-rod 

sticking" are (1) crud in the rod-drive seal, (2) crud in and wear of 

the Stellite pinion-support ball bearings, (3) crud in and wear or cor

rosion of the replacement carbon-steel ball bearings, and (4) a "hydrau

lic-piston" effect, that is, a momentary partial vacuum in the space 

above the rack as the rod was dropped. 

The degree of the "hydraulic-pist.on" effect is ·influenced by such 

parameters as reactor pressure and water temperature, seal-water inlet 

temperature, and water level in the rack housing. This effect had been 

noticed during the of a prototype SL-l rod-drive mechanism at i 

the Argonne National Laboratory. (A piston effect of this type has since 

been observed on a similar drive mechanism designed for another reactor. S) 

Consequently, the washer on top of the rack was modified (reduced slightly 

in diameter) to permit more rapid equalization of pressures between the 

reactor and the top of the rack housing. This modification appeared to 

have eliminated the as evidenced by further testing. 

In summary, no one cause of the sticking events has been established. 

More likely, there were several contributing factors. 

Assembly of Drive to Control Rod 

Design Featllres. As designed, the cold, fresh, xenon-free 8L-l re

actor could achieve criticality with the ceutral control rod raised to 

an indicated position of about 19 in. and with the other four cross

shaped control rods fully inserted (at indicated zero position). This 

fact was by the designers and the operators. Several design 

features were incorporated to ensure the safety of personnel during 
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assembly (or disassembly) of the drive mechanisms to their respective con

tr.ol rods. The design of the absorber section of the rods included extra 

cadmium so that slight raising of the rods resulted in a negligible in

crease in reactivity. Moreover, the likelihood of a fast rod withdrawal 

into the region of supercriticality was decreased by the weight of the 

mass being lifted (85 Ib in water) and the array of equipment installed 

on the pressure vessel head, which tended to restrict bodily movements • 

. Procedure. The normal procedure for assembly or disassembly opera

tions was to work with only one control rod at any given time. The other 

rods were to be fully inserted. The normal procedure required the co

operative efforts of two men; one to lift or hold the rod and the other 

to attach or to remove a C-clamp. During disassembly, after removal of 

the seal and rack housing, the control rod was supported by the internal 

dashpot spring. The next step was to raise the rod a short distance in 

order to attach a C-clamp to the rack to prevent the rack from dropping 

while the nut and washer were being removed from the top of the rack 

(see Figs. 111-1 and 111-2). Subsequently, the C-clamp was to be removed 

and the control rod lowered to its rest position. The order of assembly 

of the drive to its rod was essentially the reverse of t.he order of dis

assembly. 

~ne instructions took into account the hazard of raising the cen

tral rod too far. It was stated explicitly t.hat the rod was to be raised 

"not more than 4 inches" (see ref. 3, p. 57). Very little reactivity 

would have been added, however, if all five cross-shaped control rods 

had been at the indicated 4-in. position, and the control margin was 

sufficient to override this small extra reactivity. At this point, 
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because the absorber overlapped the core when the rod was at the indicated 

zero position, the bottom of the cadmium section was approximately 1 in. 

above the bottom of the active reactor core. Nevertheless, excessive 

manual withdrawal of the central rod during assembly operations appears 

to have been the cause of the incident. 

Conditions at the Time of the Incident. At the time of the incide~t, 

with the other four cross-shaped control rods at indicated zero position, 

it is estimated that the central rod would have had to be raised at least 

one foot more (to an indicated position of approximately 17 in.) for de-

layed criticality (see ref. I, p. 111-107). 

A plausible reconstruction of the positions of the three men on duty 

at the time of the incident is given below: 6 

"At the time of the explosion, the reactor crew was most 
probably engaged in reassembly of the number 9 control rod (the 
central control rod) assembly. To the Board, it appears quite 
plausible that the shift supervisor and the other regular mem
ber of the crew were located on top of the reactor vessel at 
the time of the explosion. The third member of the crew, who 
was a trainee, might have been partially over the reactor top 
or close to the edge of the rea~tor top. Based on medical 
evidence of injury, location of the men after the incident and 
knowledge of the individual capabilities and job assigrunents, 
it appears reasonable to hypothesize that the supervisor was 
in a crouched or squatting position which would be normal for 
manipulation of the C-clamp during the reassembly of the number 
9 control rod drive. Similarly, it would appear reasonable to 
hypothesize that the regular crew member was located in a posi
tion for lifting the number 9 control rod assembly with the 
handling tool. There is no direct evidence to corroborate these 
hypothetical assertions. If 

Critique of Control-System Design Philosophy 

Top- Versus Bottom-Mounted Control-Rod Drives. During the early 

search for causes of the aCCident, several possibilities were discussed 



222 

that illustrate the decreased accident potential of bottom-mounted con

trol-rod drives. It was conjectured that hydrogen might have accumu

lated in the pressure vessel and exploded and that this explosion could 

have raised one or more control rods sufficiently to initiate a nuclear 

transient. 

The mounting of control-rod drives on top of the SL-l reactor was 

essentially mandatory. The technical characteristics limited the maxi

mum height of the building to 50 ft above grade, and an airspace was to 

be present between the ground and the bottom of the reactor building 

(see ref. 2, App. V, pp. 257-265). In this compact design, the~e was no 

space for a subreactor area that would permit bottom mounting and, as 

necessary, maintenance of the control-rod drives. 

The likelihood of a hydrogen buildup was extremely remote, in the 

state of the SL-l assembly at the time of the incident, because of the 

relatively large clearances in the drive-mechanism components. A re

actor design or configuration can be conceived, however, that would allow 

this sort of accident to occur with top-mounted drives. In the case of 

bottom-mounted drives, the lower grid structure usually serves as a posi

tive stop of the control rods in their position of full reactivity con

trol. Thus, a pressure transient would tend to hold the control rods in 

the configuration of maximum effectiveness. 

In the SL-l transient, the control-rod guide shrouds collapsed soon 

enpugh to trap the off-center control rods essentially in the position 

of full insertion. When the shield plugs were ejected from the vessel, 

the off-center rods were held by the shrouds, and breaks occurred at 
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weak points in the drive mechanisms. Otherwise the transient might have 

raised other control rods and might have been more energetic. 

Although top mounting of control-rod drives has disadvantages, they 

must be weighed against advantages of access, when such exist, or the 

general advantage of greater assurance against accidental loss of water. 

The top mounting of rod drives in the SL-l was not, in a direct 

calise of the accident. 

Assembly (Disassembly) of Drive to Control Rod. In retrospect, it 

is clear that a different method of assembly of the drive to the control 

rod should have been adopted; namely, one that did not require manual 

raising of the control rod. The sequence of assembly operations selected 

for the prototype SL-l plant was not intended to be performed as a rou

tine procedure at the ultimate sites for these plants. Nevertheless, 

less reliance should have been placed on the following of instructions 

and greater emphasis on a margin for human error. 

In general, positioning one or more mechanical stops to limit the 

upward travel of the rod during assembly (or disassembly) does not pro

vide enough margin for error. At some point during the procedure, the 

stops must be engaged and then they must be removed. Personnel perform

ing the operation might become so dependent on the safeguard afforded by 

these stops that relaxed vigilance could lead to an accident because of 

an unrealized failure to actuate ,them. 

It must be remembered that, when the rod is not attached to its drive 

mechanism, there is, normally, no indication of rod position. This igno

rance of the position of the rod compounds the hazard, and exists whether 

the rods are moved manually or by other means. Therefore, such an 
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operation requires careful supervision and must not be considered routine. 

In this operation, as well as in others effecting reactivity changes, it 

would be useful to employ a check-list system. 

All operating personnel should be made aware of known potential haz

ards of any of the operations that they might be called upon to perform. 

The written detailed instructions for these operations should emphasize 

the existence of these potential hazards. Such precautionary notes 

should be boldly evident. 

Reactor Shutdown Margin. The magnitude of the reactor shutdown mar

gin played no part in the chain of events leading to the SL-1 incident. 

The discussion that follows is intended to place shutdown margin in its 

proper perspective. 

In the past, the concept of "reactor shutdown margin" has been de

fined} rather poorly, in terms of its significance to the hazards evalu

ation of a specific reactor design. Sometimes} the value quoted is the 

shutdown margin in the fresh reactor. This is defined to be the per 

cent reactivity by which the reactor is subcritical, with the normal con

trol system fully effective and with the reactor otherwise in its condi

tion of maximum reactivity. Typically, the condition of maximum reactiv

ity is associated with the cold reactor with minimum void space and mini

mum xenon in the core. This concept of shutdown margin is too limited, 

for often the fresh reactor poses less hazard than one in which fission 

products have accumulated. More generally, the shutdown margin is the 

smallest value of reactivity that must be added to bring the reactor to 

delayed criticality, under all possible conditions, when the normal, ad

justable reactivity-control system is exercising its maximum effect. 
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Even the more general concept of shutdown margin may be inadequate, 

however} as a criterion for assessing the safety of a proposed reactor. 

Bates? has published data for a number,of power reactors to illustrate 

the marked variation in what was considered by various designers to be 

an acceptable or desirable shutdown margin. It should not be inferred, 

however, that a given reactor design with an actual shutdown margin ,of, 

say, 6% reactivity would have been unacceptable if the margin had been 

only 4%. Normal design practice requires that the calculated shutdown 

margin be conservative to allow for uncertainty in the calculation. 

A margin of reactor control is required for a variety of reasons} 

and the magnitude of this margin is set accordingly. For example, the 

shutdown margin should be large enough so that there need be no great 

concern about the reaetivity hazards of small errors in fuel loading. 

In the SL-l reactor, the shutdown margin was in excess of 2% reactivity, 

and probably at least 3%, even without the six fixed cadmium blades in

stalled in November 1960. The cold, !resh reactor was subcritical by ap

proximately 3 1/2% with all five cross-shaped control rods at the indi

cated zero position. This margin was more than enough to override pos

sibleml.stakesin fuel:'loading changes, such as inadvertent loading of 

a fuel assembly without poison strips, misorientation of a fuel assembly, 

or addition of an extra fuel assembly at the periphery of the core. A 

considerable loss in shutdown margin may have occurred when, in September 

1960, a fuel assembly near the core center was removed, together with 

what remained of ' its full-length and half-length burnable-poison strips. 

This assembly was replaced with a fresh, instrumented fuel assembly with 

a half-length poison strip. 
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Single-Rod (or Single-Mistake) Criticality. In the SL-l, each cross

shaped control rod was of a large span (14 in. of absorber). Moreover, 

the rods were so far apart that withdrawal of the central rod effectively 

left unprotected a portion of the core that was large in terms of the 

characteristic diffusion distance of thermal neutrons. As a result, the 

reactor was supercritical throughout its operation in the absence of the 

central control rod. Probably, the reactor was subcritical at all times 

in the absence of anyone of the other control rods. 

The ability to reach supercriticality with only the central rod with

drawn is a major factor in the explanation postulated for the nuclear ex

cursion of the SL-l. It would be tempting to state categorically that 

no future reactor design should be accepted if, at some time in reactor 

life, and at certain conditions, withdrawal of a single component of the 

control system (e.g., a single control rod) would result in reactor super

criticality, even .though the rest of the control system was fullyeffec

tive. Certainly, it should be a prime goal of the design effort to avoid 

such a possibility. It may be, however, that in the avdidance of this 

undesirable situation, the reactor design would be affected adversely in 

other important respects. In such a case, the reactor designers must 

arrive at a decision as to the extent of a compromise of the conflicting 

goals. Additional control elements, playing the role of safety rods, 

~ight be introduced to increase the effective shutdown margin, when neces

sary. For example, in the case of a water-moderated reactor controlled 

by a system of control rods, boric-acid solution could be added to the 

reactor water during shutdown. Note that such extra control must not be 

considered to be an emergency measure; once additional control is 
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selected, it must operate as a normal, functional part of the reactor 

system. 

Under some circumstances, where additions to the control system can

not be made, special safety devices, such as fuses, might be employed to 

ensure reactor shutdown. 

A less restrictive condition that may be acceptable is that no single 

mistake in control-rod manipulation and no single mal~Qnction of one com

ponent of the reactivity-control system would lead to an excursion that 

would damage the reactor or result in a serious hazard to personneL . For 

example, upon full withdrawal of a single control rod, the reactor 

would be below prompt critical, a relatively slow rise in the level of 

the neutron flux would result. The reactor should be capable of compen

sating for this excess reactivity without a severe transient. Prefer

ably, such compensation should be inherent, but, here again, the use of 

special safety devices, such as fuses, or of very caref~ly controlled 

operating and shutdown procedures may be sufficient in unusual cases. In 

any event, the reactor design ~hould be such that, whether or not the re

actor is damaged) personnel in the area would not suffer serious injury. 

For some types of reactor, this less restrictive criterion might be satis

fied, even if the net uncompensated reactivity was more than one dollar. 

Soluble Poison System. Current technology supports the use of boric 

acid solution as a routine method of providing additional control in a 

water-cooled reactor, such as the SL-l. At the time of design of the 

SL-l, however, soluble poisons were considered unproved for routine use 

at the specified operating conditions. The practice of using solid 
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absorbers is firmly entrenched, and the prejudice in favor of using only 

fftried arid true!f methods dies hard. 

Although soluble poison might now be considered to be a standard con

trol method, its use still requires certain precautionary evaluations. 

For example, it cannot be used in a reactor core where moderator expan

sion causes more reactivity to be gained by loss of poison from the core 

than is lost by decreased moderation. Thus, a soluble poison is inap

propriate in a substantially overmoderated core. Additionally, in some 

reactors, under certain circumstances, a soluble pOison may present a 

hazard of another sort. If poison solution is added to a system contain

ing a limited volume of water, the resulting increase in moderator vol

ume might well overcompensate the reactivity effect of the poison. An 

extreme case would occur with the addition of poison to the system out

side the core under circumstances in which it would not be well mixed with 

core water. These reservations about the use of soluble pOison are most 

pertinent to the case of a cold, shutdown reactor, since in this condi-

tion, the water level is 

ator density high. 

to be lOW, the mixing poor, and the moder-

In retrospect, it was proper that boric-acid addition was not de-

signed as a fast-acting emergency shutdown measure in the SL-l. Such 

emergency shutdown systems must be capable of reliable and rapid injec

tion of poison into the core, and experience at Argo~e has indicated 

that soluble-poison systems are not amenable to these criteria. 

A redesign of the SL-I at this time 1wuld feature several changes 

in the control scheme. Certainly, one change would incorporate a soluble

poison system, in particular, where conditions precluded provision for 
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shutdown with one control rod withdrawn. The soluble-poison system would 

be designed for routine operation, at least during shutdown. Moreover, 

a minimum of one control rod would be designated to function exclusively 

as a safety rod during reactor shutdown. s 

Conclusions 

Two design decisions appear to have made the SL-l incident possible: 

(1) the decision to accept a design in which the reactor could be made 

supercritical by the removal of a single control element, and (2) the de

cision to design control-rod drive mechanisms that necessitated manual 

manipulation of the rods to effect assembly or disassembly. In both 

cases, the designers were aware of the difficulties and took additional 

precautions to reduce any potential hazards. Nevertheless the potential 

accident seems to have occurred. 

Regardless of design, the potential exists for achieving supercriti-

cality by manipulation of a s control element. For example, even 

with proper design for multiple-rod startup, an error in reactor loading 

can negate the design intent. It be reasonable to suggest that 

possible loading errors should define the shutdown margin; however, un

less operating procedures are rigidly enforced and reactivity is checked 

continuously, a system which is too reactive could, at some time, be as

sembled. 

It may also be an illusion to insist that manual manipulations of 

control rods cannot be allowed at any time. For example, if the replace

ment of rods is specified to require special, slow-moving machinery, it 
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is necessary to make sure operationally that alternate means of rapid re

moval are not attempted. 

Thus, although the standard conditions of design should provide for 

continued shutdown in the absence of anyone control rod and servicing 

of control mechanisms with devices of limited speed and capabilities, the 

vital components of reactor safety remain vigilance and caution during 

all operations. 

The discussions that followed the SL-l inci~ent support the view 

that bottom mounting of control-rod drives is more conducive ,to safety 

in operation and in maintenance, if bottom mounting is feasible.· The 

advantages of the concept are not sufficient to merit listing it as a 

criterion in the design of water-cooled reactors, but bottom mounting is 

recommended as a first approach. 

Similarly, discussions of the SL-l incident lead to the general con

clusion that soluble-poison control, when applicable, is a preferred 

method of effecting emergency reactor shutdown, even though subsequent 

removal of the poison is intrinsically a slower and more complex process 

than is the removal of a rod. Design conservatism resulting in a reluc

tance to apply soluble-poison control may well be a poor approach to re

actor safety. 

The lack of an emergency shutdown system was a contributing factor 

to the SL-l incident. In the absence of normal control devices, fuses 

can be considered, but these are not well regarded because of their gener

ally random characteristics. It appears that fuses are not the answer 

to safety problems during operation, but properly designed fuses, with 

the sole function of maintaining shutdown conditions, are better than 
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nothing. The app~icability of a fuse depends on the availability of a 

unit with appropriate negative reactivity-time characteristics for con

templated accidents; these characteristics are not always available. 

Moreover, if a negative reactivity can be inserted by a fuse, it is pref

erable to insert this negative reactivity beforehand in a more controlled 

manner. ~~ere may be some situation~, however, in which normal reactiv

ity reduction in a shutdown core could lead to awkward startup circum-, 

stances; fuse mechanisms for emergencies might then be appropriate. 

The SL-1 accident is illustrative of inadequate communication be

tween reactor designer and reactor operator. The designers must bear 

the burden of complete reporting on the design and the concepts that 

motivated the des approach. The detailed background of the SL-1 de-

sign was not out by complete design education of the operators 

or complete reporting of the design concepts. 

The current emphasis in reactor safeguard analyses is on design. 

One lesson learned from the SL-1 incident is that there should be greater 

emphasis on reactor operations and procedures because of their signifi

cance to reactor safety and the increased light they shed on the safety 

aspects of design approaches. 
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IN-CORE TEMPERATURE MEASUREMENT 

Nuclear reactors are large heat-generating machines in which tempera-

I ture is undoubtedly the most important nonnuclear measurement required 

for safe and efficient operation. Starting with the first graphite re

actor, thermocouples have been used extensively for the required tempera

ture measurements. After approximately 20 years of experience, thermo

couples have emerged as the only proven sensor that can be located in

core and withstand the reactor environment for long periods of time. 

Chromel vs Alumel has been the most widely used combination.of materials 

and thus constitutes the thermocouple with the highest confidence level. 

Thermocouples are not ideal, but for temperatures below 1500°F they meet 

the following criteria for an in-core sensor: simple, rugged construc-

tion; reasonable accuracy for long periods of time; small s approach-

ing a point measurement; and insensitivity to nuclear radiation. 

As new reactor concepts emerge and reactor temperatures are pushed 

higher and higher, the time has come to reassess in-core temperature sen

sors. At temperatures in excess of l500°F, Chromel-Alumel thermocouples 

show an appreciable drift with time, and for temperatures in excess of 

l800°F they no longer have either an acceptable life or accuracy. Con

siderable research time and money is presently being expended on the 

development of new types of thermocouples that utilize noble or refrac

tory metals. 

The advisability of an extensive effort to develop high-temperature 

thermoelectric-type sensors for long-term in-core application is question

able for the following reasons: 
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1. The thermoelectric output of a metal is a complex phenomenon 

that is affected by changes in trace quantities of many alloying ele

ments. Chemical activity increases with temperature and increases the 

probability of changes in composition and thermoelectric drift. 

2. Insulators such as beryllia, alumina, etc., undergo drastic 

changes in electrical characteristics at elevated temperatures. The 

resistivity decreases exponentially with temperature, and the dielectric 

constant increases exponentially. The resistivity of beryllia,9-14 which 

is considered to be one of the best insulators, decreases by 103 between 

1450 and 2450°F. Trace element impurities in insulators are known to 

seriously affect resistivity, and it is antiCipated that they will also 

produce semiconductor effects. 

3. Most re~ractory metals that have been proposed as thermocouples 

undergo nuclear reactions when used in-core. Browning and Miller15 have 

calculated these composition changes and have determined that there are 

appreciable changes at a thermal-neutron flux of 1 X 1014 neutrons/cm2.sec 

after 1 year. A composition change does not necessarily mean a change in 

thermal emf, but at the present state of the art the only real proof of 

accuracy will be long-term in-core tests. 

4. Most refractory metals must be maintained in an inert atmosphere. 

This not only seriously limits their flexibility but makes them ofques;" 

tionable reliability for reactor operation and safety applications. 

The development of high-temperature thermocouples should be con

tinued, but it seem advisable that considerable effort should also be 

expended to develop temperature sensors that utilize other phenomena. 

Such sensors should be as independent of effects produced by their 
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materials of construction as possible, able to withstand the reactor en-

vironment, and have a simple and predictable relationship with tempera

ture. 

Several types of sensors have been proposed for study, and three 

have been discussed in the literature on which considerable research time 

has been expended and which have good possibilities. 

Acoustic Thermometer 

The acoustic thermometer,16 as proposed, makes use of the relation

ship of the velocity of a low-frequency sound wave in a gas to the ab-

solute temperature of the gas. To the first order, velocity depends on 

molecular weight, absolute temperature, and the ratio of specific heats. 

The temperature-measuring apparatus consists of an acoustic cavity (1/2 

in. in diameter and 10 in. long) coupled by a small-diameter tube (1/16 

to 1/4 in.) to a located C10 to 20 ft) transceiver and the as

sociated electronic equipment. The resonant frequency, and thus the 

temperature of the gas in the cavity, is measured by applying short 

bursts of sOULDd energy to the transceiver and measuring the reflected 

echo signal. The advantages of such a system should be freedom to se-

lect any material that will contain a gas and insens'itivityto nuclear 

radiation. The disadvantages of such a system would be the large sens

ing element relative to a thermocouple and the limited allowable dis

tance between the cavity and the transceiver. 

Pneumatic Thermometer 

The pneumatic thermometer utilizes a gas stream flowing through two 

nozzles in series, both operating with pressure drops in excess of that 



235 

required for critical flow. The first nozzle is located remotely, at a 

convenient location) where its temperature can be measured and controlled. 

Pressure is measured upstream of each nozzle, and the temperature of the 

gas at the second nozzle is derived from the relation 

where T2 and P2) and TI and PI) are the temperature and pressure at the 

inlet to the second and first nozzles, respectively; the symbol K repre-

sents the system constant. 

Such a system is presently being installed in the Experimental Gas-

Cooled Reactor (EGCR), and the details of the system were discussed in 

an earlier issue of Nuclear Safety. 17 The piping and valves of an exist-

ing burst-slug detection system were used for the EGCR pneumatic ther-

mometer system, and as a result the system has large tubes, nozzles, and 

gas flow rates. There is reason to believe that other configurations can 

be used to reduce the size to that of the commonly used l/8-in. sheathed 

thel'roocouple. The advantages of such a system should be freedom to se-

lect a wide variety of materials, fnsensitivitytonuclear radiation, no 

practical limit to the distance between the two nozzles, and ease of re-

calibrating and checking of the nozzles during reactor down periods. The 

disadvantages of such a system would be its slow response and fairly 

large sensing area. 

Capacitance Temperature Sensor 
J 

The General Electric Company, as part of its contract with the AEC 

for the development of reactor instrumentation and controls, has been 
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investigating a capacitance temperature sensor. 9-~4 This work has not 

progressed to a final design for a sensor, but the significance of the 

work done to date is in the potentialities of a ceramic sensor, such as 

beryllia or alumina. The sensor used for development work is a rod, 

I in. long and 0.238 in. in diameter, with parallel platinum plates in-

serted into slots in the rod. Readout is obtained by operating the sen-

sors as part of a radio-frequency oscillator, and temperature is indi-

cated as a function of frequency. 

Data presented to date for beryllia show very large changes in both 

resistivity and capacitance with temperature that can be represente~ by 

the following relationships! 

R =-) 

and 

where R is resistivity, Kl is a constant, T is temperature, C is capaci-

tance, and K2 is another constant. Much more development work is re-

quired to determine whether these electrical characteristics can be uti-

lized for a durable and accurate temperature sensor, but a device offer-

ing such high sensitivity deserves careful consideration. (C. A. Mossmanl 
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THE ROLE OF THE LOG N PERIOD METER IN REACTOR PROTECTION 

The Log N period meter is probably the most misused and least under-

stood instrument in a reactor system. It is a relatively complex instru-

ment that utilizes components and techniques with inherently low reli-

ability; and it is difficult to monitor or to test for proper operation. 

The input stages of most Log N amplifiers consist of either a diode 

operated at low heater voltage, followed by an electrometer, or a special 

pentode. All these exhibit drift and temperature effects and sometimes 

suffer permanent changes in their electrical characteristics when sub-

jected to shocks, such as connecting or disconnecting the input signal 

from an ionization chamber. Some circuits have been built using solid-

state diodes as logarithmic elements, but the extreme temperature sensi-

tivity and hysteresis exhibited by these devices renders them generally 

inferior to their vacuum-tube counterparts. 
, 

Misadjustment of the compensated ionization chamber, normally used 

as a signal source for the Log N, to a condition of overcompensation can 

cause a temporary paralysiS of the input, which renders the instrument 

useless for short-period protection because of excessive delay. This 

same effect of overcompensation sometimes causes false scrams during 

startups on ordinary periods because of the instrument suddenly recover-

ing from its paralyzed state. A circuit modification can be made to 

correct this difficulty, but few Log N amplifiers now in service contain 

this modification. This effect and other difficulties, such as extraneous 

noise pickup and poor combinations of scram set points and smoothing-

time constants, have been responsible for a large number of false scrams; 
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that is, a number far out of proportion to the enhancement of pro-

vided by the Log N period meter. It is interesting to note that there 

have been virtually no significant improvements in this instrument since 

it was invented in 1948,18 in spite of its widespread use and commercial 

availability. 

In spite of its poor reputation, the period meter can be an impor

tant adjunct to reactor safety systems when properly applied. The poor 

reliability and difficulty of performing meaningful on-line tests,' as 

mentioned above, usually rules out the use of the period meter as a pri

mary safety instrument. The role of the period meter then becomes one 

of augmentation of the safety system to reduce the severity or magnitude 

of excursions, recognizing that the failure of the period safety to func

tion will result only in exercise of the level safeties, which must work. 

In this secondary role, the period safety should not be permitted to 

interfere with operation by having its trip point set too close to nor

mal operating periods, either transient or stable, If the trip point 

is set for a period substantially shorter (1 to 3 sec, for example) than 

the normal operating periods, the very existence of such a period is 

prima facia evidence that the control system has failed and a power ex

cursion is in progress. If the scram point is set closer to operating 

periods, it becomes necessary to increase integrating time constants in 

the period circuitry to reduce the false scram rate from random and spu

rious noise on the period signal. This results in increased response 

time to short periods and generally inferior performance. 

The theoretical time response of a typical Log N period meter 

(ORNL-Q-915), which is in widespread use, has been described in detail 
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by Ditto19 and verified experimentally by a series of experiments at 

SPERT. 20 The calculated and experimental data are compared in Fig. 111-3. 

In this set of curves, the chamber signal current at the instant of scram, 

rather than time, has been shown as the significant variable. It should 

be noted that chamber current and reactor power are directly related in 

these curves so that 5 X 10-5 amp corresponds to full power. The calcu

lations and experiments show that the period system can initiate a period 

scram at a current three decades below the level scram set point when 

the period is 3 msec and the initial current is below 10-11 amp. The 

scram occurs at even lower power levels for longer periods. Ditto has 

shown also that relatively large steady currents (10- 8 amp dc) such as 

might occur with undercompensated ionization chambers have very little 

effect on the response to short periods. For .short periods the current 

(i.e., reactor power for a fixed chamber location) at which scram occurs 

for a given period is approximately directly proportional to the shunt 

capacitance across the log diode (typically, 10- 9 farads, including cable 

and circuit) and inversely proportional to the period scram set point. 

As the initial neutron-induced current is increased, the current at 

which period scram is initiated increases so that the period meter af

fords less anticipation of a level scram for transients initiated at 

high currents. 

As Ditto points out, the ultimate effect of the action of the period 

scram is to provide additional time for the safety mechanisms to operate 

by setting them in motion several decades below full power. Obviously 

the advantage is lost if the excursion starts near full power or if the 

response of the safety mechanism is long compared with the anticipation 
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provided by the period meter. Since the level safety and period safety 

actions utilize the same control rod release mechanisms, a slow level 

safety invariably causes a slow period safety. Thus it is incorrect to: 

imply that the use of a period scram allows the use of slow level safety 

systems. Quite the opposite, if a period scram is to be of value, the 

safety system delays must be short. 

A short period scram has very little value for excursions initiated 

at high power levels. Most reactors have negative power coefficients of 

sufficient magnitude to make it difficult to get on. short periods at high 

powers, but even if a short period could be established, it is unlikely 

that a period scram would occur much, if any, before a level scram be-

cause of the relative closeness of the level scram point when operating 

at or near full power. 

Some reactors have severe limitations on permissible rate of change 

of temperature or power in the sensible heating range for reasons of 

thermal shock. In such a reactor, it might be tempting to use a period 

meter with a trip level set for relative long periods comensurate with 

allowable rates of change of temperature. This would be a poor choice, 

however, for several reasons. Such a meter would require long smooth-

ing time constants, as described above, in order to reduce the probability 

of false scrams from noise and safe transient periods, with a resultant 

slower response to unsafe periods. Also, most reactors have a linear 

rather than an exponential character in the sensible heating range be

cause of negative power coefficients. A better safety parameter than 

period, then, is the linear rate of change of power, which can be de

rived simply and reliably from linear power level s 
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A recent report by Fowler21 describes a new reactor period meter 

with which great effort was made to increase the speed of response at 

high power levels. The trip level is set at a 20 sec doubling time, 

which corresponds to a period of about 28 sec. The reviewer is not fa

miliar with reactors that require this unique condition of high-speed 

response coupled with a long period trip point) but this seems to be a 

combination guaranteed to keep the reactor scrammed most of the time 

with a negligible improvement in protection. This "improved ft response 

at high powers was apparently obtained at the expense of slower response 

at lower power where a fast response might reasonably be expected to 

offer some advantage. A rate of change circuit might better serve the 

purpose and allow the period meter to be tailored for better response 

at low powers. Fowler also includes a negative period scram on his 

period meter for the expressed purpose of providing protection against 

an accident in which a control arm falls through the reactor and out the 

bottom, thus giving a negative period followed by a short positi~e period. 

This has the effect of substituting a period meter for a proper control 

rod design with adequate mechanical stops ("bottom of the pile") and is 

grossly unacceptable in any safety system. It is difficult to conceive 

of a situation in which a negative period scram can be of value. It is 

most often proposed as a crutch to) in some way) justify the inadequacy 

of some other component of the system. 

Perhaps the most significant reason for misuse or misunderstanding 

of the period meter is the lack of a universally accepted way of express

ing the time response of the instrument. Most manufacturers either ignore 

the problem completely or quote a meaningless time constant. An excellent 
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way of describing the response is by a family of curves, such as in Fig. 

III-3, which describe the response of the ORNL Q-9l5 Log N period meter 

for short periods initiated at 10-11 amp or less in terms of current or 

power rise before scram occurs. To complete the family, curves should 

be added for higher initial currents. It can be argued that reactor ex

cursions are seldom characterized by constant periods, but by selecting 

the shortest predicted period, a pessimistic value for the response can 

be obtained. 

A direct measurement of the response of a period meter can be made 

with reasonable accuracy with very simple equipment. An exponential 

current generator can be assembled with analog computer components that 

will cover a three-decade range. This generator, together with a cali

brated oscilloscope, is all that is needed to measure the response over 

a reasonable range of periods. (J. L. Anderson) 



244 

REACTOR BEHAVIOR ANALYSIS USING ANALOG COMPUTERS 

The analog computer has proved to be a very useful device for study

ing the dynamic behavior of physical systems while these systems are in 

the design stage and prior to their actual operation. From these studies, 

many design changes are initiated that may make an inoperable system oper

able, an unsafe system safe, or an uncontrollable system controllable. 

The optimum mode of operation of a system for achieving the desired goals 

in a safe manner can also be determined by use of the analog computer. 

In the current literature there are many articles dealing with the 

use of analog computers in systems analysis work. One of these articles 

will be briefly reviewed here. The primary aim of this review is to 

evaluate the usefulness of the information to others in the nuclear re

actor field, particularly to systems analysts who use analog computers 

in their work. The report covers work done by the Holley Carburetor 

Company for the Power Reactor Development Company. 22 The work consisted 

of a systems analysis of the Enrico Fermi atomic power plant, and the 

building of an operator-training simulator. 

At the beginning of the program, it was not known whether the plant 

could best be simulated on a digital or an analog computer. Both ap

proaches were used simultaneously so that the most promising one could 

be employed without loss of valuable time. The digital computer was in 

contention to the point where simulation of the "once-through" steam 

generator transient behavior was attempted. It was found that this com

putation would have required an unreasonable amount of computer time. 

In order to maintain satisfactory accuracy, a 5-min real-time interval 
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would have required 2000 hr of machine time. The simulator ultimately 

selected consisted of a general-purpose analog computer (Beckman/Berkeley 

1100 Series), an assortment of passive electrical components, and some 

electromechanical components. The digital computer was used to check the 

analog model and to do steady-state calculations. 

The Enrico Fermi atomic power plant consists of a nuclear reactor, 

an intermediate heat exchanger where the primary and secondary sodium 

coolants exchange heat, a steam generator where the secondary sodium 

coolant and water exchange heat to produce steam, and a steam-driven tur

bine for producing electricity. In addition, of course, there are numer

ous pumps, valves, and associated equipment. There are actually three 

complete heat transfer loops; however, only one loop was simulated be

cause it was assumed that all three loops were identical. In the simu

lation, general-purpose electronic-analog-computer equipment had first 

priority and was used whenever feasible and economical; otherwise passive 

elements and electromechanical devices were used. 

The reactor and the mixing effects of the plenums at the inlet and 

outlet of .the various components were simulated with circuitry in the 

analog computer based on differential equations. The transport-delay 

phenomenon and the intermediate heat exchanger were simulated by specially 

designed electromechanical equipment. The steam generator was simulated 

by a combination of special-purpose equipment and electronic circuitry 

in the computer. 

To simulate transport delay, the so-called "electrical bucket bri

gade ll was used. Each of these devices consisted of a rotating wheel on 

which was mounted a bank of capacitors. The wheel was made of plastic 
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and had 100 brass commutator bars mounted on its periphery. These bars 

were wired to 100 polystryene capacitors, also mounted on the wheel. 

The wheel was driven by a velocity servo through a precision gear train. 

The speed of the wheel was varied to simulate changes in the flow of the 

fluid in the physical system being simulated. The voltages across these 

capacitors were proportional to the temperatures. 

The counter-flow intermediate heat exchanger was simulated using 

two wheels rotating in opposite directions, with stationary liT" electri

cal networks connecting the commutator bars on one wheel to the bars on 

the other wheel through sliding contacts. In this way, transfer of 

electrical charge was analogous to transfer of heat. 

The steam generator simulation was accomplished by using a capaci

tor wheel on the hot side, with stationary capacitors and resistors for 

the tube metal and water side. A rather complicated computation, too 

lengthy to be discussed here, was carried out to simulate proper heat 

transfer from sodium to water. 

Whenever it was necessary to determine a capacitor voltage, the volt

ag!= was read into each plenum circuit through a cathode follower, which 

had essentially infinite input impedance, in order to sample the voltage 

without discharging the capacitor. 

The circuit that simulated the reactor neutron kinetics consisted 

of numerous passive electrical elements plus two analog-computer ampli

fiers and one multiplier. It is worth noting that through judicious use 

of passive electrical elements and electromechanical devices, the re

quired general-purpose analog-computer equipment was limited to the fol

lowing: 
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Item 

Operational amplifiers 

Electronic multipliers 

Electronic function generators 

Amplifier-driven relays 

Coefficient potentiometers 

Silicon diodes 

Quantity 

130 

18 

16 

16 

110 

20 

The simulator was used to investigate the transient response of the 

system to various perturbations and for studying various accidents. It 

was also used in the development of a control system for the plant. With 

the addition of a control console, it was used to train plant operators. 

In the reviewerfs opinion, the very comprehensive report reviewed 

here would be of great value to anyone interested in simulating a nu

clear power plant. (0. W. Burke) 
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TEE ROLE OF TEE NEUTRON SOURCE IN REACTOR SAFETY 

startup Kinetics 

Students confronted for the first time with the neutron chain re~· 

action invariably ask whence the "first" neutron comes, and a discussion 

of neutron sources ensues. Practical sources are then described, and the 

emission rate required of the source is related to the effective sensi

tivity of the counting-channel sensors and to the subcritical multiplica

tion of the shutdown reactor. The inference is drawn naturally that the 

source is provided to make the counters count. 

This.inferenceis untrue. The importance of the sOurce can best be 

understood with regard to the probabilistic, or statistical, nature of 

the chain reaction. The multiplication, ~, is the average number of neu

trons released per neutron lost. The variables that appear in the reac

tor kinetic equations as they are usually written are expectation values 

of physical variables: neutron population and delayed-neutron precursor 

populations. The "constants" are averages characterizing probabilities 

such as leakage, capture, and radioactive decay. For the populations usu

ally encountered, the law of large numbers holds very well; an enormous 

body of experimental data confirms the correctness of the kinetic equa

tions. 

When the neutron population of a reactor is very small, on the other 

hand, the variables of interest are subject to nonnegligible fluctuations. 

For a population of zero neutrons, to take an extreme example, the value 

of k will have no effect whatever on the behavior of the reactor, which 

will of course remain neutronless. It is clear that if a neutron should 
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happen along in such a situation, and if this neutron should be so fortu

nate as to cause a fission, the sequence of subsequent events would de

pend on occurrences whose probabilities could be predicted only ~ priori. 

In particular, the ~ of the reactor at the time of the fission would have 

an important effect. 

These conjectures have been substantiated by the results of experi

ments conducted with Godiva,23 HPRR,24 and BSR-II. 25 In each case, a re

actor with a very low source level was rapidly brought to a condition of 

k ~ so that the kinetic equations predicted a very short stable period, 

that is, a period in the microsecond range for Godiva and HPRR and in the 

millisecond range for BSR-II. The predicted short periods were, in fact, 

observed; .the measured periods agreed with the theoretical predictions, 

and the validity of the kinetic equations was confirmed, as usual. A very 

peculiar feature of the excursions in all cases, however, was a long de

lay between the time at which ~ > I and the beginning of the short-period 

rise in the neutron level. The starts of millisecond- or microsecond

period rises were delayed as much as I sec. The explanation of this de

lay is simply the very small neutron source which was present. 

Most reactors are not started by increasing! above prompt critical 

in a few milliseconds to induce a short period. As described by Newson,26 

the maximum rod speeds and safety-system response are selected so that 

the excursion caused by continuous rod withdrawal at maximum speed is 

tolerable. A slower rod speed must often be provided so that the opera

tor and the control system can cope with the changes in ! and an orderly 

startup will result. Calculations of the behavior of the reactor under 

these conditions are made using the kinetic equations. 
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The role of the source in normal reactor startup is then clear: the 

source must be of sufficient strength that the reactor behavior will be 

governed by the kinetic equations, with acceptable fluctuations. The con-

trol system will function, and the safety system will provide protection, 

in accordance with the predictions of the known behavior of the reactor. 

Source-Range Instruments 

The primary function of the source-range instrumentation is to con-

firm that the necessary source is indeed present. In order that this be 

accomplished reliably, the instrumentation must detect (usually, count) 

neutrons from the source, and not electrical noise from welders, fluores-

cent lamps, telephone dials, and the like. It is unfortunate that many 

source-range instruments now in use do not meet this minimum criterion.* 

Attempts to improve this situation by installing several identical count-

ing channels do not usually alleviate the s-ituation, since the difficulty 

lies in design and installation errors in the instrumentation. Two count-

ing instruments have recently been described27 ,28 in which design features 

have been incorporated to minimize troubles from electrical noise pickup. 

Since the source-range instrumentation often supplies the only infor-

mation the operator can use while starting the reactor, it is not sur-

prising that much effort has been expended in making the range, time re-

sponse, etc.) of the instruments convenient for reactor operation and even 

for reactor "safety" - scram, that is. The point to be made here is that 

the essential function of these instruments - confirmation of the presence 

*Based on communications between the reviewer and numerous reactor 
operators. 
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of the source - must not be compromised by other uses, however fortui

tously convenient they may appear. Of especial concern to the reviewer 

is a proposal by Barrow and Maitland29 'who analyzed the transient response 

of a period computer that used a signal derived from a logarithmic count

rate meter. They concluded from their calculations that "A much too high 

growth factor [inverse period] will ... be indicated by the period meter, 

and"scram' may be called for when all that was needed was patience. To 

avoid this type of response when operating with a reactor, a bias current, 

equivalent to two to four counts per second, should be kept on the diode. ',' 

It is evident that this proposed bias is a false indication of a source 

in the reactor on what is, after all, the source-range channel; the re

viewer believes that such a circuit should not be used. 

Source Level 

Although fission-product radiation normally provides a "built-in" 

source that is more than adequate for restarting a reactor, the first 

startup of a power or mobile reactor may present a serious problem. Lo

gistic difficulties may make transporting a radioactive source unattrac

tive; the c,onfiguration may make access impossible. Theoretical stud..,' 

1es30- 33 have been concerned with the divergence of reactor startups at 

low source levels that proceed with slow rates of change of multiplica

tion. For each reactor configuration, the usual methods of analysis are 

used to establish the maximum reactivity at some reactor power above which 

thermal effects and safety-system response determine the course of the 

excursion. This reactivity is directly related to the reactivity inser

tion rate and to the rreffective source" at the threshold reactor power 
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above which the fluctuations no longer control the behavior. Finally, 

a stochastic theory is used to estimate the probability that the effec

tive source will be less than the minimum required to ensure tha~ the ex

cursion is tolerable. Some representative results of such calculations 

are shown in Table III-l. It is clear that the approximate probabilities 

(which are only intended as order-of-magnitude estimates) are very sen

sitive to source level. 

The natural source level to be expected in some power reactors of 

interest has been calculated34,35 and measured. 35,36 In general, the 

measured. values are lower than the calculated values by a factor of 2 to 

5. It would seem advisable therefore to refine the calculations or make 

careful measurements for reactors in which this is an important parameter. 

It is notew,orthy that boron added to an enriched alloy fuel as burn

able poison contributes substantially to the source level as a result of 

high-energy alpha particles from U234 reacting with B10. The startup 

times for a reactor with initial reactivity several dollars subcritical 

is 1/2 to 2 hr for the examples given, which is a long time but is not 

intolerable for a first startup. In conclusion, "sourceless" startup 

may be attractive, if the source is not too low. (S. H. Hanauer). 
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Table III-1. PROBABILITY OF UNACCEPTABLE TRANSIENTS 

Case 

Effective source 

Rate of increase in 
multiplication 

Probability of 
exceeding tolerable 
excursion 

la 

50 neutrons/sec 

5 X 10-5 6k/ sec 

3 X 10-3 

2a 

850 neutrons/sec 

5 X 10-5 6k/sec 

<10- 8 

~npublished Westinghouse Electric Corporation data. 
b From ref. 33. 

CEstimated by editor. 

3b 

100 neutrons/sec 

0.1 ¢/sec 
(~ X 10-6 ~k/sec)C 

10-3 

e 

4b 

200 neutrons/sec 

0.1 ¢/sec 
(~ X 10-6 ~k/sec)C 

10- 6 

l\.) 
U1 
W 
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IN-PLACE TESTING OF HIGH-EFFICIENCY FILTERS 

The application and importance of high-efficiency filters in atomic 

energy installations for the removal of submicron radioactive particulate 

matter is well known. 1 In most exhaust systems the high-efficiency fil

ter is the primary means of minimizing atmospheric contamination during 

normal operation or during the acciderital release of radioactive particu-

late material. These filters, if in condition, will remove O.3-~ 

particles from an air stream with an efficiency of 99.97% or better. To 

achieve such efficiency in an exhaust system employing one or more fil

ters, however, all factors that can contribute to leakage through or 

around the filters must be considered. 

Shortly after high-efficiency filters became commerCially available, 

purchasers recognized the need for routine inspection to assure, insofar 

as possible, the receipt of Qndamaged filters that met specification re

quirements with respect to efficiency. Because of the importance of 

these filters in the nuclear field, a filter inspection and testing ser

vice was established by the United States Atomic Energy Commission that 

was available on a basis to participants in AEC programs. 1 ,2 

Wnile this resulted in an improvement in the situation, shippir~ and 

t~dling damage continued to be a problem. 

In order to assure adequate filters for its own use, the Oak Ridge 

National Laborator~ checks each filter for efficiency3 and sends to stock 

only those tp~t comply with the specifications. While this is another 

step in tl!e effort to prevent atmospheric contamination, it is obvious 

that the efficiency of a filter in its carton is relatively unimportant, 

except as an interim measure in an over-all program. 
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The efficiency of an installation or system not only depends on the 

individual filters, but also on the system as a whole; for example, fil

ters must be properly installed to prevent leakage at the gaskets, and 

other leakage paths must be eliminated. 4 In the final analysis, an ade

quate system can only be attained by measuring the efficiency of the 

actual system with the operational filters in place. Nevertheless, most 

users of high-efficiency filters have been hesitant about undertaking a 

program of ih-place testing. 

In-Place Testing Procedure 

The technique used for testing individual filters has been success

fully adapted at ORNLtoin-place testing of filter systems. The pro

cedure used consists of discharging thepolydisperse aerosol of dioctyl

phthalate (DOP), produced by atomization with compressed air, into any 

convenient air intake ahead of the filter bank. The concentration of 

the unfiltered smoke (aerosol) is then measured by drawing a sample of 

the smoke from a point ahead of the filter bank and passing it through 

a forward Hlightrl-scattering photometer. The concentration of the smoke 

in the filtered air is measured downstream of the filter bank (frequently 

after the exhaust blower to assure the withdrawal of a thoroughly mixed 

sample). The efficiency of the filter bank is then calculated from the 

lli~filtered and filtered concentration measurements. 

In order to conduct the test described above, there must be a suffi

cient length of duct between the point of introduction of the aerosol 

and the filter bank to induce thorough mixing of the aersol and the gas 

(usually air)· in the system. When the length of duct between the point 
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of smoke injection and the filter bank is too short to induce good mixing, 

however, a reliable in-place test can be accomplished by modifying the 

testing procedure. The aerosol is introduced in the same manner, but 

only the filtered sample is removed from th~ system. The equivalent up

stream concentration is measured indirectly by installing smoke generators 

downstream of the filters and sampling further downstream before or after 

the blower. This indirect method of obtaining the concentration of the 

unfiltered aerosol-air. mixture is reliable if care is taken to maintain 

the air flow constant during the testing period. Consistency of the air 

flow through the system can easily be checked by the use of a pitot tube 

inserted in the duct. The output of an aerosol generator is dependent on 

the pressure of the compressed air at the generators and, to a lesser de

gree, on the liquid level of the nop. Obviously, the output of the gen

erator must not be altered during this type of test. 

An alternat.e method makes use of the fact that the output of the 

smoke generator is dependent upon the air pressure at the generator and 

the level of the nop. Each smoke generator can be calibrated in a system 

of kno~in air flow, and an output versus pressure curve can be drawn for 

various liquid levels. Then, if the air flow in the system under test 

can be accurately measured,_ the upstream smoke concentration can be calcu

lated by referring to the generator. calibration curve. In such tests, 

the only sample needed for a particulate concentration measurement is one 

withdrawn downstream of the filter bank. 

The modified tec~Diques that require no upstream sample are particu

larly useful when the system upstream of the filter bank is highly con

taminated, because they minimize the possibility of contaminating personnel 
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and equipment during testing. It is not always possible, however, to 

avoid contaminating the photometer during in-place testing, and thus the 

usual precautions for h&~dlingcontaminated equipment must be taken. It 

is recommended,' therefore, tr~t at least one instrument be appropriately 

tagged and used only for testing contam{nated installations, since this 

will keep the number of "in service II hours to a minimum a.Yld help to pro

long. the intervals between repairs. While the chamber of the photometer 

in contact with the sample can be decontaminated, to a certain degree, 

each time this is done the chamber must be carefully reblackened to 

eliminate internal scattering of stray light. 

Whe~' a contaminated sample is withdrawn from the duct through the 

photometer, it should either be returned to the duct or passed through a 

high-efficiency filter before being released to the atmosphere. A breath

ing mask canister of the M-li type installed between the photometer and 

tr..e p1l.mp will serve in the latter case and will also minimize contami

nation of the pump. 

The generators used at ORNL are a modified version of the aerosol 

gen.erator described by J. K. Thompson.', Six atomizer nozzles, instead 

of one .• ' are installed in a 5-gal can" with the nozzles located about 

1 1/2 in. above the bottom. The jet impactors are omitted to increase 

aerosol production, although this has the effect of increasing the di

ameter of/the average particle from about 0.3 to 0.7~. Little signifi

ca,1ee is attributed to the change in particle size for in-place testing 

appli·:::ations. 

One generator will supply sufficient smoke for testing systems up 

to 2000 to 4000 cfm, depending upon the type of photometer used.; the 
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4000-cfm rate is needed for instruments with a gain control. Larger in

stallations can be tested simply bymanifoIding two or more generators 

together. 

Te 

When an in-place test produces an unsatisfactory efficiency, cor

rective action must be taken. The filters can all be replaced, of course, 

but this is hardly an economical approach to the problem~ and it may not 

prod-<1ce any appreciable improvement in the conditions . Ideally, the source 

of the trouble can be fou.rJ.d by probi,ng the downstream side of the filter 

bank and filter mouIlting frame with the ,probe connected directly to the 

photometer. Leakage paths can be readily detected by observing the be

havior of the pointer on the amplifier. In new systems it is not unusual 

to find grqss leakage paths in the filter housingj intermittent fillet 

welds may have been used instead of continuous seal welds. Finally, after 

all leakage paths in the structure are permanently preferably by 

welding,the gasket areas and the faces of the filters should be probed. 

If the filters were installed without the benefit of experienced super

vision, leakage 'will pro'oa'bly be found trrrough the gaskets, as well as 

through holes in the filter medium made by careless or inexperienced work

men. 

Since probing is sometimes diffieult to accomplish and at the very 

best time-consu.rning, craftsmen should be given training in the care and 

handling of high-efficiency filters, and the complete installation pro

cedure should be supervised by a responsible individual. Th!= AEC has 

issued an excellent guide6 covering the inspection, testing, and 
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installation of filters which is useful in training and in developing in

stallationprocedures. Installation is considered as commencing with 

the opening of the filter carton and ending with the closiD~ of all ac

cess doors into the system. The procedures described pay divid.ends, 

since, if all necessary precautions are taken and unsatisfactory effi

ciency is found by the in-place test, the difficulty can usually be found 

and corrected with a minimum of effort. 

Good filters, properly mo~~ted in a structurally sound enclosure, 

with the system efficiency verified by an in-place aerosol test, con

stitute the essentials of a realistic program for the containment of 

radioactive particulate matter. The program does not stop here, howeverj 

routine in-place testing is important for maintaining the integrity of 

operational systems. 

ORNL Experience 

The results of numerous ,in-place tests at ORNL are presented in 

Table IV-l. The data, which do not include efficiency measurements made 

,after repairs" emphasize the need for in-place testing, particularly for 

multifilter installations. Based on the data of Table IV-I ~~d experience 

in general:, the following conclusions may be drawn: 

1. It is relatively easy to achieve a system efficiency of 99.9% 

or better in small single- and double-filter installations. 

2. Filters in chemical laboratories may deteriorate rapidly and 

should thus be checked ,frequently in place. 

3. Relatively few existing, large, multifilter installations have 

an efficiency of 99.9% or better when initially tested. 
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Table rI! -1 RESULTS OF INITIAL TESTS ON ORNL FILTER SYSTEMS 

Type A System: 1- and2-filter systems primarily of 
the chemical laboratory exhaust-hood 
type in service 4 months or less 

Type B System: Same as type A except in service 14 
months or less 

Type C System: Larger multifilter installations of 
various types in service for various 
periods of time 

Number of systems with efficiency of 99.97% 
or higher on initial test 

Number of systems with efficiency of less 
than 99.97% 

Total systems 

Percentage of total systems with efficiency 
of 99.97% or higher on initial test 

Type A 
Systems 

129 

10 

139 

93 

Type B 
Systems 

122 

177 

69 

Type C 
Systems 

5 

23 

-28 

18 

4. New systems of all types have a reasonably good chance of passing 

an in-place test if close attention is given to details of design and 

fabrication and the filters are installed under competent supervision. 

5. The in-place test for determining system efficiency can be applied 

to most installations. 

The cost of high-efficiency filters was discussed in the previous 

issue of Nuclear Safety.? The equipment for conducting in-place tests 

is not especially expensive, but the expense does depend on the type of 

photometer used a..Yld the number of aerosol generators required. The cost 

of the basic equipment and sufficient smoke-generating capacity for test-

ing a 30,000-cfm system is roughly equivalent to the cost of forty 24-

by 24-in. high-efficiency filters in their cartons. (R. W. Schneider) 
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EMERGENCY DECONTAMINATION PREPARATIONS AT CHALK RIVER 

Two previous reviews of decontamination hazards dealt with criti

cality and radiation hazards during general decontamination,8,9 and a 

third was on hazards that had been encountered or which might be encoun

tered during the decontamination of nuclear reactors. lO The latter re

view emphasized that very serious consideration must be given at all re

actor sit.es to the possibility that emergency operations may have to be 

initiated on ext.remely short notice and that some operations may involve 

decontamination of persons with high levels of radioact.ivity. The pres

ent review describes the excellent state of preparation for handling nu

clear incidents and disasters that has been developed at t.he At.omic Energy 

of Canada Limited, Chalk River, Ontario. 

At Chalk River, the decontamination experiences resulting from the 

NRX reactor incidentll of December 1952 and the NRU incident 9 ,12,l3 of 

May 1958 made clear the need for improved organization and equipment. that 

would be ready to handle future incidents in a more efficient manner. 

Such improvements have now been made and are described in a series of 

papers. 14- 16 Not or~y is the installation now better prepared to deal 

with large-scale emergency decontamination of personnel, buildings, and 

equipment., but also t.he routine decontamination procedures have been 

organized to ensure a high degree of efficiency. 

Facilities 

The decontaminat.ion building (floor area, 7000 ft2) described by 

Wnitel4 is designed for production-line operations. This results in the 
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safest possible movement of equipment through the decontamination pro~ 

cesses. The design criteria that were the basis for planning the build

ing specified the following: 

1. Adequate storage space, ventilated and shielded. 

2. Separate decontamination rooms for each type of operation, ad

jacent to the storage areas. 

3. Monitoring and shipping areas remote from the storage and de-

contamination areas. 

4. Straight-line flow of items through the building. 

5. Clothing change rooms separated from work areas. 

6. Office area separate from active areas. 

7. Ventilation, well designed and generous in capacity. 

8. Modern fume hoods for hand work areas and machinery. 

9. Smooth, painted walls, with the minimum of obstructions. 

10. Drying rooms for plastic clothing and footwear. 

11. Efficient waste disposal facilities. 

12. Special room for flammable solvents. 

The new decontamination building makes use of a number of machines 

to lessen handwork and thus reduce personnel exposure. These include a 

rotary-drum washing machine for clothing, a metal-parts washer that auto

matically dips up to 750 Ib of metal parts into a heated reagent bath, 

and a 5-kw ultrasonic cleaner with six transducers mounted in a bath 

12 X 24 X 40 in. Large and heavily contaminated items are cleaned by 

steam jets in a closed pit equipped with an offgas system. 
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Reagents 

With regard to reagents, White14 states that phosphate compounds, 

as a group, have been found to be the most effective decontaminants for 

mixed fission products. EDTA (ethylenediaminetetraacetic acid) is also 

used for plutonium or uranium decontamination. Approximately 90% of all 

equipment is satisfactorily decontaminated by vacuum cleaning, followed 

by a quick wash with a warm phosphate solution. More vigorous reagents 

are used when phosphates are not effective. The phosphate solutions, 

normally used at 150 to 175°F, include aqueous 2% Calgon with a wetting 

agent, and they sometimes also contain 2% EDTA. The addition of 0.05% 

wetting agent (Hydra-Clene) to a 175°F solution of 2 to 5 parts by weight 

of H3P04 improves the action of the acid. Human skin is decontaminated 

by soap and water, followed, in resistant cases, by a mixture of 75% 

Alconox (a commercial mixture of phosphates) and 25% EDTA. 

Equipment 

Seven special items of equipment recently developed at Chalk River 

to assist in decontamination and monitoring operations have been described 

by MacFarlane and Beal. 15 

1. Mobile air exhaust unit. This 1000-cfm unit, mounted on a dolly, 

draws air through a light, flexible canvas hose that is internally sup

ported by a wire helix. The air drawn from the contaminated location is 

passed through a high-efficiency filter before it reaches the fan. A 

second exhaust hose disposes of the filtered air. The unit is useful in 

many situations in which normal ventilation is inadequate in the presence 

of airborne contamination. 
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2. Mobile air sampler. A gasoline-motor~powered air sampler has 

found many applications where air is sampled in locations remote from 

electric power. The unit, with a capacity of 10.6 cfm, weighs only 70 lb. 

3. Mobile change-room trailer. Among the most important of the 

special items is the mobile change-room trailer. The unit is a standard, 

mobile home that has been internally partitioned and equipped to conform 

to good change-room design practice. 

4. Shielded Settling Box and Shielded High-Efficiency Filter. 

Heavy contamination, with high radiation fields, such as might occur when 

loose, irradiated reactor fuel escaped from confinement, can often be 

greatly reduced through vacuum cleaning. A mobile vacuum cleaner with 

an associated shielded settling box and a high-efficiency filter is avail

able. The settling box and filter may be disposed of without personnel 

exposure by suspending the units over waste disposal holes and pulling 

out retaining pins by means of ropes. 

5. Steam-Detergent Decontamination Gun. High decontamination ef

ficiencies on many types of surfaces have been obtained with'a new type 

of steam gun. A mixture of steam and detergent is ejected through a slit 

orifice, only 0.015 in. wide, at 90 psi. The orifice is preferably kept 

in contact with the surface or at a distance of 1/8 in. and is stroked 

over the surface in the manner of shaving with a safety razor. Various 

guns for different applications have been devised. The gun reduces or 

eliminates the need for hand scrubbing of contaminated walls of buildings, 

for example, and should fill an outstanding need in the field of decon

tamination. 
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6. Mobile, Remotely Controlled, Radiation Monitor. The remotely 

controlled monitor for high-level radiation fields of the type that would 

exist after a nuclear accident features a monitoring head mounted on an 

extensible b09m.that can traverse in both vertical and horizontal planes. 

The remote control box is small enough to be held in the hand. Use of 

this unit) rather than hand moni tors, should greatly reduce personnel· 

exposures in locating high-level sources of radiation. 

7. :r:nfll;i.table Tent ... An ~nflatab1.e polyethylene tent, commerically 

available, has been used for housing bulky objects while they are being 

decontaminated. The tent is provided with an air supply from a fan. The 

spread of contarranation is thus much reduced or eliminated. 

Pre;Planning 

The organization that will be activated at Chalk River in the event 

of another nuclear accident is described by Neill and Marko. 16 Thought 

has been given not only to how the cleanup can be effectively managed and 

directed, but also to the necessary supplies, such as face masks and pro

tective clothing, and how they can be systematically handled and cared 

for. The authors suggest that every plant handling significant quantities 

of radioactive material should be prepared for an incident involving the 

release of radioactive material. For adequate decontamination, they 

should maintain the following: 

1. A list of personnel able to perform certain tasks under condi

tions of high-level radiation fields and surface and air contamination. 

2. An emergency staff to keep records of the personnel used in the 

clean-up program •. These records should include the history of previous 
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exposures, present exposures, uriralyses~, bl,ood checks, etc. If men 

from outside the project are used, for example, from the armed forces, 

a medical check should be made on arrival and on leaving. 

3. Adequate supplies of respirators and protective clothing and an 

efficient respirator inspection and clothing decontamination service. 

4. A special change room, equipped to handle workers returning from 

decontamination work, and a skeleton staff trained in its use. 

5. ,Spe.cioal equipPlent to handle all types of emergencies, and a 

staff of men well trained in the use of this equipment. These trained 

men can be used to instruct others. 

6. Facilities for dismantling contaminated equipment, such as valves, 

electric motors, compressors, etc., in fume hoods with adequate ventilation. 

7. A well-equipped central decontamination center where contaminated 

articles such as respirators, plastic clothing, rubbers, tools, and small 

items of equipment can be decontaminated using mechanical means of clean~ 

ing as much as possible. 

Routine Operations 

The Canadian investigators have found that,' although the specialized 

decontamination equipment was developed for use after a major plant in

Cident, most of the equipment is now being used in routine decontamination 

work. Caves, dry-box systems, contaminated rooms, shipping flasks, etc., 

are all being cleaned with the special equipment, and a' considerable sav

ing,in,man hours of cleaning has resulted. 16 

During 1959, $15.00 worth of equipment was recovered for every $1.00 

of direct charge for decontamination. Based on this experience, it is 
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. considered that a well-organized decontamination service should be con

sidered a necessary part of any atomic energy establishment. 14 Not only 

are large sums of money saved) but health and safety standards are easier 

to maintain. It would appear that the prominent role of the ordinary 

scrubbing brush in the decontamination field is coming to an end. 

(A. B •. Meservey) 
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FISSION-PRODUCT VAPORIZATION AND DEPOSITION 
FROM URANIUM CARBIDE 

The knowledge of the location and chemical form of the fission pro-

ducts is an obvious requirement for safety of any reactor, but in reactors 

with unclad fuel elements, this knowledge is even more vital because the 

fission products continuously leak from the fuel element into the coolant. 

The stationary reactors in the United States that utilize unclad graphite-

base fuel elements with helium as the coolant are the Ultra-High-Tempera-

ture Reactor Experiment (UHTREX) and the Peach Bottom Reactor (HTGR). 

Work is also under way on graphite-base fuel for pebble-bed reactor use. 

In these reactors the chemical behavior of the fission products in the 

graphite-base fuel and the helium coolant determines their distribution 

during normal operation. An understanding of the chemistry in these sys-

tems is, therefore, vital to safe reactor design. 

Vaporization of Fission Products 

An understanding of the influence of chemical reactions in control-

ling the vaporization of fission products from uranium carbide-graphite 

fuel requires the determination of which metallic elements are carbide 

formers and therefore exhibit vapor pressures lower than those of the cor-

responding metals and whether two fission-product elements react with each 

other within the fuel elements and thereby lower the vapor pressure of both 

chemical elements. An example of the reaction of fission-product elements 

would be cesium and iodine combining to form csr within the porous graph-

ite .lattice of a fuel element. Only the vaporization of fission products 

will be considered, since the chemical reactions depend on diffusion 
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behavior, a subject that is beyond the scope of this review. Similarly, 

the release of fission products through recoil from the fuel elements-and 

erosion of the surface of the fuel material w-ill not be discussed. 

Vaporization is a problem in chemical equilibria of the type 

Me (SOlid) = M (gas) + xC (graphite) • x 

Since all chemical equilibria are temperature dependent, all predictions 

of fission-product vaporization a kno'wledge of t.he t.emperature 

profile of the fuel element. 

The volatilization behavior and other factors that contribute to 

the presence of fission products in the coolant are given in Table IV-2. 

The assumptions used in constructing this table were that (1) within the 

fuel elements the fission products are either chemical elements or car-

bides, (2) the fuel element contains some impediment (e.g., a graphite 

sleeve and a purge-gas stream, as in the h~GR, or the thick pyrolytic 

graphite coverings on the fuel balls for a pebble-bed reactor) 

that prevents short-lived nuclides (half life <2 min) formed directly by 

fission from leaking out int.o the coolant, and (3) the surface tempera

ture of the fuel elemerlt.s does not exceed 1500"K (2240°F). The vola-

tili ty classifications used are defined below: 

Nonvolatile 
Moderately volatile 
Volatile 

The sources of measured thermodynamic 

Vapor Pressure at 
l50QoK (atm) 

<10-6 
10-6 to 1 
>1 

of the carbides were the 

compilations of Krikorian1 '7, 18 and of Kelly and King.19, 2 0 Krikorian I s 
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Table IV-2. The Fission Products and Their Volatility from Uranium Carbide Fuel Elements 

Element 

Zn, Ga, Ge, As 

Se 

Br 

Kr 

Rb 

Sr 

Y, 

Zr 

Nb 

Percentage of Total 
Fission-Product Yield After Vaporization Behavior and Remarks. 

Irradiation of 107 sec 
(116 days)a 

Combined yield <0.1% Unimportant; very low fission yield 

0.45% Volatile 

0.2% Volatile 

4.0% Volatile 

4.0% 

12.5% 

5.5% 

32.0% 

1.7% 

Volatile; released to coolant partly through the volatile 
precursors KrS5m and KrS7- 91 ; much may be retained by 
chemisorption under certain conditions (see discussion 
of barium and cesium sorption below) 

Moderately volatile; BrSS in coolant through volatile 
precursors; element is carbide former with an estimated 
pressure of 10-4 • 4 atm at 10000K and 10-1 • 3 atm at 
1500~; however, chemisorption can be significant (see 
discussion of barium and cesium sorption below) in re-
ducing vapor pressure 

. Whatever gets into coolant comes through precursors,that 
is, those strontium nuclides that were already out of " 
the fuel elements; otherwise yttrium is not volatile 

Nonvolatile; the only radioactive isotopes that may leave 
the fuel elements are Zr 93 and Zr95 to the extent that 
the short-lived volatile precursors escaped 

Nonvolatile; any fission product of mass number "95 re-
leased will be the only source of niobium out of the 
fuel element 

i0 
'--J 
\.:11 
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Element 

Mo 

Tc 

Ru 

Rh 

Pd 

Ag, Cd, In 

8n 

8b 

Te 

·I 

Xe 

Cs 

e e 

Table IV-2. (Continued) 

Percentage of Total 
Fission-Product Yield After 

Irradiation of 107 sec 
(116 days)a 

18.5% 

6.0% 

12.5% 

1.6% 

1.2% 

Combined yield N0.1% 

N0,l% 

0.05% 

3.0% 

1.5% 

18.7 to 24.2%, depending 
on thermal-neutron flux 

17. 6 to 12.1% depending on 
thermal-neutron flux 

Nonvolatile 

Nonvolatile 

Nonvolatile 

Nonvolatile 

Nonvolatile 

Vaporization Behavior and Remarks 

Unimportant because of low fission yield; silver and 
indium moderately volatile; cadmium volatile 

Moderately volatile; vapor pressure 10-5 atm at 1500~; 
volatile c~dmium and indium precursors would lead to 
small amount out~ide fuel elements 

Unimportant because of low fission yield; moderately 
volatile . 

Volatile 

Volatile 

Volatile 

Ordinarily volatile, but chemisorption on graphite may be 
significant in retaining much cesium (see discussion 
below); volatile precursors from elements of mass num
bers 133 J 135, 137, 138) 139 will account for most of 
cesium out of fuel elements 

N 
,.;J 
(j\ 
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Ba 

La 

Ce 

Pr 

Nd 

Pm 

Sm 

Element 

e e 

Table IV~2. (Continued) 

Percentage of Total 
Fission-Product Yield After Vaporization Behavior and Remarks 

Irradiation of 107 sec 
(116 days)a 

6.8% Volatile precursors account for most of barium outside of 

6.2% 

19.0% 

4.5% 

17.0% 

2~4% 

2.2% 

fuel elements; element is carbide former, with an esti
mated pressure of 10-5 • 1 atm at 10000K and 10-1 • 7 atm at 
1500~j however, chemisorption on graphite further re
duces pressure (see discussion below) 

Nonvolatile, but volatile precursors of mass numbers 139, 
140, 141, and 142 will account for some lanthanium out 
of the fuel element; chemisorption on graphite of Cs140 

and Ba1 40 may be of great significance in ~reventing the 
release of the important gamma emitter Lal 0 

Nonvolatile; only radioactivity should come from the Ce141 

released via volatile precursors; probably no Ce143 or 
Ce144 will be released because volatile precursors are 
too short lived 

Nonvolatile; only possible radioactivity associated with 
praseodymium out of fuel elements would come from the un
likely release of volatile precursors of mass numbers 
143 and 144 

Nonvolatile 

Nonvolatile 

Similar in chemical behavior to strontium and barium; 
moderately volatile;' estimated vapor pressure over 
carbide of 10-5 • 9 atm at 1000oK, and 10-2 • 3 atm at 15000K 

I\.) 

~ 
---J 
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. Element 

Eu 

Gd,Tb,Dy 

e 

Table IV-2. (Continued) 

Percentage o~ Total 
Fission-Product Yield After 

Irradiation o~ 107 sec 
(116 days)a 

0.22% 

Combined yield <0.1% 

. Vaporization Behavior and Remarks 

Same comments as ~or samarium,; estimated vapor ~res8ure 
over carbide o~ 10-4 • 5 atm at 1000 oK.and 10-1 • atm at 

·1500"K 

Unimportant; very low ~ission yield; nonvolatile 

a See re~. 24. 

e 

10 
:.;J 
OJ. 



empirical methods17 ,18 were used to estimate absolute entropies of the 

unknown carbides. The standard heats of formation of SmC2 and EuC2 were 

assumed to be the same as the heat of formation ~stimated for SrC2.17 

Vapor pressures and thermodynamic data of the elements were obtained from 

the monograph of Stull and Sinke. 21 Information on fission-product de-

cay chains was obtained from Blomeke22 and Katcoff. 23 The yield data 

were taken from Robinson and Krouse. 24 

In summary, the significant fission products that will be present 

in the helium coolant are the inert gases krypton and xenon, the nonmetals 

iodine, bromine,tellurium, and selenium, the alkali metals cesium and 

rubidium, the alkaline earth and quasi-alkaline earth metals strontium, 

bromine, samarium, and europium, and the nonvolatile metals that are de-

cay products of gaseous precursors yttrium, lanthanum, cerium, and per-

haps zirconium. 

ChemiSOrption of Alkali and Alkaline-Earth 
Fission Products on Graphite 

In recent investigations, Zumwalt and his associates 25 ,26 have shown 

that cesium and barium can be adsorbed to a remarkable extent on graph-

ite at high temperatures. For instance, at 1000°C, when the vapor pres-

sure of cesium was in the range 10-5 to 10-6 atm, graphite samples held 

approximately 12 mg of cesium per gram of graphite. This high 

of cesium for graphite should be distinguished from the formation of 

cesium-graphite compounds, which occurs at much lower temperatures. 27 

More thorough studies26 have been carried out with barium, 

and the results are expressed by the equation 
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log PBa 
(4.7

6 
log Q - 13.9) X 103 

,; + 4.33 , 
T 

where P is the partial pressure of barium in atmospheres, Q is the 
Ba 

loading of barium in HLM-85 graphite in milligrams of barium. per gram of 

carbon, and T is temperature in oK. For instance, a concentration of 

1 mg of barium per gram of carbon at 1500 0 K has a barium partial pressure 

of 10-5 atm. The estimated barium pressure over barium carbide at the 

same temperature is 10-1 . 7 atm. Although unmeasured, strontium, samarium, 

and europium should have similar graphite adsorption behavior to barium, 

whereas rubidium should be similar to cesium. 

Even though these adsorption investigations are at an early stage, 

the available results indicate that the preponderance of alkali and alka-

line earth (including samarium and europium) fission products formed with-

in the fuel elements will be retained on the fuel elements or on graphite 

jackets (e.g., the graphite sleeves in the HTGR). Furthermore, if suf-

ficient holdup times can be. attained for halogen and inert-gas precursors 

within graphite fuel elements, the hazards associated with Sr90 , y91, 

CS137 , Ba140 ) La140 , Ce141 should be greatly reduced. 

Parenthetically, it should be noted that Walton28 deduced the favor-

able adsorption behavior and its implications from studies of diffusion 

of ceSium, strontium, and barium in graphite. In the conclusion to his 

paper, he states "The mobility (in graphite) of certain fisssion products 

(Cs, SrJ Ba) seems to be associated with high adsorptive properties and 

it is possible that these very properties will effectively keep a reactor 

coolant circuit clean." 



Deposition of Fission Products 

The chemical state of the fission products outside the fuel elements 

has not been explored in any great detail. In turn, very few useful 

generalities have been derived that relate the chemical state of fission 

product with the possible surfaces of deposition. The absence of gener

alities can be attributed to the large number of variables that influence 

deposition. A partial set of variables might be temperature, pressure, 

concentration of fission products, concentration of CO, C02, H20, H2 or 

other coolant contaminants, nature of surfaces (especially on the heat 

exchangers), size of dust particles, and eXi?tence or lack of charcoal 

beds. The buildup of knowledge in the field of fission-product deposi

tion will probably be rather slow, depending primarily on well-designed 

in-pile tests. The most complete information will become available after 

the dismantling of large full-scale reactors or reactor experiments. 

It is necessary, however, to predict the disposition of 

fission products after leakage from fuel elements. Brewer29 has sum

marized and predicted the chemical states of fission products in the 

coolant stream of the HTGR. He (1) fit he non-metals will all 

be converted to compounds of the alkali and alkaline earth metals, !I with 

the halides most likely reacting with cesium to form Csland CsBr; (2) if 

the coolant gas is carburizing, "there is the possibility of preCipitation 

of carbides of the four alkaline earth elements as the temperature is re

ducedPj (3) IIDue to the presence of CO in the coolant gas, there is the 

possibility also of formation of oxides of the alkaline earth and alkali 

metals':,; (4) Itupon cooling of the gas one would expect condensation of 

a mixture of metals, oxides, and carbides along with CsBr and CSIII; 



282 

(5) much of the condensate will be in the form of a dust that will par

tially revaporize when carried by the coolant back into the core. Brewer 

therefore concludes that the inert gases, the alkali metals, and the 

halides "may act as peTIlJanent gases to a considerable extent. !I Brewer's 

ideas are almost certainly applicable to any reactor with uranium carbide 

fuel elements. 

Cesium iodide has not been found experimentally, as yet, under simu

lated reactor conditions; however, von der Decken30 tentatively proposes 

Csl to explain the deposition of iodine on graphite held at 1000°C in an 

irradiation test. The vapor pressure31 of Csl at this temperature is 

10-1 • 07 atm. Unless Csl is chemisorbed ~n graphite (which is doubtful), 

Bal2 or Srl2 would be more probable chemical compounds, since these have 

lower vapor pressures 32 at 1000°C. 

Bromley33 has very briefly discussed the chemical state of fission 

products both in the fuel element and in the coolant, but his comments 

do not augment anything in Brewer's papers. 29 

The out-of-fuel element behavior of yttrium, lanthanum, cerium, 

and zirconium will be governed by CO and C02 impurities in the coolant; 

that is, these fission products should form oxides. These oxides will 

probably remain on the walls where the CO and: ,C02 reacted with the pre

viously precipitated metals. The vapor pressures of these metals and 

their corresponding oxides are sufficiently low «10-11 atm) that distil

lation to the heat exchangers should be negligible. 

The deposition properties of unreacted cesi~, that cesium that 

has not formed CS20, reacted with anionic fission products or chemisorbed 

on graphite are very uncertain. Metallic cesium, being relatively volatile, 
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would be expected to deposit preferentially on the coolest surface, but 

cesium also has the lowest ionization potential of any element. This 

means that cesium would deposit randomly and be held in place by donating 

its valence electron to the conduction band of the underlying metal. As 

might be expected, responsible scientists differ as to which of the pro

perties will dominate the deposition of cesium. Gluekauf of the DRAGON 

project believes that cesium will probably deposit on the heat exchanger, 

oxidize there, deposit new cesium metal layers, oxidize again, and slowly 

build up a scale. 34 Zumwalt of the HTGR project believes that only a 

monolayer of cesium, at most, will build up on surfaces. 34 

Conclusions 

The dearth of experimental information on how chemical reactions af

fect vaporization and deposition of fission products can, to some extent, 

be ameliorated by careful use of basic chemical ideas. Specifically, 

vaporization behavior of fission products from UC2 -graphite fuel elements 

can be surmised well from basic chemical parameters. On the other 

hand, there is little information and fewer useful ideas on 

how chemical reactions affect deposition. The only practical recourse 

is a program of experimentation involving systematic alteration of '. 

variables that should affect deposition. The reasons for such a program 

have been succinct;Ly stated by Adams and Browning: liThe designer of a 

nuclear reactor must be able to predict reliably the location and form 

of the entire inventory of radioactive fission products associated with 

the reactor system if he is to fulfill his obligation to control the haz

ards produced by these materials. "35 (Stanley Cantor) 
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PARTICLE AND FISSION-PRODUCT ~EHAVIOR IN NUCLEAR ACCIDENTS 

The first two s.essions. of the Third Conference on Nuclear Reactor 

Chemistry, held at Gatlinburg, Tennessee, October 9-11, 1962 were de-

voted to problems related to release of fission products in nuclear re-

actor accidents. A broad spectrum of topics was covered in the 12 papers 

presented in these sessions .• which were opened with ·remarks by the Chair-

man, S. A. Szawlewicz, Chief, Research and Development Branch, Division 

of Reactor Development, USAEC, Washington, on the importance of fission-

product release.studies in reactor siting and hazards evaluation. He 

stated that: 

liThe release of fission products, as a result of a nu
clear reactor aCCident, constitutes the principal danger in 
the operation of nuclear reactors. Because of this danger, 
the nuclear power industry is experiencing considerable dif
ficulty in obtaining government approval for siting large 
power reactors close to populated load centers. The siting 
problem is related to the establishment and use, in hazards 
calculations, of conservative 'upper limit values' for the 
release of fission products to the atmosphere in conjunction 
with the description of a maximum credible accident. fI 

He also stated that, in determining the potential hazard to the pub-

lic resulting from an accidental meltdown, four successive and inter-

related problems must be considered. These include the calculation of 

the fraction of fission products released in the region of the core, the 

determination of the amounts of released radionuclides that are trans-

ported into the building or containment shell, the determination of the 

time and space behavior of the transported radionuclides, and, finally, 

the extent of their leakage to the outer atmosphere and their dispersion 

in the atmosphere. He mentioned that, in preparing hazards analyses, the 

assumption is made that 100% of the noble gases, 50% of the halogens, and 
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1% of the solids in the total fission-product inventory of the core at 

the time of the accident are, released into the reactor building or con-

tainment structure. Szawlewicz concluded his remarks by saying: 

"Perhaps with continued success in the type of studies 
which will be described today, we will ultimately succeed in 
providing more accurate descriptions of fission product be
havior during an accident, developing, at the same time, 
methods for effective prevention of releases into the outer 
atmosphere. In the event of a release into a containment 
structure, rapid an4 reliable fission product control by air 
cleanup systems must first be proven before credit for re-
duced danger is granted by safety authorities. " 

Although the various investigators represented on the program havel 

employed quite diverse approaches to the study of the reactor hazards 

problems mentioned by the Chairman, the discussions can be conveniently 

considered under three headings: particle production and behavior, 

fission-product release and behavior, and containment and removal of 

fission products from the atmosphere. 

Particle Production and Behavior 

Studies of the effect of temperature and air velocity on the nature 

of oxide particles formed from small, unclad uranium cylinders oxidized 

in air at furnace temperatures of 400, 600, 800, 1000, and l200°C were 

reported by Coleman and Schwendiman36 in the only paper devoted entirely 

to particle production. The principal findings of these investigations 

are summarized below: 

1. Tne physical nature of the uranium oxide formed changed from 

fine, black, platelet-like particles (400-600°C) to coarse, coke-like 

granules (6OQ-800~C)) and finally to a dense, columnar, needle-like 

structure that remained largely intact at 1000 to l200°C. There was 

a general increase in oxide particle size with increasing temperature. 
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2. Less than 4% of the oxide formed at 400 to 1200°C was in the 

less than 10-~ particle-size range in any of the cases investigated. 

Mass median diameters of approximately 100 and 160 ~ were determined for 

oxide r.esidues at 400 and 600°C. At 800°C and above, 75% or more of the 

mass was associated with particles greater than 250 ~ in diameter. 

3. At air velocities of 8.3 cm/sec and lower, the quantity of par

ticulate oxide reaching a point 20 in. downstream was greatest at 1200°C. 

The entrained oxide in this case consisted primarily of agglomerates of 

individual particles from 0.015 to 0.5 ~ in diameter that were believed 

to arise from sublimation of D03' As air velocities were increased, 

aerodynamic entrainment of somewhat larger particles over-shadowed re

lease by direct volatilization. 

4. At temperatures of 400, 600, and 800°C, the average diameter 

of oxide particles reaching a point 20 in. downstream was on the order 

of 2 to 5 ~ at an air velocity of 8.3 cm/sec. 

5. Specimens oxidized at 1000 to 1200°C gave rise to few micron

size oxide particles during heating. On rapid cooling, stresses within 

the system caused projection of microscopic and macroscopic particles at 

high velocities. 

Chamberlain37 described the results of experimental wind tunnel 

work in which deposition of particles of various sizes was measured on 

surfaces of varying degrees of roughness, including aluminum and grass. 

His data correlated well with the theory of Owen38 for particles having 

a size greater than O.l~. This theory treats the transport of a parti

cle through the boundary layer by the impetus given it by turbulence. 

This mechanism is considered to predominate over transport by Brownian 
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diffusion. For particles of size smaller than 0.1 ~, deposition is 

greater than. that predicted by Owen's theory, with the result that the 

deposition velocity is nearly independent of particle size over the 

range 10-3 to 10- 1 ~. Deposition velocities are greater for molecular 

iodine and for particles larger than 0.1 ~. 

Work on millimicron-size aerosols of the kind observed in in-pile 

fuel-melting experiments was described by Browning and Ackley. 39 A 

method was developed for determining the particle-size distribution of 

radioactive aerosols by diffusion-coefficient measurements, making use 

of the deposition distribution of the radioactive aerosol on the walls 

of a channel through which there is laminar flow of a gas. The method 

is capable of discriminating between various sizes of particulate mate

rial over the range 0.004 to 0.3 ~ and radioactive vapors. Radioiodine 

vapor and particles labeled with radioactive iodine were used in these 

tests. 

An apparatus for investigating interactions between radionuclides 

and aerosols and methods for measuring aerosol particles were discussed 

by Craig. 40 Operational tests of the apparatus were described in which 

a radioactive iron oxide aerosol was used to test the stability and re

producibility of the system. Plans for investigating the interactions 

.between various fission product nuclides and several aerosols under a 

variety of conditions were discussed. 

Fission-Product Release and Postrelease Behavior 

Because of the major role of clad U02 fuel elements in the current 

power reactor program, most of the emphasis in the fission-product hazards 
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studies described by Parker and his co-workers41 has been on appraisal 

of the effect of various factors on the three processes for the release 

of fission products by U02: diffusion, oxidation, and melting. These 

factors include the quantity of fuel involved and the effects of burnup, 

plateout, chemical state, etc. 

Since each of these parameters may exert a significant effect on 

the others, a series of investigations covering a wide range of condi

tions is being conducted. Significant results were reported for studies 

of the effect of, burnup on three processes: (1) diffusion at high tem

perature in pure helium; (2) oxidation in air below 1200°C; and (3) 

melting in air, helium, and CO2 , The burnup effect was found to be 

most pronounced in the diffusion process and to lead to increased re

leases in all cases, ranging in value up to factors of 10. Factors of 

2 increase were typical in the oxidation process, and only fractional 

increases occurred during melting. 

The only example of a significant effect of cladding on the release 

of fission products from'U02 observed thus far was found on comparing 

release values obtained on melting Zircaloy-clad and stainless steel

clad U02 specimens. The Zircaloy-clad speCimens released less tellurium 

by a factor of 30 and less iodine and cesium, both by a factor of 2. 

Ruthenium release was also reduced by a factor of up to 100 in both 

metal-clad specimens when compared with release from a miniature sample 

melted by the carbon-arc image method with traces of air present. It 

was concluded that the volatility of ruthenium was probably a function 

of its rate of oxidation to Ru04' 



Small variations were found to occur in the size and shape of ura

nium oxide particles formed by the vaporization of U02 during melting 

in helium, air, and C02' Much more significant, perhaps) was the dif

ference in quantity vaporized as a function of the quantity of U02 melted. 

This varied from as much as 20% from miniature samples (30 to 50 mg) to 

as little as 0.2% from 30-g melts. 

Roberts and his co-workers42 presented the results of a series of 

in-pile experiments in which miniature fuel elements were destroyed by 

melting or combustion, and the release of fission products was determined. 

These studies were conducted in order to compare fission-product release 

behavior in an operating reactor with that observed in out-of-pile studies. 

Miniature stainless steel-clad U02 fuel elements were melted by heat of 

fission in the Oak Ridge Research Reactor in a helium atmosphere. Nearly 

all the iodine, tellurium, cesium, krypton, and xenon were released from 

the fuel, as well as more than half of each of the other fission products. 

Much lower fractions of fission products were released from the high

temperature zone of the furnace, with the strontium, zirconium, ruthenium, 

barium, cerium, and uranium being almost completely retained. Those 

parts of the fission products that were deposited in the exit gas line 

produced distributions corresponding to particles 22 and 30 A in diameter. 

In one experiment in which a miniature uranium carbide-graphite fuel 

specimen was burned in air in the reactor, only a small fraction of the 

strontium, zirconium, barium, cerium, and uranium was released from the 

hot zone of the furnace, but large amounts of ruthenium, iodine, tellu

rium, and cesium were released. It was concluded that, in a reactor 

accident, although fission products will be released copiously from the 
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fuel material when it is destroyed by melting or burning, they may be ex

pected to be retained almost entirely inside the high-temperature zone, 

with the exception of noble gases, iodine, cesium, and tellurium, and, 

if oxygen is present, ruthenium. 

Efforts to employ a plasma jet for" fission-product release rate ex

periments with BeO-U02-Y203 fuel materials were discussed by Conn and 

his co-workers. 43 It was found that the samples could not be held in a 

molten puddle, and the high velocity of the plasma jet caused uncontrol

lable erosion of the molten portion of the specimens. These difficul

ties, in addition to deposition of a large fraction of the activities 

in the apparatus prior to the charcoal trap, made release-rate experi

ments impractical by this method. It was found that iodine release was 

extremely rapid when the specimens were melted. 

Two other reports on in-pile tests of tubular BeO-U02 fuel speci

mens stabilized with Y203 were also presented. 44,45 Data were discussed 

which demonstrated that recoil release of fission products is the domi

nant release mechanism in dry air at temperatures up to 1400°C. In this 

paper,45 a comparison of fission-product release rates in wet and dry 

air was presented. Iodine, barium, and strontium were the principal 

elements studied. It was reported that the hydrolysis of BeO in these 

fuel materials at temperatures of 1375°C and below results in loss of 

fission products and redeposition of BeO in cooler regions of the fueled 

tubes or test assembly, but it was pointed out that the hydrolysis can 

be effectively prevented by the use of ceramic coatings. 

Castleman46 reported data on fission-product deposition as a func

tion of wall temperature. Specimens of U-3.5% Mo alloy, irradiated at 
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tracer level, were melted at 1200°C in air or in helium purified by pas

sage through a bed of titanium chips at 850°C, and the quartz tube was 

sectioned for radiochemical analysis of the fission products deposited 

on the wall. The most interesting behavior was exhibited by iodine. In 

purified helium, less than 10% of the released iodine deposited in re

gions below 200°C, and most of it was found where the wall temperature 

was in the range 250 to 350°C. In the presence of air, 90% of the re

leased iodine deposited in regions at temperatures below 50°C and the 

major portion of it collected in the. cold charcoal trap. On the basis 

of experimental observations and thermodynamic estimates, it was con

cluded that the probable chemical state of iodine above molten uranium 

in an inert atmosphere is UI2 and I; in air, elemental iodine is formed. 

In a helium atmosphere, barium-lanthanum and cerium deposited in regions 

at temperatures ranging from 1000 to 1200°C, but in air very little of 

these species was released, presumably because of the formation of non

volatile oxides. Molybdenum, on the other hand, volatilized in air be

cause of the formation of Mo03, but none was released in helium. No 

adequate explanation was found for the behavior of tellurium. In helium, 

tellurium was found throughout the tube, with the peak activity in the 

zone that was at 600 to 850°C. Elemental tellurium, under the same con

ditions, deposited in a wide band of the tube with temperatures that 

ranged from about 225 to 525°C. The behavior of this element in air was 

not reported. 

The role of meteorology in coping with the aftereffects of a nuclear 

accident was described by Islitzer.47 The nuclear accident at the SL-l 

reactor on January 3, 1961 at NRTS occurred under meteorological conditions 
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that favored maximum transport of any airborne effluent with minimum di

lution. Unfortunately, these adverse meteorological conditions existed 

in varying degrees for several weeks following the accident while 1131 

was being released from the reactor at a slowly decreasing rate. Con

tinuous surveillance and analysis of weather conditions were instituted 

shortly after the accident and were continued until the need no longer 

existed. Information obtained from the studies} together with results 

of aerial and ground radioactivity surveys, permitted estimates of the 

1131 release rate to be made, correlations of air concentrations and sur

face deposition to be studied, and the relation between observed radia

tion patterns and meteorological information to be described. Although 

only an estimated 80 curies of I 131 was-released during the accident and 

the three weeks following, iodine was detected throughout the entire en

vironmental monitoring network extending 100 miles down the Snake River 

Plain from the SL-l. Comparison of predicted and measured average air 

concentrations of r131 for this period were in reasonable agreement up 

to several miles, but predicted values were a factor of ten or more lower 

than the measured values at distances beyond 15 miles. It is believed 

that the confining effects of the nearby mountains and the diurnal varia

tions of winds in the region prevented the proper use of normal atmos

pheric diffusion equations for this purpose. A complete analysis of the 

meteorological aspects of this accident has been reported. 4S 

Fission-Product Containment and Removal from the Atmosphere 

Experimental studies intended to provide economic safety devices for 

reducing the consequences of radioactive releases were described by 
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Silverman. 49 ,One concept, termed "foam encapsulation, It involves the use 

of an aqueous, plastic, or rigid foam to encapsulate halogens and particu

late matter evolved witnina reactor containment vessel or reactor build

ing. Only aqueous foams (1000:1 lauryl sulfate solution containing so

dium thiosulfate) have been studied to date. Results obtained with iodine 

concentrations of 13 ppm released inside a 1200-ft3 chamber indicated that 

as much as 90 to 95% of the iodine was removed from the atmosphere within 

10 min. Removal of 0.2 ~ and 0.074 ~ uranine aerosols appeared equally 

effective. Dynamic studies of foam continuously injected into a duct 

containing an aerosol indicated removal of an average of 80% of the par

ticles within a duct length equivalent to 5 to 10 pipe diameters. Radia

tion stability of the expanded foam is currently being studied, and 

large-scale tests involving I 131 in 'curie amounts will be conducted at 

the Oak Ridge National LaboratorY in the near future. 

The second concept discussed by Silverman concerned use of a "dif

fusion board" for reactor containment. This cell-like structure would 

replace the metal plate in a containment vessel and would be pervious 

to expanding gases but impervious to particulate matter and iodine va

por. Other necessary properties include noncombustibility and resist

ance to steam, shock waves, and nuclear radiation. Tests and evalua

tions of several materials having some of these properties are under way. 

The diffusion-coefficient measurement technique described by Browning 

and Ackley39 was applied in studies of the efficiences of various gas

cleaning methods for removal of millimicron-size radioactive aerosols. 

It was found that radioactive particles in this size range were capable 

of penetrating conventional particulate filters and adsorbers. Fog 
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nucleation and aqueous foams similar to those discussed by Silverman were 

tested as removal methods and found to be promising. 

Beattie50 reviewed both the nature of the problem of contaipment of 

gaseous and particulate fission-product discharge from large power re

actors in the United Kingdom and the economic need to advance the program 

in the interest of more favorable reactor siting, as well as its exten

sion to newer reactor types. In the past the British research and devel

opment program on removal of fission products has been concerned entirely 

with the Magnox-type fuel system (magnesium-clad uranium) cooled with 

pressurized carbon dioxide. From this system the ingestion hazards are 

limited to partial releases of volatile iodine, tellurium, and cesium. 

With increasing reactor size) however, the amount of "gamma shine" con

tributed by the rare gases trapped in the containment system becomes al-

most the limiting factor. A 1000-Mw reactor will contain up to 100 mil

lion curies of rare gases and more than 1 kg of chemical iodine. Such 

quantities of radioisotopes cannot be adsorbed on the available surfaces 

of the containment shell or allowed to remain unshielded in the building, 

since they would constitute a formidable gamma saurce capable of deliver-

a large dose at a distance of 1/2 mile or more. It would be desir

able then to advance the confinement process to a point where both iodine 

and the rare gases could be reduced to a small volume readily adapted to 

shielding. 

While some problems still exist that challenge the effective use of 

charcoal beds and filters for reactor gas treatment, such as ov~rheating 

and the resultant migration of iodine in charcoal beds and plugging of 

filters with large quantities of airborne particles, the dry system for 



air cleaning appears to be a reasonable solution. Water (cooled or 

moderated) reactors, however, threaten to complicate these systems with 

the possibility of water logging by steam. For such reactors, it would 

perhaps be profitable to consider a reinvestigation of aqueous scrub

bers, which appear to be promisi~g for the simultaneous removal. of con

densate and large quantities of released iodine, tellurium, and cesium. 

The fission products, except for the rare gases, could thus be concen

trated in the small volume so urgently neeqed for shielding purposes. 

(R. E. Adams, C. J. Barton, W. E. Browning, Jr., and G. W. Parker) 
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CONTAINMENT OF GAS-COOLED POWER REACTORS 

H.N. Culver* 

All nuclear reactors have similar basic provisions for containment 

of a~tivity. These basic provisions take the form of barriers that pre-

vent or minimize activity release and specia} equipment that collects 

and relocates any activity that is confined in zones between the bar-

riers. The barriers that prevent or minimize activity release are the 

fuel material, the fuel element cladding, the reactor coolant system, 

and finally the containment building, which is designed to release activ-

ity at a rate that will not exceed an acceptable level, as defined by 

conditions unique to the location of the particular reactor. All power 

reactors have these basic barriers for retaining activity, but their 

relative importance varies with the type of reactor. 

The gas-cooled power reactors that have been proposed or constructed 

to date have certain basic characteristics that differ appreciably from 

those of other reactor types. In general, the gas-cooled reactor has a 

large core that contains mostly ceramic material. The resUlt is that 

the gas-cooled reactor has a low power density and a high heat capacity. 

*Mr. Culver has been employed by the Tennessee Valley Authority for 
the past 12 years and is currently Hazards Control Engineer for the 
Experimental Gas. Cooled Reaetor which is to be operated by TVA. He re-
ceived the B.S. from Union College in both Civil Engineering and 
Electrical Engineering in 1950. His employment with TVA dates from 1950. 
He was engaged in the design of steam plants until 1954, and since that 
time he has been on nuclear reactor assignments as a member of the TVA 
Nuclear Power Group. From 1954 to 1960 he was on loan to the ORNL 
Homogeneous Reactor and Gas Cooled Reactor Projects, during which time 
he graduated from ORNL's Reactor School. Since 1960 he has 'been with 
the TVA Experimental Gas Cooled Reactor Group. 



This may be seen in Table IV-3, in which several gas-cobled reactors are 

compared with a typical water-cooled reactor. As indicated, the power 

density for the Yankee plant is 5 to 100 times the power density of a 

number of gas-cooled reactors, but, for a given power level, the heat 

capacity is appreciably greater for gas-cooled reactors. The power den

sity and the heat capacity of the core greatly influence the integrity 

of the fuel and cladding at the time of an accident, and therefore the 

containment provisions are intimately tied to these factors. 

For most power reactors, the worst accident would be depressuriza

tion accompanied by loss of the coolant through a breach in the system 

piping. The initial period when the coolant was being expelled from the 

system would be of great importance with respect to the adequacy of con

tainment, for it would be during that period that the fuel elements 

would be subjected to the most severe temperature transients. During 

the depressurization period and for short periods thereafter, it would 

be difficult to be assured that adequate cooling was maintained in the 

core region; and, therefore, in analyses of accidents, it is common to 

assume, conservatively, that no flow exists for some finite period. Un

der this assumed condition, the fuel element cladding would be subjected 

to a temperature transient that would be quite rapid and could, in some 

cases, cause fuel element failures. Following the initial rapid rise, 

the cladding temperature would decrease slowly as the heat radiated to 

the core, and it ultimately would follow the core temperature. There 

would be a slow temperature rise in the core from the decay heat in the 

fuel .. As may be seen in the comparisons in Table IV-3, the initial av

eragerate, of temperature change in the core for various reactors 
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Table IV-3. POWER-DENSITY AND HEAT~CAPACITY CHARACTERISTICS OF SOME POWER REACTORS 

Thermal Average Power Heat Capacity Core Temperature Rise 

Reactor Power Density in Core Initial At 1 hr (Mw) ( w/cm3 ) (ca1/o C) (OF/min) (OF/min) 

Yankeea 392 59.3 2.48 x 106 203 71 

Berke1eyb 555 0.56 4 X 10 8 1.8 0.6 l\) 

EGCRb 2.37 X 107 
\0 

84.3 1. 88 4.6 1.6 (X). 

Peach Bottomb 112.5 8.15 7.96 X 10 6 18.2 7.4 

Ju1ichb 46 2.16 8,.20 X 106 7.3 2.6 

Dragonb 20 13.9 8.62 X 105 29.9 10.5 

apressurized-water reactor. 
b Gas-cooled reactors. 
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approximately 30 sec after an accident would be extremely small for re

actors with low-heat capacity. Table IV-3 also shows that the rate of 

temperature change would decrease by a factor of 3 after a period of 1 

hr. Thus it may be seen that a major difference exists between gas

cooled and water-cooled reactors with respect to the temperature con

ditions predicted for the core following a depressurization accident. 

As a result of the relatively slow temperature rise that would occur in 

the core of a gas-cooled reactor, the containment system design is usu

ally based on the assumption that the integrity of most of the fuel ele

ments will be maintained and that the most effective barrier for retain

ing activity will be the fuel rather than the containment structure. In 

order to assure the long-time integrity of the fuel, however, it is neces

sary to provide some form of cooling for long periods of time. This is 

done in several ways, as indicated below in discussions of the specific 

reactors. 

Although the use of graphite for the moderator is of great benefit 

in limiting the temperature rise in the fuel immediately following an 

aCCident, the graphite introduces other problems that are somewhat unique 

to the gas-cooled reactor and which significantly influence the integrity 

of various containment barriers. When graphite is at elevated tempera

t.ures, its reaction with oxygen can have serious consequences. Graphite 

oxidation can lead to higher core temperatures which, :in turn, can signifi

cantly affect fuel element integrity or, in those cases where fuel and 

moderator are combined, the oxidation of the graphite may lead directly 

to the release of activity. In addition, the products of combustion can 

add to the pressure in the containment structure. Therefore, for 
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containment integrity, not only fuel integrity but adequate control over 

combustion in the core must be considered. 

Containment Provisions for Specific Gas-Cooled Reactors 

Information pertaining to the containment provisions of specific 

gas-cooled reactors is given in Table IV-4, in which the reactors listed 

are divided into five classes. Each class has different design condi

tions that significantly alter the fission-product retention of the fuel 

material and the fuel element cladding. Therefore each class places 

different dependence on the retention and location of activity, both 

normal operation and during credible accident conditions. The 

des data presented in Table IV-4 were obtained from a number of 

sources,51-63 and, although the design values indicated for a specific 

reactor may differ slightly in the final design or following operation, 

the numbers shown are close enough to the actual values to be useful 

in comparing the containment provisions. 

Class A: Metallic Fuel with Metal Cladding. The largest group of 

gas-cooled reactors include those that utilize metallic fuel with metal 

cladding. The fUel material is either metallic uranium or a uranium

molybdenum alloy, and the cladding material is Magnox or a magnesium 

alloy. The maximum temperatures are in the range 1000 to 1100°F, 

and the maximum cladding temperature is generally in the range 750 to 

850°F. (The Latina and the Japan GCR operate with cladding temperatures 

up to 9100 F' .• ) As may be seen in Table IV -4, all these reactors are 

cooled with CO2 and are graphite moderated. 

Fission products are effectively retained in the fuel material dur

ing normal operation. If a defect develops in the cladding, a small 
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Reactor 
Class 

A 

B 

Reactor 
Plant 

Calder Hall 

Chapelcross 

Berkeley 

Bradwell 

Thermal 
Power 
Level 
(Mw) 

220 

220 

555 

531 

Hunterston 569 

Hinkley Point 960 

Trawsf'ynydd 870 

Latina 705 

Japan GCR 585 

Dungeness 835 

Sizewell 947.7 

G2 200 

G3 200 

EDF-l 300 

EDF-2 792 

EDF-3 1193 

EGCR 84.3 

AGR 100 
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Table IV-4. COMPARISON OF DESIGN DATA PERTAINING TO CONTAINMENT OF GRAPHITE-MODERATED GAS-COOLED REACTORS 

Fuel 
Material 

U metal 

U metal 

U metal 

U metal 

U metal 

U metal 

U metal 

U metal 

U metal 

U metal 

U metal 

U metal 

U metal 

U-Mo alloy 

U-Mo alloy 

U-Mo alloy 

U02 

U02 

Maximum 
Tempera

ture 
of' Fuel 
Material 

(op) 

1040 

1040 

1022 

1017 

1076 

1040 

1085 

1085 

1135 

1135 

1068 

1035 

1035 

1022 

1094 

1100 

3000 

3100 

Fuel 
Element 
Cladding 
Material 

Magnox-Al2 

Magnox-Al2 

Mg 

alloy 

Magnox 

Magnox-Al2 

Magnox-Al2 

Magnox-Al2 

Magnox 

Mg alloy 

Magnox-Al2 

Mg-Zr al
loy 

Mg-Zr al
loy 

Mg 

alloy 

Mg alloy 

Stainless 
steel 

Stainless 
steel 

Maximum 
Tempera-
ture of Reactor 
Cladding Coolant 
Material 

(0 

815 CO2 

815 C02 

806 C02 

817 

849 C02 

806 C02 

824 

904 C02 

910 C02 

828 C02 

849 C02 

780 C02 

780 CO2 

750 C02 

775 CO2 

815 C02 

1450 Helium 

1382 CO2 

Reactor 
Coolant 
System 

Pressure 
( psia) 

95.4 

95.4 

140 

142 

160 

195 

247 

192 

208 

283 

282 

213 

213 

377 

365 

305 

313.7 

282.5 

Reactor 
Outlet 

Tempera
ture 
(0 

637 

637 

653 

734 

764 

705 

750 

734 

739 

770 

770 

535 

572 

. 653 

688 

730 

1043 

1050 

ApprOXimate 
Fission
Product 

Activity 
in Coolant 

During Normal 
Operation 
( curies) 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

0-1000 

(b) 

Assumed 
Activity 
Release 

From Fuel 
During 

MCAa 
( curies) 

(b) 

(b) 

(b) . 

(b) 

(b) 

(b) 

(b) 

(b) 

(b) 

(b) 

(b) 

(b) 

(b) 

(b) 

85,000 

Containment 

Type of 
Containment 

, 
Conventional i 
building 

Conventional; 
building 

Conventional 
building 

Conventional 
building 

Conventional 
building 

Conventional 
building 

Conventional. 
building 

Conventional 
building 

Conventional 
building 

Conventional 
building 

Conventional 
building 

Conventional 
building 

Conventional 
building 

Leakage 
Rate 

(%/day) 

Pressure vessel '(b) 

Conventional 
building 

Conventional 
building 

Pressure re
lief 

0.3 

Pressure vessel 0.1 

Design 
Pressure 

(psig) 

9.5 

9 

10 

Tempera
ture 
(0 

(b) 

200 

(b) 

Refer
ences 

51, 62 

51, 62 

59 

51, 62 

51, 62 

51, 62 

51, 63 

51 

51 

51 

51 

62 

51, 62 

51, 60; 
62 

51, 62 

51 

58 

51, 54 
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Reactor 
Class 

C 

D 

E 

Reactor 
Plant 

HTGR 

Dragon 

Julich 

UHTREX 
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Thermal 
Power Fuel 
Level Material 
(Mw) 

112.5 UC2-ThC2-C 

20 UC2-ThC2-C 

46 UC in 
graphite 

3 UC or UC2 
in graph-
ite 

Maximum Maximum 

Tempera- Fuel 

ture Element ture of 

of Fuel Cladding Cladding 

Material Material Material 

(0 F) ( of) 

2730 Graphite 2160 

2880 Graphite 1850 

2696 Graphite 1958 

3200 None 

values shown in this column were obtained from the sources refer-
enced. Since the assumptions vary in the referenced documents, com-
parison of the numbers alone is not meaningful. The reader should refer to 
the reference document for more information. 

blnformation not available in the references cited. 

cValue given in %/day per of pressure differential. 

Table IV -4 (continued) 

Reactor 

Reactor Coolant 

Coolant System 
Pressure 

(psia) 

Helium 350 

Helium 294 

Helium 150 

Helium 500 

Reactor 
Outlet 

ture 
(0 F) 

1354 

1382 

1562 

2400 

Approximate 
Fission-
Product 

Activity 
in Coolant 

During Normal 
Operation 
( curies) 

109-4225 

270 

4.4 X 105 

Assumed 

Release 
From Fuel 

MCAa 
( 

5.2 X 106 

(b) 

4.8 X 105 

.....g X 106 

Type of 
Containment 

Pressure vessel 

Pressure vessel 
Inner shell 
Outer shell 

Pressure vessel 

Pressure vessel 

Containment 

0.2 

0.1 
5.0c 

2.5 

LO 

Design 
Pressure 

( psig) 

8 

10 
3 

29.4 

7.5 

Design 
Tempera

ture 
(0 

150 

100 
95 

212 

(b) 

Refer
ences 

57 

55, 
56 

51, 52, 
53 

61 
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amount of activity may be released, either by recoil or as a result of 

the coolant reacting with the fue+ material. In general, the reactors 

in this class do not have a significant amount of fission-product ac

tivity in the coolant during normal operation. They operate with gas 

outlet temperatures in the range 650 to 750°F, and therefore the graph

ite temperatures in the core are significantly below those required for 

runaway graphite oxidation. 

Fuel eleTI}ent cladding temperature transients during accidents are 

limited in these reactors so that in the event of an accident there 

would either be no fuel el~ment failures or only a small number. The 

temperature rise in the cladding for the worst accident conditons would 

depend on the location of the fuel element, the heat radiation coeffi

cient of the cladd;ing, and the time requ;i.~ed to scram the reactor. 63 

Temperature transients in this class of ~eactor are limited to about 

1160°F in order to prevent combustion of the c~adding. 

All the Class A reactors, with the exception of the EDF-I J utilize 

conventional structures as the containment building. (The EDF-l re

actor was built with a pressure-vessel as the container for experimen

tal reasons). Based on the limited amount of available information per

taining to accident analyses for these reactors, it may be concluded 

that the fuel material and the cladding constitute the main barriers 

for retaining fission products. These reactors, when operating in the 

temperature ranges indicated in Table IV-4, do not require additional 

barriers for retaining activity, other than the conventional building, 

if adequate provisions have been made for a rapid scram and sufficient 

heat removal during the period of the accident to prevent subsequent 
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fuel element failures. Such,eme~gency cooling is provided either by 

natural convection of C02 or by forced convection of air • 

. Class B: Ceramic Fuel with Metal Cladding. In attempts to obtain 

higher temperature gas in gas-cooled reactors, the metallic fuels (Class 

A) were replaced with ceramic fuels and the Magnox cladding was replaced 

with stainless steel (Class B). The ceramic fuels, such as U02, can 

operate at considerably higher central temperatures because of their low 

thermal conductivity compared with that of uranium metal and because of 

the poor heat transfer across a small gap between the fuel and the clad

ding. In the EGCR, fi~sion products will be released from the U02 by 

diffusion at U02 temperatures up to 2912°F. At higher U02 temperatures, 

it is postulated that activity may also be released by metallurgical 

changes, such as grain growth. 

The design data for the EGCR and the AGR are similar in that both 

reactors utilize U02 fuel and stainless steel cladding. The fuel tem

peratures are similar, as are the coolant outlet temperatures. Both 

the AGR and the EGCR have fuel elements that effectively retain most of 

the fission products within the fuel material during normal operation. 

If there were a defect or failure in the cladding, only a small amount 

of activity would be released.· It is estimated that in the EGCR a maxi

mum of 100 curies could be released from the fuel and enter the coolant 

following a fuel cladding failure during normal operation. Since helium 

is to be used as the coolant in the EGCR, there will be no chemical re

action between the fuel material and the coolant following fuel element 

failures during normal operation. Although no information is available 

concerning the activity expected in the coolant in the AGR, the mechanisms 
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for release of activity to the coolant will be the same as for the EGCR, 

with one exception. In the AGR, the coolant could react at a slow rate 

with the U02 following the failure of the claddi.ng. Therefore the amount 

of activity buildup in t.he coolant in the AGR will depend on the resi

dence time of t.he failed element in the core, 

Although the fuel and cladding will be effective barri.ers for re

taining fissi.on products during normal operation: a small number of the 

ceramic-fueled metal-clad fuel elements may fail under specific accident 

conditions that maybe postulated. In fact) the fuel elements in Class 

B reactors would be more likely to fail at the time of a maximum cred

ible accident than the fuel elements in Class A reactors, because the 

fuel material will operate at temperatures significantly above the maxi

mum cladding temperature. As may be seen in Table IV-4, in the case of 

the Class A reactors, the difference between the maXiMJID cladding tem

perature and the maximum fuel temperature is less than 300°F; however, 

in the case of the Class B reactors, the temperature di.fference is of 

the order of 1550 to l70QoF. If it is postulated that at the time of 

the mea there will be no coolant flow in the core for a short period of 

time, the cladding temperature will rise very rapidly. The rate of rise 

will depend on such factors as the time required to effect a scram and 

the emissivity of the cladding, but it will be greatly influenced by the 

temperature difference between the cladding and the fuel at the time 

coolant flow is disturbed, In addition to the iucrease in the cladding 

temperature, the failure of the cladding will be influenced by the 

stresses in the cladding during the transients, cladding in Class 

B reactors will fail by stress-rupture, which is dependent upon both the 



stress level and the temperature. The stress level will be determined 

by the pressure buildup inside the fuel element, as well as the geome

try of the fuel cladding. In the EGCR, it is conservatively estimated 

that as many as 330 fuel elements could fail at the time of the mca. 

This would result in an initial release of aL estimated 26,000 curies 

of activity. Following the failure of the fuel elements, additional 

activity might be released over a period of time as the U02 in the 

failed elements oxidized by contact with air that would enter the core. 

It is conservatively estimated that the release by oxidation would re

sult in a maximum activity external to the coolant system of approxi

mately 85,000 curies. This amount of activity would be in the contain

ment building at 96 hr after the accident began. No information is 

available regarding the postulated number of fuel failures in the AGR 

or the resultant activity release that could occur for the postulated 

mca for the reactorj however, the similarity between the EGCR and the 

AGR suggests that the maximum credible accident for the AGR could lead 

to some fuel element failures and the associated activity release from 

the fuel. 

The containment provisions for the AGR and the EGCR are similar inl 

many ways. The fuel material, cladding, and primary system barriers are 

similar, and both reactors utilize a containment shell that is designed 

to withstand the pressures that would result from the postulated acci

dents. Some of the differences in the containment provisions for the 

two reactors external to the primary system are of interest and are dis

cussed below. 
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In the AGR, the entire reactor coolant system will be located in

side a concrete structure called the inner containment vessel. This in

ner containment vessel will serve the function of controlling the loca

tion of activity released from the primary system and also act as the 

biological shield. During normal operation, air will enter the inner 

containment vessel and sweep the reactor vault and ~eat exchanger. en- . 

closures. A small part of this flow wUl be discharged through filters 

and up the stack; the remainder will be recircl11ated. Gaseous discharges 

that could result from a depressurization accident may be vented to a 

chemical-absorption plant) which will contain a heat sink, filter, and 

activated carbon packs. The heat sink is designed to cool the contents 

of the C02 system plus the contents of one steam generator to about 176°F 

before passage into the filter system, . Valves will prevent discharge up 

the stack. Either a pressure rise in the containment vessel or high 

gamma activity will automatically connect the discharge from the inner 

containment vessel to the chemical plant circuit. A 5-psi rise or a re

lease rate exceeding 100 curies of gamma activity for 30 min will close 

the vent to the stack and open the system for recycle operation. The 

iv_ner containment vesse:L will be protected with relief valves set at 

5 psig, The outer containment vessel, or the containment building, is 

designed to withstand a pressure of 10 psig and is specified for a leak

age rate of O.l%/day. With the above provisions, much .of the activity 

will be removed by the chemical plant before the gases containing ac

tivity are discharged into the outer containment building. Much of the 

iodine activit.y will also be retained in the inner containment vessel be

cause of deposition. The discharge of the contents of the C02 system, 
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as well as ~ne heat exchanger, to ~he heat sink prior to release to the 

inner containment vessel should result in an appreciable reduction in the 

pressure inside the containment building, as compared with direct dis

charge to the outer containment vessel. This method of operating the con

tainment system is illustrative of the combination of pressure contain

ment and the pressure-suppression containment. 

In the EGCR, the entire reactor coolant system is located inside a 

concrete structure that has the primary purpose of providing adequate 

shielding for the coolant system. As in the case of the AGR, the com

partments are ventilated with air. Unlike the AGR, however, in the EGCR, 

in the event of the depressurization of the primary system, gases will be 

released directly to the containment building.. During normal operation, 

air will be swept through the various compartments and discharged to the 

stack. Shield-cooling air will be passed through an absolute filter and 

an iodine removal unit prior to discharge to the stack. In the event of 

high activity in the stack or low pressure in the coolant system, valves 

will close to seal the containment building. Following isolation of the 

containment building, fans will recirculate the contents of the contain

ment building, and the filters and iodine-removal unit in the recircula

tion system will reduce the activity concentration inside the building. 

The EGCR des provides for an emergency loop, which will be 

placed into operation in the highly unlikely event of complete failure 

of all main blowers. When this loop is placed into operation, a nitro-

gen purge will be supplied to the core to minimize oxidation of the graph

ite. As this purge is supplied, the pressure inside the containment build

ing will increase. Provision was therefore made in the design to discharge 
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the contents of the containment building at a controlled rate through a 

fission-product removal system and then to the stack. This venting will 

not until 24 hr after the initiation of the accident. The design 

also provides a water spray on the containment building to assist in the 

reduction of pressure and temperature. 

In both the EGCR and the AGR, provisions are required for the re

moval of afterheat in order to ensure the long-term integrity of the core 

and the fuel elements. In the AGR a C02 blanket will be introduced into 

the core, and in the EGCR nitrogen will be used to purge the core. In 

both cases the purge gas will be added to prevent oxidation of the graph

ite. In the case of the AGR, with only 10% air in the core) natural con

vection will be adequate to cool the core. In the EGCR some forced cir

culation will be needed for a period of up to 90 days, although the purg-

will be required orily for a short period of time. 

Class C: Ceramic Fuel with Ceramic Cladding. In order to achieve 

even higher temperatures, reactors have been designed that utilize all

ceramic fuel elements. As indicated in Table IV-4, the Peach Bottom re

actor (HTGR), the Dragon reactor, and the Julich reactor are of this type. 

Because of the very basic differences between the Julich reactor and the 

HTGR and Dragon, the Julich reactor is discussed separately as a Class D 

reactor. 

It may be seen in Table IV-4 that the design data for the Dragon re

actor and the HTGR are similar and that both reactors will have appreci

ably higher reactor outlet coolant temperatures and cladding temperatures 

than those for the EGCR or the AGR. The lower fuel material temperature 

results from the improved thermal conductivity of the carbide fuels as 
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compared with the oxide fuels; however, both the Dragon and the HTGR will 

have higher average core temperatures than the AGR or the EGCR. The fuel 

elements for both the HTGR and the Dragon consist of uranium carbide and 

thorium carbide in a graphite matrix. Both reactors will have purge sys

tems that will provide a continuous sweep of gas through the fuel elements 

to transfer fission-product gases to internal and external fission-product 

traps. Two types of fuel particles are proposed for this class of reactor: 

uncoated and coated. The analysis of hazards for the HTGR was based on 

the use of uncoated particles, although the reactor fuel will probably 

contain coated particles. It may be seen in Table IV-4, that the Class C 

reactors differ from the Class A and Class B reactors in that no attempt 

will be made to retain all the fission products in the fuel during normal 

operation. Rather, the fuel elements are designed to retain most of the 

nonvolatile fission products but to allow s quantities of the 

noble gases and some volatile fission products to escape from the fuel 

material. Activity released from the fuel will be relocated in traps, 

and only a small amount of activity will be circulated in the coolant sys

tem. In the Dragon reactor, at equilibrium, about 96% of the gaseous fis

sion products will be located in the fission-product traps and only about 

4% of the gaseous activity will be in the fuel. 55 About 270 curies of 

activity will be in the coolant system. In the HTGR most of the activity 

generated in the fuel will remain in the fuelj with uncoated 

about 10% of the activity will be released; whereas with coated particles 

less than 2% of the activity will be released. Of the activity released, 

75 to 80% will be held up in the internal traps, with the remainder being 

in the external trapping system. The activity level in the coolant of 



the HTGR is estimated as 109 to 4225 curies. The lower value of the ac

tivity is for the case of all fuel elements operating in the normal con

dition and is based on fission-product release data for coated fuel parti

cle compacts after burnups equivalent to 50% of the fuel element life. 

The higher value is approximately 20 times the calculated activity based 

on uncoated fuel particle compacts and is the basis for the primary sys

tem shielding design. The maximum allowable activity in the HTGR coolant 

averaged over a period of one year is specified as 1800 curies. ~ 

Thus both the Dragon and the HTGR will operate with some activity in 

the coolant at all times. Although the EGCH and the AGR will have ac

tivity in the coolant during some periods of operation, the level of ac

tivity will, in general, be made lower than for the Dragon or the HTGR. 

The estimated activity release from Class C reactors at the time of 

an accident, as in the case of the Class B reactors, determines the re

quirements of the final containment barrier. Little information is avail

able pertaining to the possible release of activity from the Dragon re

actor in the event of an accident, but the hazards analysis for the HTGR 

indicates that the containment building for the HTGR is adequate for a re

lease of about 5.2 x 106 curies. In order to obtain this activity re

lease, however, a number of unlikely events must occur. 

The amount of activity released from the HTGR in the event of an ac

cident will depend upon different factors than in the case of the Class B 

reactors. The use of the ceramic cladding will effectively eliminate the 

problem of cladding failures; however, in the HTGR, as well as in the 

Dragon, an accident could result in the loss of the purge flow in the fuel 

elements and consequently increased coolant activity. If the accident 
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resulted from coolant system depressurization, which, in turn, caused re

verse flow of the purge gas, activity could be lost from the trapping sys

tem. In fact, depressurization of the coolant system could also lead to 

loss of activity from the external traps. The temperature of the fuel 

material would not change appreciably during the accident conditions and, 

additional release of activity by diffusion woUld probably not 

be important. As in the case of the AGR or the EGCR, activity could be 

released from the fuel as a result of chemical reactions in the core. 

With the higher core temperatures in the Class C reactors, it is extremely 

important to design to prevent significant graphite oxidation, since such 

oxidation would not only lead to high temperatures in the core, but would 

also provide the mechanism for releasing activity from the fuel. The 

Peach Bottom reactor and the Dragon reactor designs include provisions 

to both prevent graphite oxidation and to control the release of activity 

that is postulated to occur at the time of a maximum credible accident. 

The containment system for the Dragon reactor will be divided into 

two pressure vessels, designated the inner containment shell and the outer 

containment shell. The in~er steel shell is designed to withstand a pres

sure of 10 psig and to have a leakage rate of about O.l%/day. The outer 

contair..ment shell will be built of con'~rete and is designed to withstand 

an internal pressure of 3 psig, The specified leakage rate for the outer 

containment shell is about 5%/day per psi of pressure differential. All 

those parts of the reactor that will contain large amounts of activity 

will be located within the iILrJ.er containment shell. Ventilation of the 

inner and outer containment shells will be provided to remove heat and 

to control the location of fission products. A flow of air or nitrogen 
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will be supplied to the inner containment shell, and, if activity levels 

inside the inner containment shell become excessive, the inlet and out

let valves will close automatically and seal the vessel. Air flow will 

be supplied to the outer containment shell during normal operation, but 

at the time of an accident the normal ventilation will be stopped and the 

outer containment shell will be sealed. Recirculation units that in

clude fission-product traps will draw air from the space between the in

ner and outer containment shells, filter the air, and then discharge it 

into the outer containment shell. Access to the inner containment shell 

will be possible only when the reactor is shut down, and even then per

sonnel will be required to use protective clothing and breathing appara

tus. There will be normal access to the outer containment shell, as re

quired, although there will usually be no more than 10 persons in the 

area. 

There is one outer containment building for the HTGR, which consists 

of a steel shell designed to withstand an internal pressure of 8 psig at 

a temperature of 150°F. The leakage rate is to be 'O;2%/day at 8 psig. 

This containment building is separated into three general areas: 'the 

main containment room, the air room, and the equipment cavities. The 

main containment room will be depleted of oxygen by burning a hydrocar

bon fuel in air to form C02 and water. The water will be condensed, and 

the C02 fed into the main containment room. Certain equipment that may 

require frequent maintenance will be located in the air room. Fresh air 

will be supplied to the room and discharged to the stack. The air room 

will be maintained at about atmospheric pressure) whereas the main con

tainment room will have a slightly negative pressure during normal 



operation. The equipment cavities that contain the primary system and 

the helium purification system will be provided with independent recir-

culation units for heat removal. In the event of an emergency, all dis-

charge of ventilation air to the stack will be halted as valves close to 

seal the containment rooms. Following isolation of the containment rooms, 

the contents of the rooms may be recirculated through an emergency filter 

system to reduce the concentrations of activity inside the building. 

Class D: Ceramic Fuel with Ceramic Cladding. The Julich reactor 

utilizes ceramic fuel and ceramic cladding but is basically different 

from the Dragon and the Peach Bottom reactors. The Julich reactor is a 

pebble-bed reactor and, therefor~, a sweep cannot be utilized as in 

the Class C reactors to control the location of the radioactivity. The 

fuel material, moderator, coolant, and temperatures in the Julich re-
, 

actor are not greatly different from those in the Class C reactors, ex-

cept that the Julich reactor has a higher gas outlet temperature. The 

fuel elements and moderator are combined in spheres. Any activity re-

leased from the fuel will either circulate in the coolant or deposit on 

surfaces in the coolant system. Several barriers will be utilized to 

contain or to confine the release of activity. 

The fuel will consist of graphite spheres that contain a fuel charge 

in the form of uranium carbide particles in a graphite matrix. The fuel 

material will retain most of the fission-product activity, but some of 

the noble gases and volatile fission products will diffuse from the fuel 

material and escape into the gas stream. The amount of activity that will 

be released is estimated to be about 6 X lOS curies. Of this amount about 

25% will deposit on. surfaces. The remainder will be mostly noble-gas 

activity. 
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The entire primary coolant system will be contained in a shell de

signed for an internal pressure of 20 atm that will normally operate at' 

10.25 atm. Immediately surrounding the pressure shell there will be a 

gas contained in an outer shell. The pressure of the sealing 

gas will be 10.45 atm, and therefore any leakage will be into the pri

mary system. The outer shell is designed for an internal pressure of 

11 atm. Relief valves will protect the shells from overpressurization. 

A shielded container will enclose all contaminated circuits of the 

plant. This container is designed for a maximum internal pressure of 

2 atm, and the allowable leakage rate is 2.5 vol %/day at 2 atm. Ac

cess into the shielded container will be through one of three personnel 

air locks or through a matE;rials gate. A sprinkler system provided to 

limit the pressure rise in the shielded container would be put in opera

tion automatically if the pressure rose to 1 atm. The maximum pressure 

for the worst condition is estimated to be about 1. 6 atm. 

A conventional building will enclose the shielded container. There

fore, any release of activity from the shielded container will be con

fined in the building until released from exhaust domes located at the 

top of the building (46 m). Estimates of radiological hazards were based 

on release at 15 m, however, because of the influence of the local forest. 

Class E: Ceramic Fuel with no Cladding. The Ultra High Temperature 

Reactor Experiment (UHTREX) will consist of a high-temperature, helium

cooled, graphite-moderated reactor with unclad fuel elements. The pur

pose of the experiment will be to evaluate the advantages of a simple 

fuel relative to the disadvantages that may result from contamina-

ti.on in the coolant loop. Therefore the des is not predicated on the 
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basis of retaining or minimizing the release of activity from the fuel 

material. Fuel will be introduced into the graphite matrix by impeg

nation) and there will be no cladding on the fuel elements. 

The containment barriers for the UBTREX will be the primary system 

and the containment building. The containment building will be a con

crete structure with a steel liner designed for an internal pressure of 

7.5 psig and a leakage rate of 1.0%/day. No special provision will be 

made to prevent chemical reaction between the graphite and the air in

side the containment system following a depress-Qrization accident, The 

containment system is designed for the pressure resulting from combus

tion in the core. It is assumed that in the event of the maximum cred

ible accident) 100% of the noble gases) 10% of the iodine) and 1% of the 

other fission products will be released to the containment building. This 

would be a release of about 8 X 106 curies of activity. 

Conclusions 

The containment systems for gas-cooled reactors vary in concept from 

the standard pressure containment vessels presently utilized for water

cooled reactors because of the basic difference in the integrity of the 

fuel material and cladding during accident condl.tions. The low-power 

densities and high-heat capacities of gas-~ooled reactors allow suffi

cient time for backup systems to become operative before significant fuel 

faibxres occur. The reactors with metal-clad metallic fuel) as well as 

those with metal-clad ceramic fuel, can be designed and operated so that 

only a small fraction of the activity in the ~~el would be released in 

the event of an accident. Gas-cooled reactors of advanced types (Classes 
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C and D) have all the inherently safe characteristics of Class A and Class 

B reactors and are potentially capable either of retaining large fractions 

of the fission products or of controlling the location of the fission 

products. The containment requirements for these reactors appear to be 

more closely associated with those for Class A and Class B reactors than 

with those for water-cooled reactors. Although the more advanced gas-

cooled reactors are designed to utilize containment structures that are 

capable of withstanding a pressure release, as well as the activity re-

lease, it is anticipated that operating experience with these reactors 

may ultimately lead to the conclusion that the pressure type of contain-

ment system is not required. 

The gas-cooled reactor containment system that is based on retention 

of activity in the core relies heavily on the operation of equipment for 

long periods of time after an accident. The concept of dependence on op-

erator action and the functioning of equipment varies in degree from that 

presently utilized for water-cooled reactors. The time available for 

taking action is sufficiently great, however, 'to afford reasonable as-

surance that in a carefully designed reactor, safety can be met by opera-

tor action. Furthermore the separation in time of the pressure release 

and any large activity release is such that, instead of the conventional 

pressure-containment vessel, additional containment can be provided in 

the form of a conventional structure that confines activity after the ini-

tial pressure release is relieved. Although insufficient information is 

available to justify the conclusion that future gas-cooled reactors will 

not need pressure containment, the basic mechanisms for fuel failure and 

the inherent features of gas-cooled reactors suggest that adequate 
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containment systems for gas-cooled reactors will rely primarily on the 

fuel material and to a lesser degree on some basic variation of either 

a pressure-relief or pressure-suppression containment or confinement 

system. 

., • . , 

'1M '* . r!1rt nm ' 
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NUCLEAR SAFEI'Y IN. FALLOUT SITIJATIONS 

Gordon M. Dunning* 

The subject of nuclear safety in fallout situations might be covered 

in many ways, including a routine recounting of facts and figures. This 

article, however, describes the sequence of events and the reactions of 

the people involved in three incidents in which countermeasures were used 

in relation to fallout. One of. these incidents required evacuation of 

236 persons for periods of up to more than three years, in another some 

4500 persons were asked to remain indoors for about 2 hr, and the third 

involved actions taken to reduce the intake of radioiodine by 200,000 

persons. None of these stories or the relevant data are new, but they 

bear retelling to illustrate the types of situations that can develop, 

to record the decisions that were reached, and to outline the bases for 

these decisions. Emergency situations can become quite personal, and 

it will be evident in the following that the decisions were based not 

only on technical data but also on human judgment. 

*Gordon M. Dunnir~ is currently Deputy Director of the Division of 
Operational Safety of -the U. S. Atomic Energy Connnission. He has par
ticipated in all nuclear weapons tests from 1951 to 1962. His various 
positions during that time have included service with the Division of 
Biology MediCine, 1951-1957, as radiation effects ~pecia·list,. and, sub
sequently, 1957-1959, as Chief of the Radiation Effects of Weapons 
Branch. In 1959 and 1960 he was scientific advisor to the Chief of the 
Division of Radiological Health of the Public Health Service. He re
turned to the AEC in 1960 as Chief of the Office of Health and Safety; 
from whence he moved to his present position in 1961. He obtained his 
formal education at Syracuse UniverSity, receiving an M.S. in 1941 and 
an Ed.D in 1948 •. Prior to his work in atomic energy he was a teacher 
in the New'York public schools, 1932-1941, served in the Army as a Lt. 
Col., 1942-1946, and was a college professor, 1947-1951 •. He is a member 
of BPS, AAPT,AAAS,·SPS, NSTA, NARST, is listed in several reference 
bibliographies., and has authored over 20 publications relating to health 
physics and science education. 
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The Pacific Incident 

A kiloton shot, designated Bravo,was detonated on March 1, 1954 

on a reef extending from the island of Namu on the northwestern part .of 

Bikini Atoll. A map of the Marshall Islands showing the important ato~ls\ 

is presented in Fig. V-l. The night before the shot, a portion of the 

test team sailed from the test site on the USMS Ainsworth and, at shot 

time in the morning, stood off some 35 miles from ground zero. There 

came the usual countdown and then the intense flare of light. As the 

light dimmed sufficiently for dark glasses to be removed, there was the 

spectacle of the cloud as it rose to the tropopause, at about 55,000 ft 

and to its ultimate height of 114,000 ft. 

It had been planned for the USMS Ainsworth to return the test team 

to the advance camp near the test site, but it was not long before the 

radiation monitors caused a change in the plans. The personnel went 

below deck for several hours to reduce the radiation exposures to minimal 

amounts (e.g., 150 mr), while the ship was returning to the base on Parry 

. Island, Eniwetok. The shot had turned out to be of greater force and 

to have more fallout than expected. 

Evacuation from Rongelap and Sifo Islands. At H (the hour of detona

tion) plus 31 hr, an aerial survey plane flew, as planned, over Rongelap 

Island, 115 statute miles to the east of ground zero, and rep,orted ac

tivity of about 4 r/hr. The aerial reading subsequently was shown to 

be somewhat high (the radiation level 3 ft above the ground at the time 

of evacuation was about 1.5 mlhr at H plus 51 hr), but it triggered a 

chain of actions that was desirable. It was learned later that shifting 

winds had caused the fallout pattern to move southward over Rongelap 
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Island, Ailinginae Atoll, Rongerik Atoll and Utirik Atoll, rather than 

to the north, as predicted. 

Although it had not been expected that evacuation would be neces-

sary, plans for such an eventuality had been made, as they should be in 

a good safety plan. Both aircraft and surface stirps; were dispatched to 

Rongelap, and at about H plus 51 hr, 16 Rongelap Islanders were evacuated 

by air and 48 by surface ship. Although the radiation levels on the 

Island of Sifo on Ailinginae Atoll were less than one-half those on 

Rongelap Island, 18 inhabitants of this island were also evacuated by 

ship at about H plus 54 hr. They were all taken to Kwajalein and given 

the best possible medical care,l and their needs were amply supplied. 

They were moved to the Island of Ejiton Majuro Atoll in June 1954 and 

returned to their home islands on June 29, 1957. 

Once the levels of radiation had been determined, the capabilities 

for evacuation had been verified, and the feasibility of evacuation had 

been established in terms of minimum hardship to the evacuees, it was not 

too difficult a decision to make to evacuate Rongelap and Sifo islands. 

The next decision was, however, more difficult to make. 

Evacuation of Utirik. By late in the evening of the second day, 

radiation reports had been received from 'the island of Utirik, about 315 

statute miles to the east. In discussions leading to the evacuation of 

the peo91e of Utirik, the arguments against evacuation were that their 

lifetime exposure was estimated to be probably not more than 60 r if they 

remained on the island indefinitely, that evacuation would involve some 

150 inhabitants, and that the evacuation would be a hardship to them. 

Arguments for evacuation were that there were ships capable of removing 
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the Utirik inhabitants by the third day after shot day, removal would 

save them possibly 45 r of exposure, and the major decision had already 

been made when the first Rongelap Islanders were evacuated. After weigh-

ing these factors, it was decided that the Utirik inhabitants should be 

removed. 

The 154 Utirik people were evacuated at about.H plus 78 hr to.' 

Kwajalein and given the same care as those from. the Rongelap and Sifo 

Islands. The¥ were returned to their home island of Utirik on June 5, 

1954. When these matters were discussed later in the Trusteeship Council 

of the United Nations, it was possible to show that every possible action 

had been taken to protect the inhabitants of Utirik, even though-there 

might have been some question of necessity for doing so. 

Return of the ROngelap Islanders. The people from Rongelap and Sifo 

Islands were :'returned to their home island on June 29, 1957, over three 

years after their evacuation. The data and their interpretation that 

led to the decision for the return of these people to their homes are 

summarized below. The external gamma dose rates on Rongelap Island at 

the time of their return were: 2 

Highest 
Lowest 
Average 

Dose Rate 
(mr /hr) 

0.13 
0.01 
0.03 

One of the principal sets of criteria for whole-body radiation of a general 

population was stated in 1957 by the National Committee on Radiation 

Protection: 3 
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"The maximum permissible dose to the gonades for the popula
tion of the United States as a whole from all sources of 
background, shall not exceed 14milliQn rems per million of 
population over the period from conception up to age 30, and 
one-third that amount in each decade thereafter. Averaging 
should be done for the population group in which cross
breeding may be expected. 1t 

The radiation levels on Rongelap Island met these criteria. 

The other principal factor was Sr90 in the bones. The most defini-

tive statement on record in 1957 concerning strontium' _levels was that 

of the National Academy of Sciences: 4 "There seems no reason to hesi-

tate to allow a universal human strontium-burden of 1/10 of the permis-

sible ... , tf that is, 100 strontium units. 

Based on analyses of considerable data on environmental contamina-

tion on Rongelap Island and of the proposed countermeasures (SUCh as sup-

plementingthe diet with imported foods), the author predicted in 1957 

that "if land crabs are eliminated from their diet, the estimated future 

body burden of the Rongelapese would be substantially less than 100 micro-

microcuries of Sr90 per gram of calcium,1I and as a double safety check 

!fBy means of the continuing medical examinations ..• it would be possible 

to note any tendency of untoward accumulation of strontium-90 with time, 

and appropriate action could be taken before excessive levels were 

reached. 112 

Conard of the Brookhaven National Laboratory has been following the 

medical history of the Rongelap Islanders in annual trips to the island. 5 

The esti~ted body burdens through 1961 are summarized in Fig. V-2. The 

extreme difficulty of obtaining appropriate samples from small children 

almost precludes any direct measurements for the age group of most interest. 

The meaD body burden for all samples (estimated from urinalysis) was 
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6900 ~~c. If this were an adult value, it would represent 6.9 strontium 

units. Other data indicate that the body burdens (in strontium units) 

of young children are higher than those of adults by a factor of 5 or 

more. The average Sr90 excretion by the Rongelap children was 159 ~~c 

per gram of calcium,· as contrasted with 30.9 for the mean of the adult 

population~ None of the available data permit a precise determination 

of the Sr90 burden of the children (or of the number of land crabs eaten 

per day), but it would appear to be less than 100 strontium units. Of 

course, as the children grow older their body burdens (in strontium units) 

should decrease. 

The St. George Incident 

A 32 kiloton shot, designated Harry, was detonated from a 300-ft 

tower at the Nevada Test Site on May 19, 1953. There was more than the 

usual concern regarding the fallout pattern because an earlier (April 25, 

1953) shot in the same upshot-knothole series, a 43 kiloton shot from a . 
300-ft tower, had placed the heaviest fallout pattern yet experienced 

from a nuclear detonation at the Nevada Test Site to the east-southeast 

across the southernmost part of Utah, and it was advisable not to have 

fallout from Harry occur in the same area. Even so, the predicted 0.5-r 

line extended out 250 miles, the distance at which the estimated whole~ 

body external dose would be 0.5 r if persons were to live in the area 

indefinately. 

Preparation for the Shot. Mobile monitoring teams were dispatched 

during the day preceding the shot. As was customary the Liaison Officer 

of the Federal Aviation Agency attached to the Test Organization at the 
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Nevada Test Site directed the closure of air spaces for comm~rcial air

craft from the site out to specified distances, roughly 50 to 70 miles 

(principally to avoid the possibility'of the flash of the detonation 

temporarily blinding pilots), and certain air lanes were closed for 

distances, altitudes, and times (depending on the size and 

placement of the shot and the predicted path of the ). Cloud 

tracker aircraft of the Test Organization were in position, and helicopter 

crews were available for close-in terrain surveys and C-20 and C-47 crews 

were ready for more distant terrain surveys. The usual ground and aerial 

sweeps were made in the afternoon to assure that there were no unauthor

ized persons in the close-in areas in the direction of the fallout. The 

technical crews reported their readiness for all experimental work on

site and off-site, and 0505 Pacific Daylight time, on the morning of 

May 19, 1953, the shot was made. Within a short time the technical suc

cess of the shot was determined, and the technical crews went back to 

camp. 

Roadblocks. The first on-site and off-site reports were encouraging. 

The fallout was progressing to the east-northeast, and it crossed U. S. 

Highway 93 s'(Duth of Alamo and north of Glendale Junction, Nevada, as pre

dicted. In anticipation of this event, roadblocks were established on 

Highway 93 at Alamo at 0715 and at Glendale Junction at 0725 (see Fig. 

V-3). This prevented persons from being directly in the fallout as it 

occurred and reduced the whole-body exposures and the direct contamina

tion of personnel and equipment. The roadblocks were removed at 0851, 

and cars were monitored after they had traveled through the area. Pre

cautionary closing of Highway 91-93 between Las Vegas and Glendale Junction 
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was ordered at 0735 and lifted at 0805. A precautionary roadblock was 

established at St. George at 0745, but it was not until 1130 that this 

roadblock was lifted, All in all, hundreds of cars were monitored and 

about 40 to 50 vehicles were washed (at Government expense) according to 

the established criteria. 6 

. Restrictions at Groom Mine. Groom Mine was not directly in the path 

of the predicted fallout, but since it was the nearest inhabited place, 

about 30 miles from ground zero toward Alamo, monitors were stationed 

there. At 0622 the radiation level rose rapidly to 140 mr/hr, and the 

few inhabitants were asked to remain indoors. They were released at 0748 

after the cloud had passed and the radiation levels had subsided. At 

0920 the radiation levels outside were 11 mr/hr and dropping. 

The trajectory of the air mass containing the radioactive debris 

passed south of Groom Mine, moved in an east-northeasterly direction, and 

crossed Highway 93, .south of Alamo, all about as predicted. The monitor

ing data suggested that the pattern was somewhat farther south than pre

dicted, but not disturbingly so, since beyond Highway 93 and in the line 

of the trajectory there was uninhabited country for many miles. 

Curfewat·St. George. The monitors at the St. George roadblock 

(actually at the junction of Highways 91 and 18 to the west of St. George) 

noted that at 0845 the radiation levels on the cars being monitored were 

increasing, as were the levels in the environment. By 0910 the levels 

had risen to 320 mr/hr and a quick check of an automatic background re

corder at nearby Dixie College verified that this was not failure of the 

field survey instruments. The head of the monitoring team then called 

the Control Point for instructions. This was the first indication at 



the Control Point that the winds had carried the fallout far enough 

southward to create a problem. . 

In view of the fallout pattern, a decision was made to ask the resi

dents of St. George to stay indoors from about 0930 to 1130. There were 

about 4500 persons involved, who were spread throughout the city.' In 

making the decision~ consideration was given to whether a harmful panic 

might occur if an emergency order was issued. The principal ~uestion 

was, however, whether the radiation level was high enough to warrant an 

emergency directive. It could be argued that the potential radiation 

dose, which actually turned out to be about 2 r, was not sufficient to 

take the risk of the possibily greater hazard of a panic. There·had been 

·an unexpected shift in the winds, however, and it was not known at that 

time how much higher the radiation levels might go. The decision was 

therefore made to ask the people of St. George to go indoors. 

As reported later, "At 0925 instructions were received to have the 

people in St. George.take cover •. The sheriff was notified and he in turn 

contacted the radio station in Cedar City to get the announcement over 

the air. In addition, the school principals were notified of the situa

tion so that the children would not be sent out into the open during re

cess periods. At 0940 the bulk of the population in the city of St. 

George was under cover. The effectiveness of the operation was amazing. II 

A key statement here is that "The Sheri'ff was notified... II It 

was not the AEC that directed the people of St. George to stay indoors. 

It was a recognized officer of the law and a local man whom everyone knew. 

But even this might not have been enough, if it had not been for the care

ful planning and the orientation of the Sheriff and his deputies beforehand. 



They knew what to do and why before the emergency arose. The incident 

also showed the value of a well-informed public. Programs of public in

formation and education were re-emphasized after this event. 

The Salt Lake City Incident 

Four low-yield nuclear devices were detonated on or near the sur

face at the Nevada Test Site on July 7, 11, 14, and 17, 1962. One deep 

underground shot (Sedan, a part of the Plowshare Program) was made on 

July 6, with a total of about 100 kilotons, a fission yield of less 

than 30%, and about 95% of the radioactivity trapped in the ground. 7 

Each of these detonations had been given close scrutinlf, and the 

controlling radiological safety factor was the potential external whole

body exposures to nearby off-site populations; that is, this requirement 

had to be satisfactorily met or the shot could not be made. The great 

care exercised in the conduct of the activities at the Nevada Test Site 

is reflected in the record of exposure to off-site personnel. From the 

start of the current nuclear tests in September 1961 to one year later, 

the highest individual whole-body exposure off-site was about 0.5 r • 

. Iodine-13l in Milk. With increased alertness to possible concen

trations of I 131 in milk and the increased ease and swiftness of monitor

ing by means of gamma-ray spectrometry, the rise of 1131 levels in milk 

in the Salt Lake City area was noted following the Sedan shot, as shown 

in Table V-I. As had been noted on other occasions, a few days passed. 

between the time of deposition and the value of the iodine activity 

in the milk. The initial rise in the activity in July at Salt Lake City 

probably was due to fallout from the Sedan shot, and the principal 
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Table V-I. IODINE ACTIVITY IN COMPOSITE 
SAMPLES OF SALT <LAKE CITY < M!LK 

Date Sample 
Was Collected 

June 20, 1962 

July 3. 
6 

10 
11 
12 
13 
14 
15 
16 
17 
18 
20 
21 
22 
22 
25 
26 
27 
28 
29 
31 

August 2 
3 
4 
5 
P 
7 
8 

10 
11 
12 
13 
14 
15 
16 
17 
20 
21 
22 ' 

I131 Contenta 

( l-.q.lC / liter) 

Not detectable 

Not detectable 
Not detectable 

20 
60 
30 

300 
250 
390 
410 
160 
450 

1660 
1190 

450 from different 
1390 } sampling pOints 
2050 
1960 
1290 

960 
730 
570 

640 
590 
370 
410 
520 
320 
470 
210 
250 
250 
550 
200 
90 
50 

170 
110 
110 
100 

relationships of activity 
versus time could not be established because 
some cm;rs 1-lere placed on dry feed and then 
returned to pasture at different times. 



contamination that followed later probably resulted from subsequent shots 

on July 11 and 14. 

There was.fconsiderable public reaction in the Salt Lake City area, 

because the newspaper·and TV stories carrying the values of concentrations 

of 1131 in the milk, which were essentially meaningless to the layman, 

also carried statements relating them to the Federal Radiation Council 

Guides. The·2050 ~~c of 1131 per liter of milk did seem alarming when 

compared with the permissible 100 of the Federal Radiation Council Guide. 8 ,9 

Strong pressure built up for action on the part of public officials. The 

State and City health authorities met with representatives of the milk 

industry, and as a consequence several actions were taken by the milk 

industry, as announced on August 8, 1962. Of the 759 milk producers in 

the Salt Lake City area, 285 put their cows on dry feed, 2110tllers diverted 

their milk into manufactured milk. This 53,188 gal of the 

77,277 gallon total daily milk production. 

Obviously these were not minimal actions, and therefore it is impor

tant to consider whether these countermeasures were necessary. It can 

be argued that, since all radiation is bad, anything and everything that 

can be done to reduce it is good. On the other hand, removing the milk 

supply of children may be worse than accepting radiation exposures in 

the ranges ·experienced from fallout. As the Federal Radiation Council 

stated in its letter to the Joint Committee on Atomic on August 17, 

1962, t: ••• rad~ation exposures anywhere near the Guides involve risks so 

slight that countermeasures which themselves involve any 

may have a net adverse rather than [a] favorable effect. II 
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In relation to the countermeasures taken in Utah and similar actions 

in Minnesota, the Federal Radiation Council sent a second letter.to the 

.Joint Committee on Atomic Energy, that stated the case even more specifi-

cally: 

liThe Council recognizes that premature acti.on has been taken 
in some areas to reduce the intake of iodine-131 which action 
the Council would not have recommended under its interpreta
tion of the Guides. The Council would like to emphasize this 
point by reiteration of its position outlined in its letter 
of August to you. There, we. stated that ' .•• there has been 
widespread misunderstanding concerning these Guides •••. ' 
We want to point out that they ', •• are not intended to set a 
line at which protective action should be taken or to indicate 
what kind of action should be taken. ,til 0 

Interpretation of Federal Radiation Council Guides. The real prob-

lem at SaLt Lake City was that the countermeasures were based on a mis-

understanding of the meaning and intended uses of the Federal Radiation 

Council Guides. This emphasizes the responsibilities of scientists not 

only to establish radiation protection criteria but also to ensure their 

proper interpretation. One of the principal points of misunderstanding 

in Salt Lal}e City was the meaning of the 36,500 f.l.f.l.c of I133 given in the 

guide. The guide establishes a permissible dose of mrem per year 

to the thyroid, if the measurements are made on individuals, and 500 mrem 

per year, if IIsuitable sample tl of the population is measured. S According 

to a series of assumptions, including the assumption that a child drinks 

a liter of milk a day, about 100 f.l.f.l.C of r13l per liter would give a 500 

mrem dose to the thyroid in a year and 100 f.l.f.l.C per day would add up to 

36)500 f.l.f.l.c in a year. There are several things that can be said about 

these numbers. 

1. The Federal Radiation Council Guides are based on a lifetime of 

exposure and it is Qnl~l for administrative and regula. tory purposes that 
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it was decided to average the intake over one year's time. Even this 

means that the Guides permit 36,500 ~~c intake per year for each and 

every year for a lifetime. Therefore there should not be an undue con-

cern if the guide values are exceeded in some years, especially for r 131 , 

which has a half-life of only 8 days. 

2. The iodine intake limit established by the Guides is actually 

the intake per year for individuals in the population. Recognizing that 

the intake of all individuals cannot be properly monitored, the Guides 

state that if only a suitable sample of a population is monitored, a 

value of one-third the individual intake criterion should be used. The 

criterion for individuals of 109,500 ~~c has relevance only 'when the in-

dividual farms that show the highest r l31 content in the milk are con-

sidered. 

3. The r13·1 criteria were established to limit the radiation dose 

to the most sensitive segment of the population, that is, young children. 

Limiting the exposure to 500 mrem per year to young children means that 

adults would receive only one-tenth of this dose, even if they ir.gested 

the same amount of r 1 .31, since adults have thyroids. 

Another area that needs a fuller explanation is the statement that 

the Federal Radiation Council nuinerical guides apply only to Hnormal peace-

time operations. II The necessity of balancing benefits against risks in 

setting radiation protection guides is automatically imposed when the 

assumption is made that there is no threshold of effects, that is, that 

each increment of dose above zero has its commensurate biological effects. 

This balancing was performed by Federal Radiation Council for the 

antiCipated benefits of "normal peacetime operations" compared with the 
\ 
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possible biological effects from the radiation doses. If a different 

atomic energy activity were undertaken, such as nuclear weapons testing, 

there would have to be an independent balancing of the benefits against 

its risks. 

These and other points were brought on by the author, at the Congres-

sional hearings on radiation standards, including fallout, on June_7, 

1962: 11 ,12 

"In summary - the FRC guides, even in the proper context 
of normal peacetime operations only, do not, nor were they 
intended'to, constitute precise health standards. They 
should not be likened to a precipice such as is implied 
when we speak of environmental levels approaching the top 
of Range II as though this should call for drastic counter
measures such as taking milk away from babies or disrupting 
normal dietary habits. The health hazards from such actions 
can outweigh-the radiation exposures. 

"Finally, and most importantly, the FRC Guides were developed 
for, and should be applied only to, normal peacetime opera
tions. There must be an independent balancing of the need 
(i.e., benefits) for nuclear weapons testing versus potential 
health risks from fallout. This should be clarified at once, 
before there is further confusion and before there may be an 
ill-advised action taken by some regulatory body. II 

Two Federal Radiation Council letters10,l.3 now clarify the issue. 

Furthermore, it is Council policy to establish the intake and exposure 

levels at It, •• the lowest possible level at which it .•. [is] believed that 

nuclear industrial technology ••• (can] be developed. 1113 In substantia-

tion of this policy, the Federal Radiation Council arbitrarily lowered 

the recommended permissible daily intake values for Sr90 and Sr89 be-

cause ", •• the Council's study indicated that there is currently no known 

operational requirement for an intake value as high as the one correspond~ 

ing to the Radiation Protection Guide. liS 
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In terms of this discussion, the most important thing to be said 

about the· Federal Radiation Council Guides is that they never were in-

tended to be standards representing serious health hazards. ~ne Federal 

Radiation·Council Guides were developed to control the release of radio-

acti vi ty into the environment from l:normal peacetime operations. II For 

example, if an atomic energy installation released radioactivity at levels 

in excess of those recommended, there would be evidence that improvements 

in the operation were needed, such as bett.er filters in the stacks, im-

proved radiation control, etc. Obviously, guide values developed pri-

marily for use by industry in restricting the release of radioactivity 

to the general environment outside controlled areas must be materially 

lower than those that might constitute a serious healt.h hazard. 

The Federal. Radiation Council's first letter13 clarifies this point: 

!lIn summary then, the Guides are not intended to be a di
viding line between safety and danger. We have assumed that 
there is some slight risk to health from any level of radia
tion exposure, however low, even at or below the low levels 
set by the Guides. At the same time we do not beiieve there 
is any risk of a major health hazard until exposure levels 
are many times above the Guide levels. For example, t!:ds is 
borne out in relation to iodine-131 by the report. t.o the 
Federal Radiation Council of the National Academy of 
Sciences [ref 14]... fI 

A summarizing statement in the National Academy of Science report con-

cerning I 131 was that :r ••• There is no evidence on hand, except for one 

doubtful case in a child, that any of the treatments of hyperthyroidism 

has produced a t.hyroid cancer, although doses have ranged from a few 

thousand rads upward. fI 

A dose of ::a few thousand rads upward:! compares with the Federal 

Radiation Council Guides for I 131 as follows: if a man were conceived, 



born, lived a full span of life in an environment where the amount of 

I 131 remained constant at a level as high as the upper limit of Range II 

of the Federal Radiation Council Guides (i.e., an uptake of 100 ~~c per 

day), the total 70-year radiation dose to his thyroid would be only about 

5 r, which for the radiation being considered is approximately equivalent 

to 5 rads. In fact, based on the Federal Radiation Council estimates15 

of the dose to thyroids of children during the past years when testing 

took place, the calculated 70-year dose would be only 1 to 2 r, even if 

a major series of tests were held each year. 



TRITIUM HAZARDS IN HEAVY-WATER-MODERATED REACTORS 

H. L. Butler* 

Tritium is produced in heavy-water-moderated reactors as a result of 

neutron capture by deuterium. 16 Although tritium is a very weak beta 

emitter (0.018 Mev maximum energy), it may, in the oxide form, consti-

tute a serious hazard. Unlike most radioactive materials, tritium is 

assimilated not only by respiratory processes but to an equal degree by 

absorption through the skin. No more than 0.1% of the tritium assimi-

lated as T2 is retained, but essentially all that assimilated as the 

oxide remains in the body. 17 Safety controls are conservatively based 

on the premise that tritium is always encountered in the more hazardous 

form. The maximum permissible body burden of 1 mc recommended18 by the 

National Committee on Radiological Protection is used as the basic ex-

posure value. The NCRP also, Kives 2 X 10-5 Ilc/cm3 in air as the mpc for 

a 40-hr work week and 5 X 10- 6 Ilc/cm3 for continuous occupational expo-

sure. 

The concentration of tritium in heavy water used as moderating ma-

terial is a function of reactor power level and the irradiation time. 

A primary consideration in minimizing tritium exposure is containment 

of the heavy water, and containment becomes increasingly necessary as 

*Mr. Butler received a B.A. degree from Berea College in 1940 and 
joined E. I. du Pont de Nemours and Company that year as a chemist at 
the Belle Plant in West Virginia. He was transferred in 1951 to the 
Dana Plant in Indiana, site of heavy-water manufacturing facilities, 
where he served as a laboratory supervisor. In 1954, he joined the 
Health Physics Section at the Savannah River Plant. His early assign
ments there related to supervising radiation control activities in the 
reactor and radiochemical separation plants. Since 1960 he has had 
responsibility for the exposure evaluation and dosimetry programs. 
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the tritium concentration increases. In heavy-water-moderated reactors, 

the heavy water may serve not only as a moderator but also as a coolant. 

The resultant complex and extensive system of heat exchangers and lines 

provides opportunities for line breaks and occasional Repair 

and replacement of pumps, piping) and heat ex:::hangers therefore consist

ently require consideration of tritium hazards. Other potential sources 

of tritium exposure include removal of fuel assemblies and other compo-

nents that have been in contact with the moderator in a reactor, reproc

essing of degraded moderator material, regeneration of ion~exchange res

ins, and laboratory analysis of moderator material. 

As with other radiOisotopes, the effective control of tritium ex

posure is a function of facility design, effectiveness of training pro-

grams, use of protective and adherence to established pro-

cedural controls. In addition the ability to detect and measure the 

amount of tritium present is. but difficult, because of the 

low energy of the tritium beta activity. Adequate techniques have be.en 

developed, however, for measuring concentrations in air, for determin

ing surface contamination, and for performing bioassays. 

Exposure-Control Practices 

Concern for tritium hazards must be reflected in 

the design of reactor facilities. Process areas should be kept at a 

negative pressure relative to offices and operating areas, and the ex

posure potential should be further minimized by limiting the number· of 

access points and providing high-flow ventilation systems. 
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Training. While a few invest.igators had carried out experiments 

with both animals and humans using t.ritium, t.here was very little in-

dust.rial experience with this toxic material when the first. reactor went 

critical at t.he Savannah River Plant in 1953. 19,u21 It was f01Lnd that 

early training covering the physical and radiological properties of tri-

tium} surface contamination control.. and use of protective clothing and 

prot.ective techniques was necessary. .k:, persolIDel gained experience, 

more detailed information cauld be provided on such matters as control 

limits, maximum permissible body burdens, and moni.toring instruments. 

Dtl.ring the initial months of reactor operation, the tritium concent'ra-

t.i.on in the moderator was relatively low, and thus an opportuni.ty was 

provided to increase the proficiency of maintenance and production crews 

in the repair of coolant and moderator systems and of laboratory person-

nel in the analysis of tri.tiated moderator material while the tritium 

hazard was relatively small. 

Protective Equipment. Respiratory and other prot.ective devices 

constitute another facet of tri.tium exposure control, since tritium is 

assimilated both by inhalation and by absorption through the skin. .k:, 

a ru.le, where tritium concentrations in air are below the limit recom-

mended by the NCRP {5 X 10~6 I-tc/cm3),18 no protection is required. Ex-

posuxe at the mpc level for 8 hr, assumi.ng a breathing 2 of 20 
.' 

liters/min and considering skin absorption, would result in an assimi-

lation of approximately 10% of the maxirrm,m permissible body burden. .k:, . . 

the concentrations increase, however, the need for protection must be 

considered. 
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During the initial months of reactor operation at the Savannah River 

Plant, it was found that a nomograph could be used to determine permis- ' 

sible working times in low levels of tritium without respiratory protec

tion. As ,concentrations increased, air-supplied face masks were required 

to permit additional working time. Because of equal absorption through 

the skin, however, the face masks provided only twice as much working 

time, and it therefore became necessary to provide air-supplied suits 

for complete enclosure of the body. The magnitude of this problem at 

the Savannah River Plant is reflected in the fact that during the past 

three years at least one of every four air samples obtained in reactor 

maintenance areas (or locations where moderator material is handled) 

and measured for tritium had a concentration of 10-5 ~c/cm3 or higher. 

In 1959, the number of air samples containing 10-5 ~c/cm3 or higher was 

slightly over 4000; by 1961, this number had more than doubled, to ap

proximately 8300. Concentrations of tritium in breathing-zone air ranged 

as high as 10- 2 ~c/cm3. 

After evaluation of a number of plastic materials for permeability, 23 

launderability, and physical characteristics~24 a 6-mil-thick 

two-piece suit of polyvinyl chloride was adopted. The wearer can work 

in a suit of this type in atmospheriC tritium concentrations up to 10-2 

~c/cm3 for up to 6 hr without exceeding a I-mc assimilation. 

Futhermore: no loss of protection has been found to result from launder

ing the suits for reuse. Data were initially obtained from tests us 

an air flow of 6 to 8 cfm through the suits. It was found, however, that 

an air supply of 10 to 15 cfm provided greater employee comfort. The 

plastic suit provides complete body enclosure and thus gives protection 
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not only from airborne tritium but also from overhead leakage, spills, 

and splashes. 

Rubber gloves and overshoes are also important items of protective 

clothing. They, too, can be reused after laundering. On most jobs red 

rubber gloves are adequate when plastic suits are worn, but occasionally 

as many as three pairs of thin rubber gloves may be required. Experience 

has shown that where highly contaminated equipment is handled, the outer 

gloves should be removed and replaced frequently in order to minimize 

assimilation. 

Work Authorization. The most effective means of personnel protection 

is the preplanning of work. Those who are to do the work and representa

tives of the health physics organization should participate in the pre-

planning sessions. Agreement must be reached on the of protection 

required based on the known hazard. Protective clothing, time limits, 

and monitoring requirements should be defined and agreed to. 

Detection-and Measurement 

Airborne Tritium. Air monitoring, although essential in the control 

of tritium hazards, is difficult because of the low energy of the tritium 

beta activity (average energy of only 6 kev). Three instruments have been 

found that meet most requirements: a Kanne chamber, a portable tritium 

monitor {'sniffer'?, and a small ionization chamber. The Kanne chamber 25 ,26 

is used where continuous monitoring is required. Air is drawn through a 

ionization chamber (51.5 liters) at the rate of 3 to 4 cfm using an 

air pump. Tritium concentrations in the range lO~5 to 5 ~c/cm3 can be 

measured. CUrrent is measured by a micromicroammeter, and the amplifiers 



3:53;, 

are logarithmic. The chambers are located where low background radiation 

levels exist, since chamber response to radiation fields above 1 mr/hr is 

significant. Mobile Kanne units can be provided, in addition to station

ary units. Contamination of the chambers is usually not burdensome; if 

it does occur, purging with heated tritium-free air effects decontamina

tion. Interference from Ar41 or other gaseous radioactivity must be con

sidered. Half-life determinations of air isolated in the chamber will 

show the presence of Ar41 or other radionuclides. 

The portable tritium monitor 27 is based on the Los Alamos "sniffer"28 

but has a compensation chamber that allows tritium measurements in uni

form gamma fields up to 100 mr/hr. Its range is 1 to 2500 X 10'·.5 iJ.c/cm3 , 

and its weight is 16 lb. 

In locations that cannot be sampled with either t~e Kanne chamber or 

the portable tritium'monitor, smaller ionization chambers can be used for 

"grab" samples. Chambers of l-liter capacity have been found to be satis

factory. The chamber is evacuated' prior to its use in the location to be 

sampled and should be returned to a low-background area for measurement of 

ionization, using a vibrating-reed electrometer. 

Controls for tritium in air are interrelated with bioassay and annual 

dose limits. A maximum permissible body burden of 1 mc has been found to 

be a workable standard at the Savannah River Plant. Based on a total-body

fluids volume of 43.4 liters, 17 this is equivalent to 23 iJ.c of tritium per 

liter. For control purposes, a 20 ilc/liter value has been used; personnel 

who assimilate tritium above this level are removed from all work where 

further uptakes of tritium may occur. When the assimilated tritium exceeds 

40 iJ.c/liter, the employee is removed from all work related to radiation. 
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In either event, the employee cannot return for further work in tritium 

atmospheres until the body buden is 10 ~c/liter or below. Good control 

has been realized by requiring personnel working in tritiated atmospheres 

to wear plastic suits for maintenance work on line breaks or when the air

borne tritium concentration exceeds 20 X 10-5 ~c/cm3. 

Surface Contamination. The lack of portable instruments that can 

detect the very-low-energy tritium beta activity complicates survey pro

cedures for surface contamination. The need for measurement is obviated 

somewhat by the fact that tritium contamination is usually accompanied by 

fission-product contamination. Detection in this case is accomplished 

with conventional beta-gamma detectors; and, since the limits for permis

sible fission-product contamination are low, these are the controlling 

factors. Normally, successful cleaning to remove the fission products 

removes the tritium as welL When no beta-gamma contamination exists, 

tritium must be measured using the conventional smear technique. Kraft 

paper disks 3 em in diameter can be used, and an area of about 1 ft2 

should be smeared. These disks can be counted using proportional gas

flow counters in either a methane or a IIQ" gas atmosphere (!!Q" gas is a 

mixture of 98% helium and 2% isobutane). If the counter background is 

approximately 200 counts/min, the minimum detectable contamination is 100 

cOlints/min. Surface contamination of 100,000 counts/min and higher may 

exist without need for respiratory protection if there is adequate venti

lation. 29,30 In contrast, the enclosure of only a small piece of equip

ment, contaminated to a lesser extent, may present a serious breathing 

hazard when the packaged item is opened in a poorly ventilated area. In 

such cases., the tritium concentration in air may approximate 1 ~c/cm3 
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momentarily as a result of outgassing from the contaminated surfaces. 

Ventilation is therefore an important factor in surface-contamination 

considerations. Where feasible, work that may involve a large amount 

of contamination should be performed in a well-vented hood. The prob-

ability of tritium assimilation from surface contamination is small in 

well-ventilated areas. The values given below represent prudent and 

practical limits: 

Clean areas 

Regulated areas 

Regulated-area tools and 
equipment 

Radiation danger zone. :tools . 

Laun4ered rubber garments 

Laundered plastic suits 

Outside 
Inside 

Sterilized face masks 

Outside 
Inside 

Limits for Tritium 
Surface Contamination 
(counts/min per item 

or per ft2) 

200* 

500 

500 

2,000 
1,000 

2,000 
500 

Bio-Assay. The concentration of tritium in air can be measured and 

permissible working times can be established, but it is only through bio-

assay of urine that the effectiveness of these controls can be accurately 

determined. Within 2 hr after exposure, tritium reaches equilibrium with 

body fluids. urine samples of workers whose work assignments have entailed 

potential exposure to tritium should therefore be analyzed daily. In this 

*An area is considered to be clean if the contamination is 200 
co~ts/min or one-fourth the counter background, whichever is less. 
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way, personnel with significant assimilations can be withheld from fur-

ther exposure. 

Liquid scintillation counters have been found most effective for 

these analyses. 31 Where assimilations exceed 20 ~c/liter, the effective 

half life should be determined and used in the dose calculations. In 

calculations for uptakes below this level, the biological half life of 

12 days can be used. 

Tritium assimilations should be considered as whole-body irradia~ . 

tion, and the dose from tritium should be added to that received from 

gamma radiation. When bioassay data indicate an uptake of 5 ~c/liter 

or greater at the Savannah River Plant, the dose from tritium is promptly 

added to the employee's radiation exposure record. (With an assimila

tion of 5 ~c/liter and a 12-day half life, the dose is 45 mrem. 32) At 

least twice a year, the dose from chronic uptake of less than 5 ~c/liter 

is added to the record. 

Environmental Monitoring. A continuous monitoring program is used 

to measure tritium, as well as the other radioisotopes, that might be 

released. Both air and rainwater samples are collected continuously at 

monitoring stations situated to detect significant releases regardless 

of wind direction. It is important to establish monitoring sites not 

only at locations near the potential source of release but also at lo

cations which reflect the hazard to the population at large. Twenty 

sampling stations are provided over a radius of 25 miles for sampling 

tritium in air at the Savannah River Plant. 33 

The removal of spent fuel elements from a reactor results in the 

transfer of moderator material containing tritium. The fact that this 



357 

might be released to streams, and the ever-present possibility of leak

age, make sampling of Plant effluents and streams an important phase of 

environmental control. 34 
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HOMOGENEOUS REACTOR EXPERIMENT NO.2 
OPERATING EXPERIENCE 

The Homogeneous Reactor Experiment No. 2 was terminated in May 1961. 

The HRE,-2 was an aqueous homogeneous reactor in which the U02S04-CuS04-

E2S04 fuel solution was circulated through an external heat exchanger to 

produce steam. 1 ,2 It was built by the Oak Ridge National Laboratory to 

advance the technology of the two-region breeder concept, and it had a 

32-in.-diam core separated from a blanket region by a thin Zircaloy-2 

core tank. The core and blanket circulating loops operated at high pres-

sure (1000 to 1800 psig), and the solution temperatures were normally be-

tween 250 and 280°C. The design thermal power was 5 Mw. 

There were some unusual nuclear safety aspects of RF.E"'2 operation 

because of the fluid state of the fuel and the absence of the usual nu-

clear control elements. Instead of shim rods, the fuel concentration was 

used to control the average temperature. The most rapid shutdown or 

"scramfl possible consisted of draining the fuel solution into dump tanks, 

a relatively slow process that required between 5 and 10 min. Reliance 

for power regulation was placed solely on the strong negative temperature 

coefficient of reactivity. Because the fuel was fluid and at high pres-

sure, there were also unusual problems in containment of the radioac-

tivity. One of the major objectives of the experiment was the demonstra-

tion that containment was feasib~e. Although the HRE-2 containment sys-

tem was designed before present-day concepts were developed, stringent 

requirements were applied that compare favorably with current practices 

in reactor technology. As originally designed, at least two barriers pre-

vented release of radioactivity to the atmosphere; namely, the primary 
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system and the equipment cell. Although the design proved successful in 

preventing all but very minor releases, additional protection was pro

vided by changes made during the years of operation. 

Nuclear operation of the HRE-2 began in, December 1957, with D20 in 

the blanket region. After April 1958, when a hole developed in the tank 

separating the core and blanket, the reactor was operated with fuel so

lution in both regions. In January 1960, after 105 days of continuous 

operation, a second hole was melted in the core tank. 3 In the following 

nine-month period, the holes were patched, diffuser screens in the core 

were removed, and the direction of flow through the core was reversed to 

go from top to bottom. The latter ,two changes were for the purpose of 

eliminating hot, stagnant regions and preventing heavy-phase accumulation 

in the core. These undesirable conditions were related to the separation 

of uranium from the fuel solution that had been observed under some con

ditions when the reactor was operated at high power. The separation of 

the uranium from the fuel solution had caused some reactivity disturbances 

and the core-tank damage. The experimental program was devoted largely 

to the investigation of fuel-solution stability under various conditions, 

concurrent with the demonstration of system and component reliability, 

containment, feasibility of maintenance, and continuous removal of fis

sion and corrosion products. 4 

In the spring of 1961, a decision was reached to discontinue large

scale work on aqueous homogeneous reactors atORNL, and, on May 1, opera

tion of HRE-2 was terminated. During the 40 months following initial 

criticality, the reactor had been critical for 8840 hr and had produced 

heat equivalent to 135 days at full power. 



Protection Against Damaging Reactivity Excursions 

The feasibility of building a reactor without fast-acting nuclear 

control elements depends upon the nuclear stability of the reactor; that 

is, it must not be possible for a small distr~bance to lead to divergent 

power oscillations and consequent damage. The characteristics of the 

HRE-2 were such that it was quite sta'ble, even when subjected to many 

types of disturbances. This had been predicted on the basis of kinetics 

calculations and HRE-l experience. 5 The operation of the HRE-2 was re-

viewed from the' standpoint of nuclear safety a number of times, and modi

fications were made in. the safety circuits to accpmmodate changes in the 

conditions of the reactor and the manner of operation. 

Compensation for reactivity additions in the HRE-2 was through the 

temperature coefficient of reactivity, which was negative at all operat

ing temperatues and ranged from· -0.9 X 10-3 6k/oC at 20c C to -3.3 X 10-3 

6k/oC at 280°C. The effect of temperature on 'reactivity was prin

cipally the result of expansion of the fuel solution in the core and 

blanket. Such expansion, if it occurred in a short time, ejected fluid 

from the active of the core and blanket into the closely coupled, 

steam-filled pressurizers. (Expansion over a longer period of time was 

accommodated by automatic letdown of solution into the dump tanks.) Rup

ture of the core tank or reactor pressure vessel by a pressure surge 

that caused the rapid ejection of solution, while improbable, would have 

been the most likely'form of damage from a reactivity excursion. 

In a reactor, such as the HRE-2, with a high operating temperature, 

circulating fuel and moderator, and a strong temperature coefficient of 

reactivity, the potential reactivity additions are quite large. Operation 
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that would result in excessive reactivity additions was prevented in the 

HRE-2 by interlocks or, where possible, by restrictions on the design of 

the physical system. 6 Restrictions were determined from the maximum per

pressure rise and the relationships between the design parame-

reactivity additions, and pressure surges. An illustration was the 

limitation of the fuel circulation rate when the fuel-circulating pump 

was start.ed. With the pump off, the solution in the heat exchanger tubes 

might, as a result of abnormal operation, have become cooled to well be

low the core temperatllre, and a sudden startup could have injected cool 

fluid and increased reactivity at rates up to 1.7% (Ak/k)/sec. Because 

the resulting pressure surge would have caused undesirably high stresses 

in the core tank, the rate of possible reactivity addition was limited 

by automatic rotation of the centrifugal pump in the reverse direction 

(resulting in flow only one-third of normal) during the first· 45 sec of 

circulation. 

In addition to the example given above, there were a number of other 

interlocks that guarded against reactivity additions by injection of un

usually concentrated or cool fluid. There were no interlocks actuated 

solely by reactor neutron. level or period, because there was no external 

control that could have acted to stop a rapid nuclear excursion once it 

had been initiated. (Tbere was an interlock that would close the steam 

withdrawal valves in case both the neutron level and the heat exchanger 

temperatures indicated that the core power was 40% above normaL) All 

control circuits were displayed schematically on a board in the main re

actor control room, and interlocks were never jumpered, except by the 

use of phone jacks inserted in this board, a policy which made very 
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obvious any temporary changes in the circuits. (The use of jumpers had 

to be approved by the Operations Chief, ~nd normally the board was clear.) 

After the first hole developed in the core tank it became necessary 

to operate with fuel solution in both, the core and the blanket. Further, 

one of the pressurizers had to be filled with liquid because the two 

pressurizer levels could not be controlled separately. Calculations 

showed that the core pressurizer alone would provide adequate surge space 

to prevent overpressurization of the pressure vessel if the blanket con

centration were kept below 60% of that in the core. Operation was there

fore resumed with only the one pressurizer, but because of the importance 

of ensuring against a pressurizer-level-detector failure, the installed 

float-type level element was supplemented by an independent level detec

tor. This consisted simply of an alarm actuated by a thermocouple that 

would sense the rise of liquid into the pressurizer. In addition, a rou

tine procedure was instituted for daily checking the~respon$e 'of both .', 

pressurizer-level-detecting devices. 

Other changes made for operation with a single pressurizer included 

daily checks of the pressure-instrument response and a reduced loading 

pressure on the pneumatic operators of the dUmp ,valves. Part of the 

safety circuits, from the start, was an interlock that opened the dump 

valves automatically if the indicated reactor pressure rose 800 psi above 

normal. _ ' (Thep:r:'essurizers were vented automatically at a pressure of 

500 psi above normal.) The daily check was to show that the signal to 

this interlock was "alive." The dump-valve-operator loading pressure 

was reduced to permit the dump valves to act as pressure-relief valves 

when the fuel pressure under the seat of the valves rose to about 2500 psig. 
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After the core-tank holes were patched, operation with both pres

surizers was resumed. Inasmuch as the failure of only one pressurizer 

would not endanger the pressure vessel and because of increasing confi

dence in the pressurizer instrumentation, the daily checks of level- and 

pressure-instrument response were discontinued, and the loading air on 

the dump valves was restored to the original pressure. 

A problem of nuclear safety arose during reactor operation that was 

not susceptible to control by interlocks. Solution inventories and re

activity changes showed that, under some conditions, uranium separated 

from the solution in a reversible, power-dependent manner. Small amounts 

of this uraniu .. "ll, which apparently deposited in the lower part of the core, 

occasionally shifted and caused reactivity excursions. 3,4 After some ex

perience with uranium separation and the resulting power disturbances, 

operating restrictions were established with the object of limiting the 

potential reactivity increase associated with the separated uranium. It 

became a requirement that the reactor power be lowered to permit uranium 

recovery if there were indications that the specified limit on separated 

uranium had been reached. The limit was the amount that would result in 

a reactivity change of 10% 6k/k if it were to move to the center of the 

core. If this amount of reactivity were added in 3 sec (a time set by 

solution velocities in the core), a pressure surge of 1000 psi would be 

expected. The reactor average temperature was used as the immediate in

dication of uranium separation, since early experience had shown that. the 

uranium accumulated at a position of relatively low importance and re

stilted in a noticeable decrease in temperature. It was recognized that 

the temperature was not an absolutely reliable indicator, because, if the 
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deposit were to occur on some other parts of the core tank, a hazardous 

situation could develop without any change in temperature. Therefore 

other indications, such as small unexplained power disturbances and 

shifts in the blanket-to-core power ratio, were also cause for power re

duction when the reactor was operating under conditions that were eit.her 

'~~explored or where uranium separation was possible. The melting of ti

t.anium corrosion specimens and the holes in the Zircaloy core tank were 

consequences of the uranium separation. There is evidence that any metal

water reactions which may have started were quenched as soon as the fis

sion heat srrurce was dispersed. 3 

Primary Containment System 

The first of the several lines of defense release of radio-

activity from a fluid-fueled reactor is the piping, which in many ways is 

equivalent to the fuel cladding in a solid-fuel reactor. The integrity 

of the primary containment piping of the HRE-2was tested routinely at 

intervals of about 2500 hr of operating time by hydrostatic tests with 

distilled heavy wat.er at 1. 5 times the operating pressure. T"ne maximum 

permissible leakage from the high-pressure piping system was originally 

specified as 5 em3 per day .• and in more than three years of operation the 

leakage was normally much less than this amount. Escape of radioactivity 

from the first barrier could be detected by the flange leak-detection 

system, by changes in solution inventory, and by the activity monitors 

in the cell and on service lines that passed through t.he shield. 

Flange leak det.ectors were provided by connecting each groove of the 

182 ring-joint flanges in the reactor process piping to a header filled 
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with heavy water at a pressure 500 psi above that inside the piping. Be-

cause the header was kept at a pressure above system pressure, the leak 

detection feature of the flanges was also a buffer that helped to ensure 

that solution could not leak by the gasket. Flanges and stainless steel 

ring gas~ets were matched to close tolerances to provide a double seal 

from the groove to the outside and to the inside. Leakage of heavy water 

from the grooves was detected by a reduction in header pressure, and makeup 

was supplied to keep the system pressurized. During operation, makeup 

amounted to only 3 cm3 /day. There was not a single instance of leakage 

from the piping at a flange. This record is regarded as evidence that 

satisfactory performance can be attained with metal O-ring-type flanged 

joints in a highly contaminated system. 

The reactor piping was contained within a cell, as described below. 

Leakage of activity from the piping into the cell could be detected by 

the continuous circulation of the cell atmosphere through shielded radia

tion monitors. The sensitivity of the monitors was such that leakage of 

more than a few milliliters of fuel solution per minute should have been 

detectable. Only twice did detectable fuel leakage occur. On one occa-

sion a crack in a weld on a diaphragm of fuel feed pump released a 

few liters of fuel solution into the cell over a 25-hr period before the 

reactor was shut down for replacement of the pump. Later a crack devel

oped in a tee welded into the drain line from the fuel dump tanks and re-

sulted in the loss of several liters of fuel solution. In both instances 

the cell air monitors warned of the leak. 

The total quantity of liquid in the reactor was measured several 

times daily as a means of detecting gross The only leak large 
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enough to be detected by this method occurred during a reactor cooldown, 

when a crack developed at a highly stressed point in a 1/4-in. pipe carry

ing heavy water. The activity in the cell was so low that it was not de

tected by the cell-atmosphere monitors, and the leak was finally indicated 

by the inventory. 

Many of the primary fuel-containment.pipes were jacketed and were 

cooled or heated by fluids from outside. All the service lines carrying 

fluids through the reactor shield passed monitoring stations so that ex

cessive activity indicative of fuel leakage would cause an alarm and initi

ate a reactor shutdown. On two occasions this system detected the failure 

of feed-pump diaphragms and the resultant introduction of activity into 

the water in the drive lines penetrating the shield. The only "scram," 

or emergency, shutdown in the history of the reactor was caused when one 

of the monitors was exposed to radiation from a source other than the line 

it was monitoring. 

Secondary Containment System 

Because radioactivity could escape from the primary containment pip

ing in spite of all precautions, a second barrier with stringent leakage 

specifications was provided. This was a welded steel box with a volume 

of 0.75 X 106 liters that contained all the reactor equipment. The box 

was actually a liner inside the biological shield, and it was never en

tered during operation. Only during maintenance periods, after the fuel 

had been drained and the piping rinsed, was any breach made in this con

tainer. Thus airlocks or quick-opening closures were eliminated, and the 

container was seal-welded to reduce leakage to a minimum. 
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The structure supporting the container was designed to be strong 

enough to withstand the simultaneous release of all the fluids contained 

in the piping and tanks within the cell. The calculated pressure rise 

within the container in such an event, assuming the worst conditions, was 

32 psig. When the container construction was completed, the adequacy of 

the design was demonstrated by a hydrostatic test, using strain gages at 

critical points to indicate stresses in the structure. The container 

proved to be adequate for the predicted maximum pressure, but to provide 

a greater margin of safety, an automatic cold-water spray system was in-

stalled in the cell to help condense vapors and to reduce the pressure in 

the event of a catastrophe. 

The permissible leakage rate from the secondary container was speci

fied to permit building occupants to escape in a reasonable time without 

excessive ingestion of activity in the event of the complete failure of 

the piping within the cell. The concentration of fission products in the 

cell atmosP4ere that would be leaking into the ~~.~U~L~~ was estimated in 

the following manner. A decontamination factor of 20 was assumed for 

iod.ine, because most of the iodine in the reactor was held in a stable 

form on an iodine trap installed to help reduce xenon poisoning. For the 

other fission products, it was assumed that one-third of the fuel would 

evaporate and that particle impaction and condensation in the cool cell 

wauld result in a decontamination factor of 100. Allowing for a breath

ing rate of 30 liters/min, a building evacuation time of 1.5 min, and a 

maximum permisSible exposure of 25 rem, the maximum permissible leakage 

rate from the cell was set at 20 liters/min at an internal pressure of 

30 psig. 
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The leakage rate from such a large. container is very difficult to 

measure accurately ~t pressure, so several tests were devised for the 

measurement. Firs.t, the vessel was pressurized with gas, and the rate of 

pressure decrease was determined. The pressure test indicated a total 

leakage of several hundred liters per minute, which was excessive. The 

top of the container was then flooded with water to reproduce the actual 

operating conditions, and a leakage rate of only a few liters per minute 

from the water surface was found. Next, the many service-line penetra-

tions through the container wall were examined, and several valves were 

found to be leaking. These and leaks through electrical conduits accounted 

for all except 20 to 25 liters/min of the total leakage at 30 psig and 

were eliminated by repairs. 

4It When the 20- to 25-liter/min loss could not be located with air pres-

sure, helium gas was added and all known possible escape points were probed 

with leak detectors. Still the leakage source could not be detected, and 

it was concluded that the leakage was from the underground portion of the 

container. Even though leakage which does not escape into an occupied 

area is not particularly hazardous to personnel, another effort was made 

to determine the path of escape by pressurizing the shield to 15 psig and 

vaporizing 2.2 liters of ethyl mercaptan solution to produce a concentra-

tion of the odoriferant about 2000 times the detectable level. Operators 

,·rere stationed throughout the reactor area, but only one significant leak 

was sensed; it appeared certain that the large fraction of the leakage 

vTaS not entering the inside of the building and that the leakage would 

not be dangerous at an outdoor escape point. After stopping all known 

leaks, final measurements of the shield leakage made over long periods 
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with the shield temperature held constant showed rates of 2.5 and 4.3 

liters/min for shield pressures of 7.5 and 15 psig. 

Each time the container was closed after having been opened for re

actor repairs, it was rewelded and retested. Tne reactor was shut down 

eleven times for repairs, and in every case it was possible to reseal the 

cont.ainer without exceeding the allowable leakage rate. Futhermore, in 

every case it was possible to reduce the leakage at the most important 

surface (the top) t.o a few hundred cllbic centimet.ers per minute. 

During normal operation it was required that the container be main

tained at an absolute pressure of 1/2 atm as an additional protection. 

This made it possible to continuously measure the rate of l.eakage by the 

pressure rise. In the three and one-half year hist.ory of the react.or the 

measured leakage rat.e never exceeded the allowable rate. 

A final precaution against the effects of a possible rupture of the 

container was to provide a nitrogen atmosphere within the cell. By keep

ing the I oxygen content of the cell atmosphere in the 5 to 8% range, the 

danger of explosive mixtures fromD2-022 escape or oil leakage was vir

tually eliminated. A nitrogen purge of less than 5 liters/min was suf

ficient. 

There were a number of routine operations in which lines leading 

into the reactor system were opened, and radioactive fluids were inten

tionally withdrawn. These operations included sampling, which was done 

on a daily basis, and the infrequent addition of fuel solution or re

moval of wastes. It was recognized that intentional breaching of both 

the primary and secondary containment barriers was a hazardous operation, 

and special provisions were made to prevent activity releases during such 
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operations. Special equipment was used} and the operations were strictly 

controlled through procedures and supervision. 

Sampling the fuel solution was accomplished by circulating solution 

through an isolation chamber} which could be drained into a sample bot

tle through a hypodermic needle that penetrated the r~bber diaphragm 

seal on the bottle. This apparatus was contained in a cavity that was 

maintained at a slight vacuum by stack draft. On one occasion} early in 

the reactor operation} several milliliters of fuel sol~tion spilled in 

the cavity when the needle transfer arrangement failed. Between 10 and 

20 curies of ,activity was discharged from the stack} and this was the 

largest release of activity in the history of the HRE-2. As a result of 

this minor incident} additional protection was provided by installing an 

activated carbon} silver mesh} absolute filter in the exhaust line to 

the stack to trap activity released in the sampler cavities. 

On two occasions during addition of gas into the reactor piping} 

radioactive liquid backed up through the gas addition lines} leaked 

through temporary connections outsi.de the shield} and contaminated small 

areas of the floor. Back-flow preventers and more sensitive radiation 

detectors were installed to help prevent recurrence of such incidents. 

Ventilation was installed as a "third-line defense" in the reactor 

operating areas where radioactive liquids might escape the other two 

barriers through normal handling or sampling operations. These areas 

were maintained at a slightly negative pressure (approximately 0.1 in. 

H20) by exhausting air to the area stack through carbon filters and ab

solute filters. 

This system of ventilation was needed during normal power operation. 

During most shutdowns} another need arose as a result of maintenance 
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operations. When shielding blocks were removed i'rom the top 01' the re

actor and the containment barrier was cut away for maintenance, the stack 

i'an drew air i'rom the container and. caused a draft through the opening 

in the shield. The draft protected against the escape of radioactive 

dust particles or gases from inside the container. When contaminated 

articles were lifted from.inside the shieid into the occupied area, they 

were either bagged in plastic or provided with a rigid airtight cover. 

These provisions were adopted after early maintenance operations re

sulted in the release of' small amounts of activity. 

Operating Procedures and Organization 

As described above, the safety Of. the reactor operation was ensured, 

insoi'ar as possible, by the design and characteristics of' the physical 

system and by restrictions in the form of interlocks. As a supplement 

to the safety features built into the reactor, great emphasis was placed 

on the use of strictly enforced operating procedures and routine checks 

to further ensure safe operation, to prevent release of radioactivity, 

and to detect abnormal situations before they became hazardous. 

Detailed operating procedures were prepared during the period of 

reactor construction and initial training of the operating staff. As 

the mode of reactor operation changed, successive revisions of these 

basic procedures were necessary. All revisions were incorporated in an 

up':':to-date master copy of basic procedures that was kept in the reactor 

control room, along with specific instructions for the current run. Re

visions were approved by the Operations Chief, and all operators were 

notified of changes and were required to become familiar with them. 
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The operating staff was composed of four groups serving on a rotat

ing-shift basis. Each group consisted of one engineer, as Shift Super

visor, a senior technician, as Control Room Supervisor, and three opera

tors. Each operator was given a specific assignment for each shift, and 

the assignments were rotated so that all the operators we're experienced 

in all jobs. 

Several management policies were emphasized in the continuous effort 

to avoid errors and to prevent the occurrence of dangerous situations. 

As instances, the reactor control room was manned at all times, even dur

ing maintenance shutdowns, and the activities on each shift were recorded 

in considereable detail in a control room logbook. Operators patrolled 

the entire area regularly, using a data log to record all variables of 

interest. Other personnel within the reactor operations organization as

sisted the operators in special experiments and some operations, such as 

sampling. 

Written, approved procedures and checklists were used for every op

eration in which a connection was made from outside the secondary con

tainment cell to the reactor piping. Two operators were assigned, each 

to check the action of the other. A supervisor or health physics repre

sentative was also required to be present to oversee the operation. 

Checklists were also used to ensure that the operators made a de

tailed survey of all reactor systems before a reactor startup. During 

operation, many of the instruments and protective interlocks were tested 

routinely by instrument mechanics and operators. 

Maintenance activities were also carefully controlled to ensure that 

functions of equipment or instruments were not modified and that proper 



provisions were made for potential hazards. All maintenance work was au

thorized by work orders issued by the Maintenance Supervisor. In addition, 

a work permit that indicated the precautions to be taken had to be signed 

by the Shift Supervisor on duty before work could begin on any reactcr 

equipment or instruments. When changes were made in any equipment or in

st~~mentation, an approved drawing had to accompany the permit. Any modi

fications that affected reactor safety, such as changes in any control 

circuits, had to be approved by a standing ORNL review committee. 

(P. N. Haubenreich, S. E. Beall, J. W. Hill) 



SL-l FINAL REPORT 

The final report on the Stationary Low-Power Reactor (SL-l) accident 

was issued by the AEC's Board of Investigation on September 5, 1962. 7 

The accident, which occurred at the AEC's National Reactor Testing Station 

(rffiTS) in Idaho on January 3, 1961, and resulted in the first operational 

reactor fatalities in the United States, was discussed in an earlier is

sue of Nuclear Safety. g While 'additional information has become avail-. 

able, the basic conclusions as to the cause of the accident are unchanged. 

The direct cause of the incident clearly appears to have been manual with

drawal of the central control-rod blade beyond the specified limit by one 

or more members of the three-man maintenance crew. The actual reason for 

the abnormal withdrawal could not be established because of insufficient 

evidence. 

It appears highly unlikely that any significant additional informa

tion concerning the incident will become available, since, on July 27, 

1962, the third and final phase of the SL-l recovery operation was com

pleted. To summarize'briefly, the accomplishments during the three phases 

of recovery wer.e the following: 

Phase 1. The three casualties were recovered from the reactor build

ing, and the reactor was 'determined to be in a noncritical condition. 

This recovery phase was completed one week after the incident. 

Phase 2. Combustion Engineering, Inc., the reactor operator, deter

mined that the reactor pressure vessel contained no water and that nuclear 

excursions could be prevented by keeping it that way. This recovery 

phase was completed in May 1961. 
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Phase 3. The General Electric Company was assigned responsibility 

in May 1961 for the balance of the recovery operations. The General 

Electric group (1) gathered and evaluated data concerning the accident, 

(2) dismantled, examined, and disposed of the SL-l pressure vessel and 

core, and (3) razed the reactor building, decontaminated the SL-l area, 

and made the area suitable for future projects. These recovery opera

tions were completed in July 1962, and the final report has been issued. 9 

phase-3 Recovery" Operations 

The information gained in dismantling and inspecting the pressure 

vessel and core was among the most valuable obtained during t.he recovery 

operations. It was determined, beyond all reasonable doubt, that the cen

tral control rod was tightly bound in its shroud in a position correspond

ing to 20 in. withdrawal. There was no evidence of relative motion after 

seizure. Available data indicated that the reactor would have been criti

cal with a rod withdrawal of 16.7 in. The 20-in. position corresponded 

to a reactivity of (2.4 ± 0.3)% ~/k. It was estimated that because of 

the rod withdrawal, the power rose 'on a period of about 4 msec until the 

excursion ended. 

During the excursion the fuel plates in the central region of the 

core were destroyed. A schematic diagram of the approximate range of dam

age is shown in Fig. VI-·I. During the recovery operations, a critical 

experiment with the damaged core revealed that it was highly subcritical. 

The fatal excursion was probably ended by destruction of the core 

and removal of the moderator, which was ejected from the vessel by steam 

pressure. Significantly, the normal and emergency shutdown systems would 
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Fig. VI-l. Schematic View of Core, Showing Areas of Destruction. 
The dotted lines in the central region and the number 9 indicate the nor
mal position of the central control rod. (Taken from ref. 9), 



have been unavailable if they had been needed to end the excursion. The 

safety and control-rod system'was ruined, and the emergency boron-injec

tion system and the emergency cooling system had been rendered ineffec

tive. 

It was estimated that the total nuclear energy generated during the 

incident :was130 ± 10 Mw-sec. This relatively low yield produced some 

striking results, however. Rapid formation of 500-psi steam in the core 

accelerated the water above the core and produced a water hammer that hit 

the pressure vessel lid with pressures up to 10,000 psi. The vessel 

sheared its connecting piping and was lifted approximately 9 ft into the 

air by the momentum transferred from the water. The estimated time from 

the control-rod withdrawal until the vessel fell back into its support 

cylinder was estimated to be from 2 to 4 sec. All the mechanical dis

placements observed were produced by kinetic energy, which was less than 

1% of the total energy released in the incident. 

There was definite evidence of reactions between hot aluminum and 

water during the incident. Alpha-phase alumina, which could have come 

only from such a reaction, was found in the vessel. It was estimated 

that this metal-water reaction added 24 Mw-sec of energy to the incident. 

Statements to the Board of Investigation 

During the final sessions of the Board of Investigation, in August 

1962, statements were made by Combustion Engineering, Inc., the reactor 

operator, and by Argonne National Laboratory, the reactor designer. lO 

Combustion Engineering personnel noted that the recovery examina~ 

tion by General Electric did not bring to light any new basic cause for 
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the incident. With respect to the presumed manual movement of the cen~ 

tral control rod, it was felt that it was: possible only to speculate as 

to the reason for the excessive rod withdrawaL ~jhi.s particular rod had 

no history of ever being stuck or jammed in. its shroud. Also, the rod 

examination did not indicate any tears or. gouges such as there might have 

been if the rod had been stuck and then pulled loose. 

After discussing many assumed reasons for an operator lifting the 

control rod 20 in., Combustion personnel concluded: 

"We have not been able to visualize any situation accept
able on technical grounds which would explain why an operator 
deliberately would pull the rod out of the reactor. It can 
be argued that some fault was noticed in the rod and that re
moval was initiated in order to examine this fault. This, of 
cours~ would have required a disregard of all instructions and 
experience which indicated that removing the central rod would 
cause the reactor to become critical. Nevertheless, it can be 
supposed that such action was taken. What is very difficult 
to understand is that in order to produce the excursion such 
removal would have to be done quickly, which is not consistent 
with a deliberate intention to examine the rod. 

"A deliberate withdrawal of the rod without regard for 
the hazard known to be connected with such an act raises the 
question of irresponsibility. The training of the operators, 
the fact that two of them had been fully qualified by exami
nation, and their previous satisfactory performance as opera
tors seem to make an irresponsible act by one of them un
likely unless the sudden appearance of emotional instability 
is postulated. ~he examination of SL-l [facility] did not 
shed any light on this question. As was mentioned earlier, 
in the absence of eyewitnesses what actually happened may 
remain a mystery forever. II 

Since the reactor shutdown margin before the accident was between 

2 and 3%, Combustion personnel felt that any supposed gain in reactivity 

from a loss of the boron-aluminum burnup strips from the fuel elements 

could not have contributed to the cause or magnitl1de of the incident. 

It was also pointed out that the SL-l operators had carefully and con-

sistently monitored the position of the controls, since this was L.a 



sensitive way of determining nuclear reactivity. Reconstruction of the 

accident reactivity situation was consistent with the indications of the 

monitoring program. 

If the withdrawal of more than one control rod had been necessary to 

achieve criticality) it can be assumed that the reactor incident could 

not have happened. Combustion personnel made the point that this was '. 

recognized and that steps had been taken prior to the accident to correct 

the situation. 'l'he design and construction of a n'?w core had been recom-

mende'd by Comb!lstion Engineertng and approved by the AEC. The reactor 

revision would have provided for adequate shutdown with one rod withdrawn. 

The boron-aluminum fuel element strips would have been rep.J..aced with boron-

steel encased in stainless steel; newly designed control rod drive mecha-

nisms would have been installedj and stainless steel would have replaced 

aluminum as a structural material. 

Combustion personnel concluded: 

If In view of t.he approval of SL-l for operat.ion by the 
hazards evaluation authorities) the successful operation for 
two and one-half years) and the program of careful monitoring 
of reactivity of the reactor) we did not consider continued 
operation of this experimental power reactor to be any more 
hazardous than i·t was at. the initiat,ion of the contract. In 
view of the fact that the disassembly and analysis of the re
actor has not indicated any deficiency in the operation which 
could have contributed to the accident) we believe that our 
judgement in maintaining the reactor in operation) which was 
concurred in by the operating office of the Commission) was 
not faulty and did not show lack of regard for the require
ments of proper reactor operation. II 

The Argonne National Laboratoryt s statement supplied a summary of 

the .original reactor design criteria and goals and the evolution of some 

aspects of the design. (See article on SL-l control system in this issue 

under heading "Some Aspects of the SL-l Control-System Design. If) 
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The SL-I was designed as a prototype of a power reactor that could 

be located in remote arctic areas and operated by military personnel. 

It was to contain essent ially only those safety features re.quired to pro-

tect the plant and its operating personnel. The reactor was to have a 

core life of at least two years at design load. All moving components 

of the reactor were to be readily available for inspection. Where fea-

sible, standard, commercially available components were to be used. These 

and other criteria were directed at providing a simple, reliable plant. 

Argonne personnel made the following statements concerning the con-

trol rod and fuel element configurations: 

"A special feature of the reactor design was that re
fueling could take place without removing the head of the 
pressure vessel. This was aecomplished by sizing the con
trol-rod-drive nozzles, in the vessel head, to permit the 
loading of fuel assemblies through the/nozzles. It was felt 
that this concept of fuel handling would simplify signifi
cantly changes in the core loading in the ultimate power 
plants. 

"A number of layout studies were made in order to size 
fuel element dimensions and control rod strengths and loca
tions. The requirements of convenience of fuel handling 
were not found to be compatible with rod arrangements under 
the criteria that the rods by themselves could provide full 
operating-to-shutdown margin, while simultaneously no single 
rod could start up. the reactor. The decision was therefore 
made to sacrifice this latter criterion. " 

To compensate for the excess reactivity in a new fuel batch, the 

reactor design included B10 as a neutron absorber. Originally the boron 

was to have been included as a constituent of the fuel; however, fue~~ 
I 

plates produced by two individual companies on development contracts were 

unacceptable. Therefore: 

"In the interest .of expediting the procurement of satis
factory fuel plates from a commercial fabricator, the specifi
cations were modified to eliminate the burnable poison from 



the plate. Instead) it was decided to use thin strips) made 
by extruding an aggregate of powders of (X-800l) Al-Ni alloy 
and highly enriched boron. This process was similar to the 
process adopted to produce poison strips used successfully 
in BORAX III. It was realized that strips like these had not 
been: exposed. to corrosion for the length of time expected in 
ALPR [SL-1L nor had they been irradiated to the. nvt level 
(time-integrated thermal' neutron flux) anticipated. In short) 
the thin burnable-poison strips were used in the expectation 
that they would be satisfactory) but without an opportunity 
for a conclusive) confirming test. " 

Commenting on the control-rod drive) Argonne personnel pointed out 

that the unit was selected for two major reasons. First) it was rela-

tively simple in concept and design) and) second) the Army Package Power 

Reactor had used a similar drive and it had therefore been tested in an 

analogous environment. 

Conclusions of the Board 

The AEC Board of Investigation) after consideration of information 

gathered since the.SL-l accident) came to the following conclusions: 

"(1) The immediate cause of the incident was withdrawal 
of the central controlbl~de. The ~isplacement of the blade 
was consistent with the energy release determined from post
incident studies. 

"(2) The absence of' any evidence of an internal agent) 
such as a chemical reaction 'or explosion) together with the 
fact that only the central rod (ang none of the four periph
eral rods) was determined to be in a withdrawn position at 
the time of the explos.ion) makes it reasonably certain that 
the blade was withdrawn by an external agent. 

"(3) The only plausible hypothesis is that the central 
control blade was withdrawn manually) during the final phases 
of a maintenance operation of reassembly of the drive mechanism. 

"(4) No direct evidence is available as to how or why 
the central control blade was withdrawn to the position de
termined to exist at the time of the explosion. In .particu
lar, there is no direct evidence to indicate any kind of 
operational difficulty or other reasons to deviate from the 
approved procedure for the reassembly operation in question. " 



In concluding their assignment the Board made the following remarks: 

"We continue to hold that the immediate responsibility. 
for safe operation of the SL~l was that of the on-site opera-

contractor, Combust·ion Engineering, Inc. J and that, by 
virtue of the effect on contractor operations of financial, 
program and other direction by the AECIdaho Operations Office 
and the Headquarters Division of Reactor Development, these 
organizations shared in the responsibility for the safe opera
tion of the SL-l plant. 

"We strongly recommend that the Commission take the neces
sary steps to assure that the facts, conclusions and i11,lplica
tions relating to the SL-l incident be disseminated to the 
interested public. While we believe that the Board has com
pleted its assignment with the submission of the attached re
port, individual Board members and consultants will, of course, 
be available to consult with and advise those persons who may 
be selected by the Commission to effect such dissemination. II 

After receiving their final report, the AEC General Manager dis:-

solved the SL-l Board of Investigation. Although this essentially 

closed the case, the AEC plans to prepare a report on lessons learned 

from the accident so that the nuclear community can gain experience from 

it. Nuclear will review the publication when it becomes avail-

able. (J. R. Buchanan) 
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HYDROGEN FIRE AT PM-3A NUCLEAR POWER PLANT 

On October 7, 1962, a flash hydrogen fire occurred inside the con

tainment tanks of the PM-3A Nuclear Power Plant at McMurdo Sound, 

Antarctica. 11 There was no injury to personnel, no damage to major equip

ment, and no abnormal radioactivity produced. An analysis made after 

the accident showed that the fire was caused by the combustion of hydro

gen that was probably ignited by a line-to-line short. 

The PM-3A is a portable, medium-power, pressurized-water reactor with 

a capability of a net electrical output of up to 1500 kw.12 It was de-

signed, built, and is being operated by the Martin Company. 

The U.S. Navy will eventually assume responsibility for its operation. 

The reactor was designed so that the components could be readily trans

ported and then assembled with only those construction tools available 

at a remote site. The plant consists of a single primary coolant loop, 

a steam generator, and a turbine-generator. The major components of the 

plant are shown in Fig. VI-2. 

The plant containment system consists of four interconnected vessels 

that house the primary system components. The four vessels serve as ship

ping containers for the major reactor components when they are being 

moved to the plant site. When assembled the containers are partially 

buried in the ground in an upright position on a common base. The di-

. ameters of the vessels range from 6.5 to 8.0 ft and the heights from 

27.3 to 30.8 ft. The reactor vessel is housed in one of the containment 

vessels; the steam generator, coolant pump, and pressurizer are in a 

second; spent-core storage space is provided by a third; while the fourth, 
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a void vessel,provides additional expansion space to reduce the peak 

pressure in case of an incident. Normally the reactor and spent-core 

containers are filled with water to a high level (for shielding), and 

the other two vessels are dry. 

The PM-3A was made critical on March 3, 1962, and low-power opera

tion was started on July 7, 1962. From July 7 until the accident, the 

reactor was on the line continuously,except for a few brief shutdowns. 

Events on Day of Incident 

On October 7, 1962, at 0615 hr, the PM-3A experienced an automatic 

scram, the cause of which has not been determined. With plant conditions 

appearing normal, an attempt was made to start the reactor about 1 hr 

later. A scram occurred, however, because of a spurious signal from one 

of the nuclear instrumentation channels. Similar behavior had been ex

perienced previously when ion chambers became damp, and since no diffi

culty could be located, another startup was attempted about 30 min laterj 

the results were the same as before. 

More checking was done, and then an additional startup attempt was 

made at 0810 hr. A scram in this instance was caused by a trip of one 

of the three a-c power circuits. A short circuit in the steam generator 

level-indication system caused an overcurrent that tripped the circuit. 

Unsuccessful attempts were then made to restore the generator level in

dication. It was not known until later that the grounded circuit was 

inside the containment tank. 

A fourth attempt was made to achieve criticality near noon. Indi

cations were that the ion chambers were becoming increasingly damp, and 
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it was feared that this would prevent a startup. Since it was desired 

to hold the reactor above the heat-up range and check the nuclear instru

mentation behavior, pulling of the control rods was initiated at 1244 hr. 

The plant was shut down after it was noted that the rod position indica

tion was erratic. It was then determined that the difficulty was inside 

the containment tanks. 

After about 8 hr, the reactor equipment had cooled sufficiently to 

allow personnel entry to all containment tanks. The examination revealed 

that a fire of short duration had occurred that was centered in the upper 

portion of the steam-generator containment tank. Damage was largely super

ficial. The fire had scorched cables and paint, and the pressure of the 

shock wave had damaged junction box covers, sheet metal work, and some 

thermal insulation. The control-rod actuator-coil cans were partially 

collapsed around the holding coils and position-indicating mechanism. 

Cause of Incident 

A thorough investigation was initiated to determine the cause of the 

fire. All possible combustible material that could conceivably be pres

ent'in the containment tanks was investigated to determine which material 

had been present in sufficient quantity to be flammable. The investiga

tion revealed that the only combustible material that could have been 

present in sufficient quantity to support the fire was hydrogen gas. A 

combustible-gas detector was located in the containment tank near where 

the fire initiated, but it was not operating on the day of the accident, 

because of an operator error. 
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There were two major sources of hydrogen. One was radiolytic decom

position of the shield water normally in the reactor and spent-core con

tainment tanks. Calculations indicated that the hydrogen generated from 

this source after 36 days of operation would yield a concentration of 2% 

if uniformly distributed in all containment tanksQ The other source was 

leakage from the vapor space of the coolant system. The gas in the vapor 

space is formed by radiolytic decomposition of the coolant and from de

composition of the hydrazine added to the coolant as an oxygen scavenger. 

Most of the hydrogen in the coolant loop would normally accumulate in the 

pressurizer steam dome. On the day of the accident the stem packing of 

a block valve on the upper portion of the pressurizer was allowing sig

nificant leakage of steam and hydrogen. Calculations indicated that this 

leakage was sufficient to increase the hydrogen concentration in the up

per portion of the. steam generator container to the explosive limit. It 

is felt that the gas was probably ignited at 0810 hr when a line-to-line 

short occurred in the steam-generator level-indication system. 

The peak pressures that resulted from the fire were estimated from 

the physical damage. At a distance of 5 ft from the center of the ex

plosion the peak was greater than 5 psig, and at 20 ft from the center 

it was less than 60 psig. The containers were designed for a peak pres

sure of 126 psig. 

Corrective Action 

Proceeding on the assumption that all potential ignition sources 

could not be eliminated from the containment tanks, action was taken to 
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prevent the accumulation of explosive mixtures. Among the actions taken 

were the following: 

1. Fans and ducts were installed to eliminate stagnant pockets where 

hydrogen could accumulate, such as the, pocket above the pressurizer in 

the steam-generator containment tank. 

2. A second hydrogen detector was added. 

3. Modifications were made so that the air in all containment tanks, 

with the exception of the void tanks, could be sampled. 

4. It was established that prior to a reactor startup an inspec

tion would be made to ensure that the pressurizer system leakage was 

suffiCiently low to prevent loss of significant ~uantities of hydrogen. 

5. Changes were made in the operating procedures to ensure that 

the operator would be aware at all times of the approximate hydrogen 

distribution in the system and containment tanks. In the future, if 

the hydrogen concentration of the containment air rises to approximately 

2%, the plant will be shut down. Failure of both of the hydrogen detec

tors will also be a reason for shutdown. 

Martin Company personnel believe that these changes "Will result 

in safe plant operation. However, in the interest of reliability and 

long life, some additional modifications" are being studied. These in

clude alterations to the containment tank air-circulating system for 

increased reliability and the addition of a hydrogen-removal system. 

In addition to these actions taken at the PM-3A site, it is antici

pated that the ABC's Division of Licensing and Regulation will survey 

all existing reactors that have potential containment vessel hydrogen 
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sources. The survey will seek to determine whether these plants have 

sufficient protection against hydrogen explosions. (J. R. Buchanan) 
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CHANGES IN LICENSING REGULATIONS 

Amendments to the AEC rules and regulations published in the Code 

of Federal Regulations, Title 10, Chapter 1, are frequently proposed. 

Among those pertinent to nuclear safety that are being considered for 

change are Part 2, Rules of Practice; Part 20, Standards for Protection 

Against Radiation; Part 30, Licensing of By-Product Material; Part 40, 

Licensing of Source Material; Part 50, Licensing of Production and Uti-

lization Facilities; Part 115, Procedures for Review of Certain Nuclear 

Reactors Exempted from Licensing Requirements; and Part 150, Transfer 

of Regulatory Power. The proposed changes in Parts 2, 50, and 115 were 

designed to implement Public Law 87-615 passed by the 87th Congress. 

The various changes are discussed below. 

Part 2, Rules of Practice 

."Public Law 87-615 of the 87th Congress, which became 
law on August 29, 1962, adopted certain amendments of the 
Atomic Energy Act of 1954 designed to permit greater flex
ibility and to encourage informality in the conduct of li
censing proceedings conducted by the AEC [ref. 13]. 

"Section 1 of Public Law 87-615 authorized the Commission 
to establish one or more atomic safety and licensing boards, 
each composed of three members, two of whom shall be techni
cally qualified and one of whom shall be qualified in the con
duct of administrative proceedings, to conduct such hearings 
as the Commission may direct and make such intermediate or 
final decisions as it may authorize in proceedings with re
spect to granting, susp~nding, revoking or amending licenses 
or authorizations. The amendment also authorizes the Commission 
to delegate to such a board such other regulatory functions 
as the Commission deems appropriate. 

"Section 2 of Public Law 87-615 amended subsection 189a. 
of the Atomic Energy Act, which previously required a public 
hearing prior to granting a construction permit as well as 
prior to granting an operating license for a power or testing 

-
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reactor, by limiting the mandatory hearing requirement to the 
construction permit stage. The amended subsection 189a now 
authorizes the Commission also to dispense with advance public 
notice with respect to an amendment of a construction permit 
or an operating license on determining that the amendment in
volves no significant hazards considerations, and in other 
cases to issue an operating license or amendment to a con
struction permit or operating license without a hearing but 
on public notice of its intent to do so. 

"Section 3 of the Act amends subsection 182b. of the 
Atomic Energy Act by clarifying the scope of review by the 
Advisory Committee on Reactor Safeguards (ACRS) of appli
cations for licenses for power and testing reactors, by 
providing that the referral to the Advisory Committee on 
Reactor Safeguards of applications for amendments of either 
a construction permit or an operating license is discretion
ary on the part of the Commission. 11 

Amendments "designed to effectuate the provisions ... of Public Law 8'7-615" 

have been proposed. IIA new Section 2.721 would be added to [10 CFR] 

Part 2, providing for the establishment of atomic safety and licensing 

boards and for their duties and powers. " 

"A new Section 2.756 would be added to Part 2 encouraging 
the use of informal procedures consistent with the Act, the 
Administrative Procedure Act, and the Commissionts regulations, 
the orderly conduct of the proceedings, and t.he necessity of 
preserving a suitable record for review. " 

Part. 20, Standards for Protection Against Radiation 

On October 17, 1962, a proposed amendment to Part 20 on the modifi-

cation of labeling requirements was published in the Federal Register. 

A period of 60 days was allowed for comment. 14 

Part 30, Licensing of By-Product Material 

Amendments to Part 30 and Part 40 were published in the Federal 

Register of August 16, 1962, and went into effect immediately. 15 Both 

amendments were designed to prohibit the export of by-product and source 
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material from the United States if the exporter "knows or has reason to 

believe that any part of it is to be re-exported from the original country" 

of destination. The action was taken to prevent unauthorized shipment to 

Soviet bloc countries. 

The AEC staff still has under consideration an amendment proposed in 

January 1962 providing for the exemption or general licensing of certain 

by-product materials for medical use. 16,17 There had been considerable 

opposition to the amendment from those in the medical profession. Those 

opposing the change felt that the average medical practitioner lacked the 

necessary training in the application of radioisotopes. 

Part 40 .. Licensing of Source Material 

An amendment to Part 40 was published in the Federal Register of 

August 16, 1962. 15 The purpose is discussed under Part 30 above. 

Part 50, Licensing of Production and Utilization Facilities 

The pertinent provisions of Part 50 are to be amended to limit man-

datory referral of applications to ACRS in accordance with the purposes 

of Public Law 87_615. 13 The mandatory hearing requirement of Section 50.59 

would be eliminated. The purposes of the new law are discussed under Part 

2 above. 

Part 115) Procedures for Review of Certain Nuclear Reactors Exempted from 
Licensing Requirements 

The pertinent provisions of Part 115 will be amended to limit manda-

tory referral of applications to ACRS in accordance with Public Law 

87-615. 13 The purposes of the new law are discussed under Part 2 above. 
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Part 150, Transfer of Regulatory Authority 

An agreement ror the transfer of regulatory authority from the AEC 

to New York State was signed on October 15, 1962. 18 The agreement dif-

fered from thos"e previously s igned with other states in that it contained 

a Commission obligation to use its best efforts to cooperate with New York 

and other agreement states in the formulation of state and AEC programs 

i 
f0r protection against radiation. The AEC also agreed to ensure that 

such state and AEC programs will be coordinated and compatible. 

(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 

undue hazards resulting from exposure to radioactivity. Regulations 

that are followed to ensure that this responsibility is.fulfille~, while 

furthering 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 re-

garding the safety of the public before issuing either the construction 

permit or the operating license for a facility. It also requires au-

thorizationfor changes in facility equipment or operations that contain 

an element of hazard not previously reviewed or approved. The license-

application record of the various facilities is reported in Table VI-I. 

Recent actions and activities relative to specific reactors are described 

below. Some information on reactors is also included that is not dock-

eted legal action. 

Big Rock Point Reactor (Docket 50-155) 

The Big Rock Point boiling-water reactor of the Consumers Power 

Company achieved criticality September 28, 1962. According to the 

Consumers Power Company, it was the first reactor to be brought to ini-

tial criticality by utility company personneL 19 The AEC issued20 an 

IS-month provisional operating license for the reactor on August 30. 

After some disagreement as to the description of lithe location" 

of the plant operating areas for indemnification purposes, Consumers 

Power Company on September 19 agreed to the AECls description. The 
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Table VI-l. CALENDAR OF LEGAL STEPS IN LICENSING U. S. POWER REACTORS 

REACTOR INFORMATION CONSTRUCT ION PERMIT OPERATING LICENSE ! CURRENT STATUS 
NAME AUTHORIZED HEARING CONSTRUCTION ACTUAL OR HEARING AUTHORIZATION 

CODE REACTOR POWER ACRS'AL PERMIT' SCHEDULED ACRS 
EXAMINER TO OPERATE OWNER AND OPERA TOR EXAMINER 

NO. TYPE 
Mw(e) 

APPROV COMPLETION APPROVAL 
LOCATION Mw(t) APPROVAL I NO. DATE .DATE APPROVAL NO. DATE 

I I Authorized to load first BIG ROCK POINT 
50-155 Consumers Power Co. Boiling Water 157 47.8 Mar. 1960 May 1960 CPPR-9 5-31-60 1962 June 1962 DPR-6 8-30-62 core and operate at I Mw(t) 

Charlevoix County, Michigan 9-26-62 

BODEGA BAY Application not yet sub-
Pacific Gas & Electric Co. lIoiling Water 324 1965 mitted to AEC 
Bodega Bay, Calif. 

BONUS 
115-4 

USAEC Boiling Water 
50 16.3 Mar. 1960 June 1960 6-28-60* 1963 Final hazards summary 

Puerto Rico Water Resources Authority Nuclear Superheat 

I 
report filed in Feb. 1962 

Rincon, Puerto Rico ! 

BORAX-V , ,I 
None C Experimental Boiling Water, 35.7 2.7 Not Required Not Required Achieved criticality in 

nne National Laboratory Nuclear Superheat 
I 

Feb. 1962 
NRTS Idaho 

CVTR 
Plant to be ready for fue I 

50-144 Carolinas-Virginia Nuclear Power Associates 
Pressurized 020 

44.3 Dec. 1959 Apr. 1960 CPPR-7 5-4-60 Dec. 1962 July 1962 
Parr, South Carolina 

Moderator and Coolant loading in Dec. 1962 

DRESDEN Sept. 1959 6-2-60 
Nov. 1959 10-14-60 

i 50-10 Commonwealth Edison Co. Bailing Water 700 192 gr CPPR-2 5-4-56 Sept. 1959 May 1959 Oct. 1960 DPR-2 6-9-61 Initially critical Oct. 1959 
180 net May 1961 11-30-61 

i Grundy County, Illinois Sept. 1962 9-19-62 

ELK RIVER 
i iUSAEC Bailing Water 

115-1 58.2 22 Aug. 1959 Dec. 1959 12-18-59" 1963 May 1962 Planning startup 
Elk River Rural Cooperative Power Association Thorium Converter 

I Elk River, Minnesota 

EBWR 
Not Rtuired None 

USAEC Experimental Bailing Water 100 4.5 Not Required Operating since Dec. 1956 
Argonne Notional laboratory 

I I Argonne, Illinois 

! EBR-II 
Experimental Breeder I . No> 't,;"d None 

USAEC Fast Neutron Spectrum 62.5 16.5 Not ReqUired Startup planned in 1962 
Argonne National Laboratory Sodium Cooled I NRTS, Idaho 

EGCR 
Experimental 

Not Jquired 
I USAEC 

None 
Tennessee Volley Authority 

Graphite Moderated 84.3 22.3 May 1959 Dec. 1962 Not Required Under construction 

Oak Ridge, Tennessee 
Helium Coaled I 

FERMI 5-26-59 

Power Reactor Development Co. 
Fast Neutron Spectrum 11-18-60 Hearing on issuance of pro-

50-16 Plutonium Breeder 200 60 CPPR-4 7-14-61 Sept. 1962 visional operating license 
Detroit Edison Co. 

Sodium Cooled 11-29-61 scheduled for late 1962 
Monroe County, Michigan 8-6-62 

HALLAM Provisional operating 

USAEC Graphite Moderated July 1959 1-2-62 authorization permits "Wet 
115-3 

Consumers Public Power District Sodium Cooled 240 76 
Feb. 1960 June 1960 6-6-60* July 1962 Feb. 1962 July 1962 DPRA-I 

8-9-62 
Critical Experiments" and 
operation ,,!p to 15% of 

Hallam, Nebraska full power 
i 

HUMBOLDT BAY 
June 1960 

Prollisionol operating 

50-133 Pacific Gas & Electric Co. Boiling Water 163 4S.5 
July 1960 

Oct. 1960 CPPR-l0 11-9-60 Aug. 1962 Apr. 1962 Aug. 1962 DPR-7 8-28-62 license in effect; may not 

Buhne Point, California load unti I authorized 

INDIAN POINT (CETRI 
Pressurized Water 275 gr Final Design 5-4-56 ;~:iaIlY critical 

50-3 Consolidated Edison Co. of New York Thorium Converter 585 255 net June 1961 CPPR-I 8-4-61 
Apr. 1962 Nov. 1961 Feb. 1962 DPR-5 3-26-62 

g.2, 1962 
Buchanon,.New York 

LA CROSSE 

I 

USAEC 
Boiling Water 165 50 Not required 1965 Not rTuired 

Application not yet sub-
! Doirylond Power Cooperative 

I 
mitled to AEC 

Genoa, Wisconsin 

N. S. SAVANNAH 

Not Jquired Not Jquired 

Criticality achieved in 

None 
USAEC 

Pressurized Water 69 22,000 Dec. 1961 Dec. 1960 June 1961 
Dec. 1961; full power in 

States Morine Lines shp Apr. 1962. To visit Seattle 

Constructed at Camden, New Jersey _ in Oct. 1962 

PATHFINDER 
Boiling Water Initial criticality tentatively 

50-130 Northern States Power Co. 203 66 Feb. 1960 Apr. 1960 CPPR-8 5-12-60 June 1963 
Sioux Falls, South Dakota 

Nuclear Superheat scheduled for 1963 

PEACH BOTTOM High Temperature 

Philadelphia Electric Co. 
Unclad Fuel 

Feb. 1962 CPPR-12 Mar .. to Dec. Under construction 50-171 Graphite Moderated 115 40 Nov. 1961 2-23-62 
York County, Pennsylvania 1964 

Gas Coaled 

PIQUA OMR Operating authorization is 
115-2 USAfC (Reactor) Organic Cooled and 45.5 11.4 July 1959 Jan. 1960 1-7-60* Oct. 1961 May 1961 June 1962 DPRA-2 8-23-62 provisional; core loading 

City of Piqua Municipol Power Commission Moderated 

I not yet authorized 
Piqua, Ohio \ 

PWR 
Not RLuired None 

USAEC 
Pressurized Water 231 

68 gr 
Jon. 1954 Nov. 1957 Nov. 1957 Not Required Operating since Dec. 1957 

Duquesne Light Co. 60 net 
Shippingport, Pennsylvania 

SAXTON license amended for con-
Oct. 1961 11-15-61 duct of Phose I of R&D pro-

50-146 Saxton Nuclear Experimental Corporation Pressurized Water 23.5 3.2 
I 

Sept. 1959 Jan. 1960 CPPR-6 2-11-60 1962 July 1961 Aug. 1962 DPR-4 
10-3-62 gram at power levels to 

lIerks County, Pennsylvania ,23.5 Mw 

SRE 
None 

USAEC Graphite Moderated 
20 

IAtomics International & Southern California Edison Sodium Cooled 
6 Not Rruired Not Required Operating since Apr. 1957 

Santo Susana, California 

VBWR 
Test Reactor 

50-18 General Electric Co. 
Bailing Water 

50 5 CPPR-3 5-14-56 DPR-l 8-31-57 Operating since Sept. 1957 
Alameda County, California 

VESR Hearing on issuance of pro-

50-183 General Electric Co. 
Light Water Moderated, 

12.5 May 1961 July 1961 CPPR- " 8-10-61 
Apr. 1962 to visional operating license 

Alameda County, California 
Separate Steam Superheater Feb. 1963 planned for early 1963 

YANKEE (YAECI Financial 
Feb. 1960 April 1960 7-9-6 Operating since Aug. 1960. 

qualifica- 11-4-57 July 1960 7-29 Hearing wos held in Sept. 
50-29 Yankee Atomic Electric Co. Pressurized Water 485 141 Sept. 1957 CPPR-5 July 1960 May 1960 DPR-3 1962 to consider license 

tions 6-10-59 Dec. 1960 1- amendment for operation at 
Rowe, Massachusetts May 1959 June 1960 June 1961 6- 540 Mw(t) 

*Reactors classified 0$ porallel procedure cases (code numbers 115-1 to 115-4) do not require construction permits, but their construction and operation are authorized by AEC. 
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power company had wished to include its gross land holdings, whereas 

the AEC wished to limit indemnification to those areas that-normally 

will handle radioactive materials. 21 

On October 5 the power company requested22 authority to eXP9se in

dividuals in restricted areas to airborne contamination in excess of the 

limits provided in Part 20, Appendix B, Table I of the Code of Federal 

Regulations. Supporting arguments were sent to AEC but were not avail

able to the reviewer. The AEC has the request under consideration. 

Dresden Reactor (Docket 50-10) 

The license of the Commonwealth Edison Company was am~nded on 

September 4, 1962 to permit operation of the boiling-water Dresden re

actor at 200 Mw{e), that is, 20 Mw(e) higher than previously. 23 The 

thermal power limit was increased from 630 to 700- Mw. Some necessary 

changes were also made in the technical specifications. 

On August 23 the AEC advised the Company that its request for ex

emption from section 20.203 (c)(2) of Part 20 of the Code of.Federal 

Regulations, which requires the equipping of high-radiation areas with 

visual and audible alarms, was granted. 24,25 The AEC was satisfied 

that the proposed alternate controls and procedures were adequate. 

Commonwealth Edison notified the AEC in late August 20 that the 

Company no longer needed to request approval for alternate procedures 

for recording occupational exposures of Dresden employees because all 

employees have now signed form AEC-4. The Company1s original request 

was made on February 9, 1962, as described previously. 25,26 
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CVTR (Docket 50-144) 

A public hearing was held on August 28, 1962 to consider issuance 

of an 18-month provisional operating license for full-power operation 

of the heavy-water-moderated 44,3-Mw(t) Carolinas-Virginia Nuclear 

Power Associates pressure tube reactor (CVTR),27 A major point of con

sideration was the Southern Railway's concern about rail traffic con

trol on their single-track main line that at its nearest point comes 

within 300 ft of the reactor. A further hearing was held on September 21, 

with' respE;:ct to the railway matter. At the latter hearing the Southern 

Railway withdrew its opposition to the issuance of the reactor license. 28 

The Southern stated that the potential hazards to rail traffic were 

shown to be less than they "had been giv.en to understand" in meetings 

with power company representatives in 1961. On October 25, AEC Hearing 

Examiner McConnell recommended issuance of the provision operating 

. license. 29 

Elk River Reactor (Docket 115-1) 

On November 19, 1962 the 58-Mw(t) boiling-water Elk River reactor 

achieved a sustained nuclear chain reaction, 3D The AEC in mid-November 

had issued an 18-month provisional operating license for the reactor 

to the Allis-Chalmers Manufacturing Company. 31 The technical specifi

cations of the reactor were submitted to the AEC in July 1962 and hear

ings concerning the reactor's proposed operation were held in late 

August and early September.32,33 
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Enrico Fermi Atomic Power Plant (Docket 50-16) 

The ACRS on October 11, 1962 issued a favorable report concerning 

initial low power operation [up to 1 Mw(t)] of the Enrico Fermi fast-

breeder reactor. 34 Among points covered were the following: 

"Because of the novel character- of this installation, 
the Committee in its letter to the General Manager, dated 
July 29, 1955, felt obliged to point out that while the 
site had desirable features, and was considered suitable 
for a contained power reactor, certain safeguards should be 
provided and specific technology would have to be developed 
in order to give assurance of safe operation. These reser
vations were further amplified by the Committee in its let
ter of June 6, 1956, following a review conducted at its 
June 3, 1956 meeting. 

"In the years following the 1956 review, the applicant, 
the AEC and fast reactor groups abroad have conducted vigor
ous programs of developmental research which have greatly 
increased the knowledge of the behavior of fast reactors 
having high power densities. In particular fast reactors 
such as the Dounreay Fast Reactor in the U.K., in the 
USSR, and two additional core loadings of the EBR-I have 
been operated for some time. This information has resulted 
in improved understanding and confidence in analytical tech
niques. 

"Specific information has been developed which allows a 
more accurate and reassuring evaluation of such important 
features of the reactor design as temperature and power co
efficients, core distortions, Doppler and the con
tainment system. The Committ~e has followed these programs 
closely. 

!I'llhe reservations expressed by the Committee in its two 
earlier letters have been removed by the considerable body 
of data that has been amassed in the intervening years. If 

On Au~st 6, 1962 the Power Reactor Development Corporation was 

allowed to extend the latest completion data of the Fermi reactor from 

September 1, 1962 to May I, 1963. 35 The extension will allow time to 

complete construction and testing arising from developmental problems 

discussed earlier in Nuclear Safety.36 
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EBOR 

On Oct.ober 11, 1962, the ACRS reported on their review of the pre

liminary safeguards report of the 10-Mw(t) experimental beryllium oxide 

reactor (:EEOR). This high-temperature gas-cooled beryllium oxide-moder-

ator reactor is to be constructed at the National Reactor Testing Station. 

The ACRS suggested several additions to the safeguards proposed in the 

EBOR report. They were: 

Ifl. A reliable secondary shutdown system should be pro
vided. A single failure could incapacitate all four safety 
rods. The liquid emergency cooling system does not ful1fi11 
the shutdown function, because it may not supply reactivity 
suppression. 

"2. Firm assurance should be provided that the addition 
of the emergency cooling solution will not produce significant 
damage to the reactor vessel by thermal shock. 

"3. The filtration and iodine removal system should in
clude the building ventilation air. There would then be no 
need after an accident for special operator action to place 
the cleanup system in operation, and the chance of release of 
untreated air would be reduced. 

"4. The design should minimize the required operator 
actions in the event of an emergency. If 

The ACRS felt that with these modifications and with assurances to be 

provided by a proposed irradiation testing program, the reactor could 

be constructed at the proposed location "with reasonable assurance of 

subsequent operation with no undue hazard to the health and safety of 

the general public and the NRTS personnel. 1137 

Hallam Nuclear Power Plant (Docket 115-3) 

North American Aviation, Inc., was issued, on August 9, 1962, an 

amendment to its provisional operating authorization that will allow 

the 240-Mw(t) sodium-cooled Hallam reactor to be operated up to 15% of 
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full power. 38 On October 11) C. Starr, President of the Atomics Inter

national Division of North. American AViation, proposed that the ABC grant 

permission for full-power operation of the reactor without further hear

ings. 39 The proposal is under consideration. Starr also re~uested that 

the Consumers Public Power District be substituted for Atomics Inter

national as the reactor operator. 

Humboldt Bay Reactor (Docket 50-133) 

On August 2$, 1962, the Pacific Gas and Electric Company was issued 

an 18-month provisional full-power operating license for its 163-Mw(t) 

boiling-water Humboldt Bay reactor. 20 The ABC Hearing Examiner had recom

mended issuance of the license in a decision of· August 17. 40 After is

suance of the license, the ABC received individual letters from J. B. 

Neilands and D. E. Personen of Berkeley, California, making motions 

lito file and exception and/or intervention ll with respect to granting the 

reactor a license. 41 The Commission at a session on September 28 ordered 

that the motions be denied in all respects. 42 It was held that the peti

tioners had not appeared at the license hearings and were not parties to 

the proceedings. In addition it was felt that the requests were untimely 

and that there was no showing of interest that would justify intervention. 

In other action of September 28 the Pacific Gas and Electric Company 

license was amended to grant an exemption from the re~uirements of Section 

20.203(c)(2) of Part 20 of the Code of Federal Regulations concerning 

visible and audible alarms in high radiation areas. 42 Administrative 

procedures will guard against inadvertent entry into those high radia

tion areas where there are no control or alarm devices. 



Indian Point Reactor (Docket 50-3) 

The Consolidated Edison Company of New York on September 18, 1962 

notified the AEC that they planned to establish some additional activi-

ties within the exclusion area of their 585-Mw(t) pressurized-water 

Indian Point reactor. 21 The activities involve functions associated 

with transmission," distribution, and connnercial aspects of the Company 

in North Westchester County, New York. JLD additional 200 employees and 

150 vehicles will be present on the site. In October, Consolidated 

Edison reported to the AEC on several changes in their test and operating 

procedures. 43 

Nuclear Merchant Ship N.S. SAVANNAH 

In early November the AEC received from the States Marine Lines an 

operations analysis report covering the period May 1962 to November 1962 

for the 69-Mw(t) pressurized-water reactor of the N.S. SAVANNAH. 44 After 

a review of the operating experience, the ACRS issued a report on 

November 14 that made the following pOints: 45 

"Experience with the N.S. SAVANNAH .has shown that it is 
very important to have available an auxiliary electrical power 
source in port. It is even more important to have a reliable 
auxiliary power source at sea or during port entry in event of 
a scram or other unusual circumstances. The Committee urges 
early action to provide a reliable auxiliary source of power, 
with propulsion reversal capability, adequate for safe handling 
of the ship in port and at sea. 

liThe Connnittee would like to point out that the use of 
inert gas within the containment, a procedure necessary to 
diminish the fire hazard, has reduced drastically the pos- . 
sibility of carrying out maintenance within the containment 
and the possibility of making observations of the primary sys
tem performance at pressure and temperature. Experience at 
other reactors has indicated that this is an important facet 
of reactor safety. The Connnittee urges that all possible speed 
be employed to change the present control rod system to one 
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which will avoid the problems observed in the present system 
and which will permit adequate observation and maintenance 
within the containment. 

liThe Committee notes that the containment leakage and 
filter efficiencies are being checked frequently and recom
mends continued vigilance since performance has not always 
met specifications. The Corrnnittee believes that the pro
posed scheme for modification of the reactor compartment 
ventilation) cooling) and filtration system will be a desir
able improvement to the effectiveness and safety of this sys
tem and urges its early completion. 

liThe ACRS was informed of the proposed plans to visit 
the ports of San Francisco) Long Beach) Los" Angeles) Honolulu) 
Portland) San Diego) and Balboa before proceeding to Galveston. 
The N.S. SAVANNAH still has not had a long operational period 
and therefore decisions as to the ports visited and the docks 
selected should be made conservatively. In particular) where 
more than one suitable docking site is available in the same 
general area) the Corrnnittee believes that the more conserva
tive should be chosen regardless of other considerations. 

trIn summary) the Committee believes that by taking all 
practicable precautions the N.S. SAVANNAH) prior to the 
Galveston overhaul [in ea~ly 1963]) can enter ports found 
suitable under a conservative application of the Interim 
Port Analysis Factors without undue hazard to the health and 
safety of the public. However, the Committee recommends that 
only after the long term problems identified above have been 
rectified should consideration be given to any modification 
of the existing Interim Port Analysis except to clarify them 
or make them more conservative. tr 

Pathfinder Reactor (Docket 50~130) 

On September 6) 1962) a suggested regulatory schedule for the 

203-Mw(t) boiling-water Pathfinder reactor was made public. 46 If the 

schedule is met) the public hearing for a re~ctor operating license 

will be held in March 1963. 

Peach Bottom Reactor (Docket 50-171) 

On August 29) 1962) a petition was filed with the U.S. Supreme 

Court for a Writ of Certiorari concerning the lower court public. hearing 
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decision that granted a construction permit for the 117-Mw(t) high

temperature gas-cooled Peach Bottom reaet,;,(,. 25,,47 Specifically the 

Court is being asked to review the deci~L:.O:1 which denied L. W. Goldberg 

(the petitioner) :an. intervention request concerning the permit. 

Piqua Nuclear Power Facility (Docket 115-2) 

On August 23, 1962 a provisional operating authorization was issued 

for the 45.5-Mw(t) organic-cooled and -moderated Piqua reactor. 24 A 

hearing concerning the authorization had been held in June. 

In early September an estimated $4,000 fire damaged the facility 

during preliminary testing of the reactor. No one was injured and no 

radioactivity was involved. The fire started when organic material 

leaked from a thermocouple weld on a main coolant 1ine. 4S 

Plum Brook (NASA) Reactor (Docket 50-30) 

In late August 1962 NASA was granted an la-month provisional opera

ting license for its 60-Mw(t) light-water-coo1ed and -moderated Plum 

Brook research. and testing reactor. 24 Operation up to full steady

state power was authorized. 

Saxton Reactor (Docket 50-146) 

The AEC on August 15, 1962 authorized operation of the pressurized

water Saxton reactor at steady-state power levels not in excess of 

20 Mw(~).49 On October 9 the Saxton license was amended so that Phase I 

of the reactor's research and development program could be undertaken. 22 

The program has two major objectives: (1) to investigate the use of 
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boric acid in solutions as a neutron poison for chemical shim and (2) to 

investigate operation at specific powers up to 16 kw/ft of rod length. 

Vallecitos Boiling-Water Reactor (Docket 50-18) 

The General Electric Company on August 10, 1962 agreed to restric-

tions on the operation of the 50-Mw(t) Vallecitos boiling-water reactor. 

The restrictions, which were felt to be required because physical re-

moval of a single control rod could cause the reactor to become super-

critical when cold and xenon-free, were a~ follows: 

!lA. The center section of the missile shield shall be 
fastened in place by welding of the locking pin and such welds 
shall be removed only upon written authorization of the Manager, 
Reactor Operations, obtained after the reactor has been un
loaded to the extent necessary so that any control rod may 
be fully withdrawn or physically removed from the cold xenon
free core and the reactor maintained sub-critical. 

liB. Whenever any work is to be performed on a control 
rod drive involving major disassembly or removal of compo
nents, the reactor core shall be loaded such that any con
trol rod may be fully withdrawn or physically removed from 
the core without the reactor reaching criticality and at 
least one of the. 1211 refueling port nozzle covers shall be 
removed to vent the reactor vessel to the containment atmos
phere. 

"C. An audible alarm shall be provided near the con
trol rod drive. This alarm shall sound at any time that 
one or more rod blocks are removed and the reactor pressure 
is below that at which any control rod may be withdrawn to 
its maximum full-out position or physically removed from 
the core without the reactor becoming critical. 

liD. The key for the key-lock by-pass switch associated 
with the control rod ,stop system shall be kept in the cus
tody of the Manager, Power Reactor Test Operation when not 
in use. Specific written procedures shall be prepared for 
each occasion on which the key is used. 

"E. The reactor will be operated with control rod con
figurations such that at any time during operation that any 
one of the control blades fails to move from its operating 
position of withdrawal when the scram signal is given, the 
reactor will remain sub-critical by 0.005 K, by the negative 



reactivity due to temperature and/or xenon. If more than 
one of the withdrawn control rods fails to move or to travel 
to the full-in position,when a scram signal is given, the re
actor shall be maintained in a sub-critical condition by a ' 
minimum of 0.005 K by the use of the liquid poison system de
scribed in the application at such time as it is required to 
maintain this minimum shutdown margin. Poison must be in
jected after 24 hours even if temperature, can be maintained 
and if all control rods have not been fully inserted or if 
some fuel has not been removed from the core. II . 

On August 30, the ACRS reported on the VBWR shutdown margin as follows: 50 

IIWith the mechanical and electrical safeguards, and the 
administrative procedures as described in the referenced docu
ments 49 ,51,52 made effective, and because the diminished shut
down margin will exist for a definitely limited time during 
which the consequences of excessive control rod withdrawal will 
be continuously recognized by operating personnel, the ACRS 
believes that the VBWR may be operated as proposed without un
due risk to the health and safety of the public. II 

Vallecitos Experimental Superheat Reactor (Docket 50-l8~) 

The General Electric Company on October 6, 1962 advised the AEC 

that the expected completion date of the l2.5-Mw(t) Vallecitos Experi-

mental superheat reactor should be changed from February 28 to June 30, 

1963. 43 TPeGeneral Electric Company wishes to convert the construc-

tion permit to a 10-year operating license at an early date. 

Yankee Reactor (Docket 50-29) 

On August 25, the ACRS expressed their feelings on proposed changes 

at the pressurized-water Yankee reactor. 50 Comments on the changes,' whic.h 

entail increasing the maximum steady-state power level from 485 to 540 

Mw(t), were as follows: 

"This power plant has operated successfully throughout 
the life of Core I. The experience obtained during this 
period has indicated the possibility of operation at a higher 
power level with Core II. The major operational and plant 
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changes proposed include: (a) an additional safety injection 
pump, (b) automatic low pressure activation of the third charg
ing pump} (c) changed scram requirements, (d) elimination of 
automatic rod withdrawal, and (e) a limitation of amount of 
rod withdrawal at power during any eight-hour period. 

"Power coefficients and moderator temperature coefficients 
have been determined at 2000 equivalent full power hour inter
vals during Core I life to determine the possible effect of 
plutonium build-up. These tests were carried on to substan
tiate previous theoretical calculations which had indicated 
that the effect of plutonium build-up would not be signifi
cant. Data developed during Core I life have shown that there 
has been no significant effect. The licensee proposes now to 
make these determinations during initial start··up after fuel 
changes, and scheduled generator load changes and plant 
shut-down only. 

"The Advisory Committee on Reactor Safeguards believes 
that the change in frequency of the 2000-hour tests may be 
allowed and that this reactor may be operated at a power 
level of 540 Mw thermal without undue hazard to the health 
and safety of th~ public. II 

At a public hearing on September 20} the AEC Licens and Regulation 

Division recommended that the proposed increase in power level be granted 

despite a recent setback at the reactor. 53 It was reported at the hear-

ing that the ability to use 11 of the 22 flux wire thimbles in the re-

actor core had been lost and that the faulty thimbles had been sealed 

to prevent loss of coolant. It was felt that the reactor can be operated 

in complete safety with the thimbles. Yankee also reported on 

recent sticking of one control rod. The difficulty had been corrected, 

however, and all 24 rods had gone through successful drop tests. 

On October 11 Yankee was granted the license amendment authorizing 

the requested increase in power level and revisi~~ the technical specifi-

cations. 22 (3. R. Buchanan) 
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SAFEGUARDS REPORTS AND SELECTED READING 

The recently issued safeguards reports and selected literature per

taining to hazards of reactors are listed 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. Allis-Chalmers Mfg. CO' J Pathfinder Atomic Power Plant Program and 

Organization for Preoperational and Nuclear Testing, USAEC Report 

ACNP-6112. 

2. Babcock and Wilcox Co., Pool Test Reactor Hazards Evaluation, USAEC 

Report BAW-74, May 1958. 

3. Babcock and Wilcox Co., Preliminary Hazards Summar.! Report, Babcock 

and Wilcox Test Reactor, USAEC Report BAW-18.3, July 1962. 

4. J. Tadmor (ed.), Israel Research Reactor-I Hazards Evaluation Report, 

Israel Atomic Energy Commission Report IA-689, December 1961. 

5. F. L. Bentzen and J. G. Crocker, SPERT IV Hazards Summary Report, 

USAEC Report IDO-16689, Phillips Petroleum Co., July 7, 1961. 

6. R. E. Heffner et al., SPERT IV Facility, USAEC Report IDO-16745, 

Phillips Petroleum-Co., Feb. 22, 1962. 

7. A. Nelson Tardiff: Some Aspects of the WTR ~~d SL-l Accidents, USAEC 

Report IDO-19.308, Apr. 9, 1962. 

8. Los Ala~os Scientific Lab., Fast Reactor Core Test Facility Safety 

Analysis Report, USAEC Report LA-2735, August 30, 1962. 

9. J. E. Mahlmeister et al., Engineering and Constructing the Hallam 

Nuclear-Power Reactor Structure, USAEC Report NAA-SR-7366, 

Atomics International, 1960. 
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10. Lockheed Nuclear Products, Experiment Design Manual and Hazards 

Analysis for NASA, Effect of Nuclear Radiation on Materials at 

Cryogenic Temperatures, USAEC Report NP-11630, Sept. 1, 1960. 

11. Manhattan College, Manhattan College Low Power Critical Reactor 

Hazards Summary Report, USAEC Report NP-11885, 1962. 

12. Selwyn S. Berg, Final Safeguards Report to the U.S. Atomic Energy 

Commission for the Cornell University Zero Power Reactor, USAEC Re

port NP-12045, Cornell UniverSity, May 1962. 

Hazards Summary for the L-77 Laboratory Reactor for the University 
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