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FOREWORD

-

This Accident Analysis includes the original draft Accident Analysis (dated February 1965) as Part I
and subsequent formal AEC Safety Review Questions and ORNL Answers (as Part II) as submitted to ob-
tain authorization to operate HFIR at the nominal 100-Mw (thermal) design power level. The various por-

- tions of the accident analysis are left as originally submitted for the reader to follow such changes in

thought or design as occurred and to record the reasons why the changes were made. Footnotes were
added to the earlier work referring to the later comments. The HFIR Functional Description referred to
as ORNL-3572 in the accident analysis is the original version dated May 1964. This was revised in
March 1965; however, topic headings were the same. Safety review questions and answers refer to this
first revision. , o

The HFIR functional description ORNL-3572 will be revised to reflect the reactor that exists at about
March 1, 1967. Thus, this second revision provides the necessary background material for this Accident
Analysis, ORNL-3573. .

Volume I of ORNL-3572 is basically descriptive in nature and is for the purpose of acquainting the
reader with just what the HFIR is and how it operates. Except where necessary for clarity, little empha-
sis is placed on the design calculations. The’interested reader will find in Appendix C of ORNL-3572 a
list of HFIR reports which constitute the detailed basis for the design. The various operating parameters
cited include both design numbers and the actual values if they differ from them to some extent.

Volume II of ORNL-3572 contains a selected group of HFIR design drawings which, if used in con-
junction with text and figures in Vol. I, will materially aid in gaining an understanding of the system.

The information contained herein is primarily the result of studies performed by F. T. Binford and

'other members of the HFIR project, which was directed by C. E. Winters until December 1961 and since

then by A. L. Boch and T. E. Cole as Director and Technical Assomate Director respectively. Among
those who have contributed either by supplying analysis or assisting in the review of the manuscript are
F. T. Binford, R. D. Cheverton, T. E. Cole, W. K. Ergen, M. J. Kelley, J. O. Kolb, J. P. Nichols, T. M.
Sims, G. M. Watson, W. R. Wise, and their co-workers.

The Editors
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ABSTRACT

The High Flux Isotope Reactor is a light-water moderated and cooled, beryllium-reflected flux-trap
reactor designed and built to operate at 100 Mw (thermal) for the primary purpose of producing significant
quantities of the transplutonium isotopes.

The reactor system is equipped with two types of containment. The primary containment consists of
the reactor primary coolant system, including the reactor vessel and associated high-pressure piping.
This system alone is capable of containing the more likely and more serious accidents. The secondary
containment is accomplished by controlled leakage into, and the constant discharge from, the reactor
building of ~ 28,600 cfm of air through appropriate filters to the 250-ft HFIR stack.

The accident analysis (Part I) reveals that radiation doses following the maximum credible accident,
taken to be a 50% core meltdown, would not exceed the guidelines set forth in 10 CFR, part 100. These
doses would be almost entirely due to iodines and noble gases.

The safety review questions and answers (Part II) record the various additional information requested
by the USAEC and such design changes as occurred following the draft Accident Analysis. '
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Part I. The High Flux Isotope Reactor — Accident AnalySis

PREFACE

" This analysis of the consequences of potential accidents to the High Flux Isotope Reactor
is the second of two documents which constitute the safety analysis of that reactor. The first?
of these presents a reasonably detailed description of the reactor and its ancillary facilities.
The accident analysis,v which deals primarily with potential environmental contamination and
its attendant hazards to the general population, refers frequently to this description.

During the course of the accident analysis it became obvious that certain design changes
were desirable in order to enhance the overall safety of the system. Where these are not re-
flected in 6RNL'—3572, they have been briefly described in footnotes herein or have been dis-
cussed in the text. A revision to ORNL-3572 was issued to AEC reviewers, incorporating these

changes and bringing that document up to date as of March 1965.

1F. T. Binford and E. N. Cramer (eds.), The High Flux Isotope Reactor — A Functional Description,
ORNL-3572 (May 1964). .



HFIR

1. INTRODUCTION

The High Flux Isotope Reactor (HFIR), which is described in detail elsewhere, ! is being designed
and built for the primary purpose of generating thermal neutron fluxes in excess of 1015 neutrons cm™2
sec™! in order to produce relatively large quantities of the transplutonium elements. In general, the re-
actor design concepts fall within the confines of existing technology; and therefore, most of the safety
problems associated with its operation have been dealt with before in connection with the design and
operation of other ORNL reactérs. ’

The design of the reactor and its auxiliaries has, to a very large extent, been influenced by two im-
portant requirements: (1) that the reactor be kept as free as possible from frequent or lengthy shutdowns
other than those requited for refueling and routine maintenance, and (2) that significant radioactive con-
tamination of the environment from any cause whatsoever be prevented. The former is necessary to ensure
the required continuity of operation. The latter is, of course, required of any' reactor built and operated
at ORNL; it is provided for by the control aﬂd safety systems? and by the operating procedures® and is
guaranteed by the reactor containment features.* I

In addition to the fuel cladding, the reactor is provided with two other types of containment. The

first of these, which may be considered ‘‘primary containment,’’ is the reactor pressure vessel and the

primary coolant loop.3 This system has been deliberately designed so that during normal power operation .

even a major release of fission products from the fuel® can be handled in a routine manner and only a
relativ;ely short time would be required before normal operation could be resumed. Virtually all the ac-
tivity released from the fuel would remain trapped in the primary coolant loop and could be removed in
an orderly fashion by decay and by the use of the primary coolant system demineralizers’ and the hot
off-gas (HOG) filters. 8

!F. T. Binford and E. N. Cramer (eds.), The High Flux Isotope Reacfor — A Functional Description,
ORNL-3572 (May 1964) (hereafter referred to as ORNL-3572).

20RNL-3572, chap. 8.
30ORNL-3572, sect. 12.5,
YORNL-3572, chap. 4.

. SORNL-3572, sects. 5.4 and 6.2.
SORNL-3572, sect. 9.4.
"ORNL-3572, sect. 6.2.2.
80ORNL-3572, sects. 4.6 and 4.7. -

!
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Tﬁe second type of containment is furnished by the HFIR dynamic containment or ‘‘confinement”’
system.® Air is constantly exhausted from the special building hot exhaust system (SBHE). 1° This
system, designed to remove a total of ~28,600 cfm of air, directs the exhaust through appropriate filters
to the 250-ft HFIR stack, with the stack discharge orifice at elevation 1085 ft. It provides constant in-
leakage of air to the potentially contaminated areas, thus preventing the outleakage of air- or vapor-borne
fission products from the building at ground level. The effluent air, in passing through the SBHE filters,
deposits therein, with the exception of the noble gases, virtually all the airborne activity. Of the 28,600
cfm exhausted from the building, approximately 5000 cfm is exhausted through inlet registers located under '
the plastic pool cover.!! Thus, for those cases where the pool cover remains in place following a fission
product release from the fuel, a third line of containment is operative. The pool cover, however, is pri-
marily for the protection of personnel in the building, and its presence will prevent or greatly reduce the
release of activity into the reactor bay itself.

The secondary, or building, containmént is required to provide protection only if the pr{mary contain-
ment is inoperative. This may occur under the following conditions: (1) when a fission product release
from the fuel occurs while the reactor vessél is open, (2) as a result-of an accident to the fuel element
or to the target while they are being handled or stored outside the reactor vessel, (3) because of an ac-
cident involving an experiment or other source of radioactive material not contained in the primary loop,
or (4) in the extremely unlikely event of a primary coolant system rupture concurrent with a fission product
release within the closed reactor vessel. Nevertheless, the secondary containment is a maximum reli-
ability system which is capable of handling any ctedible accident and which will always bé in operation
whenever there is a possibility of any significant release of radioactivity. Administrative safeguards
. require that the secondary containment be in operation whenever the reactor is operating or when fuel is
being handled. Normally, the system will only be shut down when this is required for maintenance or
testing. buring such periods, special procedural safeguards will be effective in preventing reactor startup
and fuel handling. v

Another type of environmental contamination involves the accidental introduction of contaminated
water into White Oak Creek as a result of spillage and runoff or because of the failure or malfunction of
the HFIR aqueous waste disposal system.'? Such events are effectively prevented by the design of the
system !3 and by operating procedures but in any event would be relatively minor in terms of hazard to
the population. The activity level of the creek is constantly monitored,'* and its rate of discharge to the

Clinch River through White Oak Lake can be controlled. Moreover, the time lag between introduction of

90RNL-3572, chap. 4.
1°ORNL-3572, sects. 4.5 and 4.7.
110RNL-3572, sect. 5.5.1.
120RNL-3572, sect. 11.3.

13The oniy significant potential source of contaminated runoff from the primary coolant system is a leak in the
pipe tunnel. This area is equipped with a curb of sufficient height to retain any leakage and direct it to the Pro-
cess Waste Drainage (PWD), where it may be controlled.

14R. J. Morton (ed.), Status Report No. 1, Clinch River Study, ORNL-3119 (July 1961).



contaminated water into the watershed at the HFIR site and the appearance of activity at the mouth of the
creek is between 12 and 24 hr. !5 This gives ample time to institute control measures or to spread the .

warning downstream should this become necessary.

2. METHOD OF ANALYSIS

The method which has been selected to pursue the investigation of the environmental consequences
of an accident consists first of a detailed examination of the results of a ““unit’’ release of activity and
then the application of the results so obtained to releases of various magnitudes. The only credible
cause for a massive release of fission products ffom the fuel is overheating to an extent sufficient to
cause melting and destruction of the integrity of the fuel cladding. This can be brought about either by
an increase in power beyond the capability of the heat removal mechanisms, a decrease in heat transfer,
or a combination of both. | -

The consequences of such an occurrence will vary, depending upon whether or not the primary cooling
system, which is also the primary containment, remains intact throughout the incident. There are three
types of potential accidents in which the primary containment is definitely not in operation. These are
as follows:

1. a core meltdown caused by a power excursion during low- or zero-p&wer testing with the pressure
vessel open, ' :

2. melting of some portion of a spent fuel element in the reactor or storage pools due to loss of natural
convection cooling shortly after removal from the reactor vessel,

3. acriticality accident in the pool as a result of the mishandling of new or slightly spent fuel elements.

Because of various considerations to be discussed subsequently all these potential accidents are
relatively minor in terms of fission products released and environmental conséquences.
.

There are two types of potential accidents to the fuel which could occur while the primary contain-

ment is operative. These are:

4. a meltdown during power-operation due to a power excursion,

5. a meltdown during power operation.because of flow blockage or other type of heat-transfer loss.

Although the magnitude of the release from the fuel in the latter two cases may be relatively large,
few or none of the fission products'would be released to the ;er.1vironment, but they would be retained
within the primary containment.

Finally it is necessary to consider the case where the meltdown occurs during power operation and
is either of sufficient violence to rupture the primary containment or occurs concurrent with a rupture of
the primary containment. It will' be seen that the .energy required to cause a violent rupture of the primary
system is so great that such an occurrence may be considered incredible. Moreover, only a relatively
large rupture of the primary system can cause depressurization quickly enough to significantly damage

the core. Nevertheless, a sixth case will be considered:

15W._H. McMaster, ORNL Health Physics Division, private communication (March 1964).
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6. a meltdown during power operation due to a power excursion or heat-transfer loss concurrent with a
rupture of the primary coolant system.
In addition to these six, all of which directly involve the fuel elements, there are three other types
of potential accidents which, although they are in general much less severe, require consideration,

These are:

7. an accident to the plutonium target'® caused by mechanical damage or overheating,
P g y g g

8. an accident involving radioactive material other than that contained in the fuel or target, that is,
contaminated waste, ion exchange resin, etc.,

9. an accident to an experiment other than the target.

Each of these types of accidents will be discussed, and those which may result in significant en-

N

vironmental contamination will be considered in detail.

3. CONSEQUENCES OF THE EMISSION OF FISSION PRODUCTS FROM THE HFIR STACK
.FOLLOWING AN ACCIDENTAL RELEASE

Calculation of the downwind radiation doses to be expected as a result of the emission of fission
products from the HFIR stack have been made using the Gaussian plume formula.!” The method, which
takes into consideration decay, growth of daughter products, and the augmentation of the stack height
due to emission velocity, is described in Appendix A. The data presented in this appendix are based
upon release from the fuel of all the fission produEts present in 0.001% of the fuel (1 kw equivalent)
immediately following 15 days’ operation at 100 Mw. Aside from the exceptions noted therein, the re-
sults do not include any allowance for the effect of the SBHE and HOG filters, the demineralizers, or
any other decontamination mechanism such as scrubbing action by the primary coolant and pool water
or deposition on the building and duct walls.

The doses for the accident cases may be obtained by utilizing these results, in connection with
the reactor power corresponding to the amount of fuel affected, tog(ether with an appropriate reduction
to represent the decontamination factors expected.

Two cases have been considered: (1) the ‘‘worst average’’ case in which it is assumed that those
meteorological conditioﬁs which maximize the dose persist independently for each point downwind
throughout the incident, and (2) the ‘‘most representative’’ case in which the most probable meteorol-
ogical .condi)tions prevail. 1® Because it is extremely unlikely that ‘‘worst average’’ conditions will
exist for.any point during an accident and impossible that they exist for more than one point, and be-
‘cause the “most representative’’ conditions do not correspond to a lower bound, the mean value of
these two cases is considered to be a conservative basis upon which to estimate the radiation doses
and, therefore, has been selected for this purpose. It is worth notinﬂg that the results so obtained are

considerably more pessimistic than those obtained under the conditions most commonly employed in

16ORNL-3572, sect. 5.2.1. _
17F. A. Gifford, Jr., Nucl. Safety 1, 3 (March 1960); 2, 2 (December 1960); 2, 4 (June 1961).

18See Appendix A, sect. 4, for a more precise definition.



previbus safety analyses, namely, moderately stable atmospheric conditions and a wind speed of
1 m/sec. 1920 This is particularly the case within 5 km of the stack.

In order to facilitate the application of the decontamination factors the fission products have been
divided into five groups according to their release characteristics and the type of radiation doses which
they deliver.

1. Fission products important with respect to internal dose are

a) iodines,
b) bone seekers,
c) all others.
2. Fission products important with respect to external or submersion dose are
a) néble gases,
b) all others.
The internal and external doses to be expected following a unit release of fission products from

the fuel are given as a function of distance downwind in Figs. 1.3.1-1.3.6. No credit for filtration or

19g. N. Cramer (ed.), A Critical Discussion of 23 US Power Reactor Hazard Reports, to be published.

20_]. J. DiNunno et al., Calculations of Distance Factors for Power and Test Reactor Sites, TID-14844
(March 1963). .
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other méans of decontamination is included in these.curves, and it is assumed that all the fission
products in the affected fuel reach the stack. Decontamination effects will be included separately.
With the exception of the noble gases, all doses are based on rapid emission from the building and an
infinite exposure time. | ’ ' ‘

In the actual cases, it is assumed that following a meltdown 50% of the iodines, 100% of the noble
gases, and 2% of the other fission products will escape from the immediate vicinity of the affected
portion of the fuel. These fractions are in agreement with current practice and appear to represent

reasonably realistic estimates, although the fraction chosen for the solids is somewhat higher than that

usually recommended. ??

21G. W. Parker, Trans. Am. Nucl. Soc. 6(1), 120 (June 1963).




The design criteria specify that the filter media in both the SBHE and the HOG?? systems be ca-
pable of retaining 99.95% of all particulate matter having a diameter greater than 3 p and 99.99% of the
(reactive) iodine. Laboratory-scale investigations with filter systems using these media indicate that
overall decontamination factors up to 3000 for iodine can be achieved.?® A full-size filter system
similar to, but somewhat less elaborate than, that of the HFIR has been tested in the Oak Ridge Re-
search Reactor, and in these tests a decontamination factor of approximately 600 (ref. 24) was demon-
strated. Because in any such accident the iodine is released under water and must be conveyed first

through the water and then through either the SBHE or CHOG ducts before reaching the filters, it is

220RNL-3572, sects. 4.7.1 and 4.7.2.
23Nuct. Safety Program Semiann. Progr. Rept. Dec. 31, 1963, ORNL-3547.
2%Letter from R. E. Adams and T. M. Sims to F. T. Binford, June 16, 1964.
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estimated that the amount of iodine actually reaching the filters will be reduced by a factor of between
3 and 10. Thus it would appear conservative to assume an overall decontamination factor for iodine
of 2000. This, as will be shown later, is higher by a factor of 100 than that necessary to satisfy the
limits established by 10 CFR 100, under MCA conditions.

There appears to be no obvious decontamination mechanism which will readily remove the noble
gases from the effluent stream. They are, however, released under water and do have finite solubility.
Nevertheless it will be assumed that 100% of the noble gases are released from the affected portion
of the fuel, and that these pass through the system and are discharged from the stack.

Experience has shown that the mobility of the nonvolatile fission products is ]esé than that of the
iodines, that the filters will be more effective in removing them, and that they will be more effectively
retained in the water and on the various surfaces. It is conservative to assume that both filtration and
retention in the buiiding will each be at least 50% more effective in the case of the nonvolatile fission
products than in the case of the iodines. Consequently an overall decontamination factor of 4500 is

assumed for the nonvolatile fission products.
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The assumptions made regarding decontamination are summarized in Table 1.3.1.

It will become obvious that the controlling doses will be the external, or submersion, dose due to
the noble gases and the thyroid dose due to the inhalation of iodine. The internal and submersion doses
. due to all other fission products are several orders of mag\nitude less than those and will not be con-

sidered further here.

Table 1.3.1. HFIR Decontamination Factors

7
Fraction Fraction Fraction Decontam-
Released Escaping Escaping ination
from Fuel Deposition Filter Factor
Iodines 0.5 0.333 0.0015 2000
Noble gases 1.0 1.0 1.0 ' 1
Nonvolatiles 0.02 0.222 0.001 4500
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4. INTEGRITY OF THE CONTAINMENT SYSTEM

. The foregoing results hold only provided that the containment systems function as designed. A
schematic diagram_of these systems is pfesented in Fig. 1.4.1, and reference to this diagram will fa-
cilitate the subsequent discussion. In the case of accidents which occur within the primary coolant
system and do not involve breaching of that system, any escaping fission products must pasé not only
through the CHOG filters but also through the SBHE filters as well. Moreover, because the automatic
block valves (see p. 15) will close when a high radiation level is detected in the primary coolant sys-
tem, very little activity will actually reach these filters. For all other types of accidents where there
is a possibility of a significant fission product release into the building itself, the activity must be
removed by the SBHE sysfem. Both the SBHE and the off-gas systems are designed for maximum reli-

_ ability, and their failure concurrent with a fission product release is not.considered to be credible.
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Nevertheless, four types of failures could be postulated and it is necessary to examine them. They
are: (1) failure of the SBHE or CHOG ‘fans, (2) failure of the SBHE or CHOG filters, (3) failure of the
automatic block valves, and (4) an accident of sufficient violence to tear a large hole inthe building.
Thesg will be discussed below; however, it should first be pointed out that the secondary containment ‘
alone is always adequate to contain any accident provided.that the building remains intact and the SBHE
system is in operation. Moreover, in many cases — those in which the primary coolant system remains
closed — the primary containment alone is adequate. ‘

Failure of the SBHE or CHOG Fans. — Failure of the SBHE fans would have two results: (1) the
building forced draft would be cut off and (2) the effective stack height would be reduced to 76.2 m,
the actual stack height. Neither of these results is of any consequence provided it dbes not occur
concurrently with a fission product release into the building itself. This is because any fission product
,release frém the primary coolant system is routed through the CHOG filters and blower to the' SBHE
filters. Moreover, if the release in the primary systém is of major.pmportions, the block valves will |
close automatically and thus isolate the fission products in the primary containment loop. Reduction
of the ef_fective stack height to the actual stack height would increase the maximum downwind doses,
which occur at a distance of about 1 km from the stack, by a factor of about 1.5, and would have little
effect at greater distances. .

The SBHE fans* are installed in duplicate. > One fan is in continuous operation while the other
is on standby. The standby fan will come on the line upon an indication of significant loss of air flow.
The fans receive their power, réspectiyely, from{one of the two normal-emergency power supplies. 2°
Normal power is supplied from the preferre.d TVA feeder. Upon failure of the preferred feeder, the buses
are automatically switched to the alternate TVA feeder. Should this also fail, both emergency gener-
ators start automatically and power is fed to the preferred fan. Should emergency power to this fan
fail, the second e_mergen\cy generator will start the standby fan. Failure of the preferred fan or motor
will cause a loss of air flow which will actuate automatic startup of the standby fan. 27 1t is believed
that this system is sufficiently reliable to rule out the credibility of an SBHE fan failure concurrent
with a fission product release from the fuel.

Failure of the CHOG fans concurrent with a fission product release into the prima;y coolant system
would merely result in a decrease in the rate at which gaseous and Vapor—borne activity would reach
the SBHE filters. Because of the automatic isolation by the block valves, only relatively small or éon-
trolled amounts of activity will reach these filters. Failure of the CHOG fans following a release into
the building would be of no consequence from an environmental point of view. The CHOG fans are in-
stalled in duplicate and are connected to their power supplies in a ménner quite similar to the SBHE

fans. Their failure concurrent with a fission product release is not considered likely enough to be

credible.

*Answer 53 describes the addition of a third SBHE fan in parallel with the original fans.
250RNL-3572, sect. 4.7.1. :

260RNL-3572, sect. 10.1.

270RNL-3572, sect. 4.9.1.
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Failure of the SBHE or CHOG Filters. — Because the SBHE and CHOG filters 28 constitute the final
barriers which prevent fission products from entering the atmosphere, it is-important that their efficiency
be maintained. As has been pointed out in Sect. 3, it is expected that each of these banks of filters
will achieve a decontamination factor of about 700 for iodines and over 1000 for solid fission products.
As will be seen in Sect. 6, these factors are considerably greater than is actually required to prevent
intolerably high environmental contamination of the atmosphere. As a practical matter, every effort will
be made to achieve: the highest decontamination factors consistent with safety and economy. The filters
will be tested following installation and periodically thereafter.

As originally designed, each bank of filters contains in series a Fiberglas prefilter, an absolute ‘
filter, two charcoal absorbers, and a final absolute filter. In each system a standby filter bank is pro-
vided. Once installed and tested, the only obvio-us cause of gross filter failure is fire. Mogo,ver, be-
cause in each bank two charcoal absorbers are installed in series, failure of one absorber section alone -
will not result in complete failure of the system. ’

The Fiberglas is fireproof, and the absolute filters are fire resistant; however, the charcoal is flam-
mable. While it is possible to postulate various ways in which the charcoal could be ignited, the only
credible mechanism for supplying large amounts of heat to the charcoal is the absorption of energy
from the decay of fission products. trapped thereon. A conservative estimate 2% of the average temper-
ature rise in the CHOG filters, should the iodine inventory available from the HFIR MCA be trapped
within the first 0.2 in. of charcoal on the first filter, is about 50°F. A similar calculation indicates
a 3°F average temperature rise in the SBHE filters. It is desired to prevent the temperature from in-
creasing above 300°F, which is well below the reported ignition temperature of 550°F. In view of the
automatic isolation of the primary coolant loop in the event of a major fission product release and the
small average temperature rise in the filters which could result from deposition of the iodine inventory,
it appears impossible to achieve the ignition temperature of chércoal. Nevertheless, precautions are
being ta;ken to guard against such an ‘“‘incredible’’ fire. 4

These precautions have taken the form of a design change in which the exhalust» from the CHOG
filters is routed through the SBHE filters rather than directly to the HFIR stack. This imposes a second
set of filters between the CHOG sys;em and the atmosphere and reduces the number of parallel paths
by which activity can reach the atmosphere.

In addition, silver-plated copper mesh filters will be installed between the absolute filter and first
charcoal absorber in both the CHOG and SBHE filter pits. These will reduce the temperature rise in
the charcoal by carrying some of the iodine load and will.also setve as flame ‘arresters shogld a fire
occur at a point upstream of the metal filters.

With these changes, it is believed that the failure of the filter system concurrent with a reactor

accident can be considered incredible.

28ORNL-3572, sect. 4.7.
29%, T. Binford, January 1965 (unpublished).
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Failure of the Automatic Block Valves. — As a result of the safety analysis, it became apparent
that for many of the postulated accidents the results could be minimized by taking advantage of the
block valves 3° in the pressure letdown lines. Each of these four lines contains three valves in series.
One of these provides for normal pressure regulation and the other twb are block valves, both of which
are equipped with pneumatic operators. The normal function of the block valves is to close upon re-
duction in system pressiire below normal and thus prevent the flow of primary coolant system Qater to
the primary coolant cleanup systém.

In addition to.this normal function, the operation of the block valves has been modified so that
upon the detection of high radiation in-the primary coolant system, a signal is transmitted to the safety
system which causes aufomatic closing of both block valves in all the pressure letdown lines. The
detectors and associated electronics have safety system reliability (two out of three coincidence cir-

. cuits which may be tested). The same signa,I which closes these block valves also initiates a reactor
scram. The exact radiation level at which this action will be initiated has not yet been determined but
will be set at the lowest level consistent with orderly operation. v

While failure of the block valves will not increase the consequences of the .ma)gimum credible ac-
cident, their proper operation will greatly reduce the consequences of fission product releases within
the primary coolant system. Moreover, because of the redundance incorporated in the design, their
failure is considered extremely uniikely. ' ‘

Failure of the Reactor Building.* — The HFIR containment building®! is constructed of reinforced
concrete, and, as will be shown in Sect. 4.2, it does not appear that any credible accidént to the re-
actor could develop sufficient violence to grossly rupture the primary coolant system, much less the
reactor building. Perhaps the only circumstances which could cause gross damagé to the building would
be a violent earthquake, virtually unknown in the East Tennessee region, 32 or armed' attack. On the
other hand, the building is penetrated by a number of doors 32 for both personnel and vehicles, and large
glass windows are locarted between the observation gallery adjacent to the control room and the con- -
tained portion of the building. Two of the personnel doors in the reactor bay — one leading to the per-
sonnel decontamination room and the other to the outside — are of the air-lock type, as is the vehicle
entrance. The two remaining personnel doors, both of which open into the corridor between the water
wing and the reactor bay, are of the ordinary type. They are equipped with automatic door closers but
will be kept locked during operations which require containment. Doors are eciuipped with panic bars
so that in an emergency they may be opened from the reactor bay side. It is conceivable that one or
more of the doors may remain open during a release into the building; however, with the possible ex-
ception of the vehicle air lock in the reactor bay, such an occurrence would not materiélly affect the

ability of the SBHE system to provide containment. It is possible that the windows in the observation

30ORNL-3572, sect. 8.6.4. '

*Further discussed in answer 59‘and Appendix K.

*10RNL-3572, sect. 3.3.

320RNL-3572, sect. 2.3.3. \

330RNL-3572, sect. 3.3.1. ; )
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gallery might be broken as a result of an accident which also releases fission products into the building,
but this is unlikely because of their location. Moreover, the observation gallery is maintained at a
higher pressure than the reactor bay. Because none of the credible accidents involve an increase in

pressure in the reactor bay, the leakage would be inward.

4.1 Integrity of the Primary Coolant System*

As has been pointed out previously, the primary containment is effective whenever the reactor is
operatiné routinely. It consists of the high-pressure portion of the primary coolant loop, 34 which is
designed to operate at a maximum pressure of 1000 psi. Studies of the integrity of this system during
an acciaent involving the rapid release of large amounts of energy have been made by W. R. Wise, Jr.,
and his findings are presented in Appendix B. These are also shown in Fig. .4.2. This curve gives
the highest defensible energy excursion which would not result in gross failure of the reactor vessel
under the conditions to be expected during the release. The magnitude of the allowable energy release
is plotted against the duration of the release, which is here taken to be linear. These data hold pro-
vided the pressure vessel and the high-pressure piping satisfy the strength requirements specified. 33
It can be seen that for very fast excursions — total energy release times of the order of 3 msec — the
system can withstan/d 220 Mwsec of energy or the equivalent of the ‘detonation of 110 Ib of TNT. For
slower releases — times of the order of 100 msec — the system can withstand 360 Mwsec, and for still
slower excursions the value approaches 500 Mwsec. The results fouhd by Wise are reinforced by in-
depéndent calculations performed by R. E. Shappel, 3% who found that at least 270 Mwsec are required
to rupture the pressure vessel. »
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*Further discussed in answer 56 and Appendix J.
340RNL-3572, sect. 6.2.1.

35The vessel was designed, fabricated, and inspected to meet the requirements of the ASME Boiler and Pres-
sure Vessel Code, sect. VIII, 1959 ed., and Nuclear Code Case 1273N.. Additional tests were performed to cor-
roborate specific design assumptions and to assure material integrity and adequacy under expected operating con-
ditions of radiation and pressure and temperature cycling. Further control over vessel integrity will be exerted
by the use of surveillance specimens within the vessel at critical locations, which will be periodically tested to
determine the changes in material properties due to radiation dosage. :

%°R. E. Shappel to J. R. McWherter, letter dated Oct. 30, 1963.

-
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4.2 Sources and Magnitudes of Energy Releases

There are only two potential sources which could conceivabiy supply sufficient energy to approach
the bounds indicated in the previous section. The first of these is a power excursion caused by the
rapid introduction of excess reactivify. The second is the release of a large quantity.of energy as the
result of extensive exothermic chemical reactions. Such chemical reactions are initiated only at very
high temperatures and can occur only under abnormal conditions which permit the fuel temperature to
reach the melting point or higher. The only obvious ways in which such temperatures can be developed
are as follows: (1) by a power excursion, (2) by a failure of both the confrol and safety systems coupled
with an operating error which oermits the power level to grossly exoeed the heat-removal capacity of
the system, (3) by a flow blockage due to the presence oflforeign material in the cooling system or due
to mechanical failure of a fuel element, or (4) loss of primary coolant system pressure resulting in steam
formation in the core and blanketing of the fuel plates. Of these, the second — concurrent failure of
the control and safety systems — is considered highly 1mprobab1e because of the strong redundance
. incorporated in both systems and because of the large number of mdependent failures required to bring
it about. 37 _ )

It has been determined that the maximum damage from an uncontrolled reactivity addition is that
which would occur should an optimum void be swept into the target region while the reactor is at full
power and at a time near the end of the fuel cycle. Under full-flow conditions, the void would represent
a total increase of about 1.3% in reactivity and would be intlLOdUng over a period of about 30 msec.

The consequences of this and other types of reactivity addi_fions have been studied by means of analog
techniques and are summarized in Appendix C. The calculations indicate that introduction of this opti-
mum void could result in a maximum energy release of about 52 Mwsec, a peak power level of ~1250 Mw,
and the possibility of some localized melting at the hot spots.

Subsequent analyses, also included in Appendix C, which involve extrapolatxon of SPERT data and
calculation of the SPERT experimental cases employmg ‘the same analog techmques used for the HFIR
lead to the conclusion that all the low-power computations (for wh1ch expenment‘al_ data are avaxlab_le '
for comparison) are conservative; and it appears that the high-power results are also conservative. This,

together with the conservative procedures employed in the hot-spot- analysxs 38

makes it appear likely
that little or no melting would actually occur. )

The only other potentially large source of energy is one or both of the two theoretically lpo‘ssible
exothermic chemical reactions, both of which can only be initiated by excessive fuel temp'erature_s. These

are the reaction of U,0, with aluminum and the well-known Al-H ,0 reaction.* The former has been

370RNL-3572, sects. 8.3 and 8.4.

380RNL-3572, sect. 7.5.4.
*Further discussed in answer 23 and Appendix I
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studied by Fleming and Johnson 3?4 and the latter by Epstein.*!*? Based upon the work of Fleming / -
and Johnson, it is estimated that the maximum energy release due to the U,0,-Al reaction would be

~0.65 Mwsec per kiiogram of U,0,-Al mixture reacted for the case of the fuel in the inner annulus and -
~0.75 Mwsec per kilogram of mixture reacted for the fuel in the outer annulus. Since these annuli con-
tain ~9.4 and 21.6 kg of U ,0,-Al mixture, respectively, the maximum energy potentially available from
the reaction cannot exceed 22.4 Mwsec. On the other hand, the enérgy release from the Al-H,O reaction
is ~4.2 kcal per gram of aluminum reacted*3 or 17.6 Mwsec per kilogram of aluminum (or water) reacted.
Consequently, since the total aluminum inventory in the fuel plates is ~88 kg, the maximum potential
energy from this source is ~1550 Mwsec. As will be seen, it is not credible to suppose that either of
these reactions can occur to any appreciable extent in the HFIR.

There is considerable doubt as to whether U ;O mixtures containing the high percentage of aluminum
found in the HFIR fuel will react violently; moreover, the primary concern is not the energy release
per se, but rather the additional heat available from the reaction, which on the average amounts to about
109 Btu per pound of aluminum and might increase the probability of the Al-H,O reaction.

The U,0, reaction is thought to be possible only at temperatures in excess of 1200°F, and only a
small amount will react rapidly at temperatures below 1400°F. The Al-H,O reaction requifes an initi-
ating temperature of at least 2140°F and, in addition, usually requires that the aluminum be finely dis-
persed in water. Moreover, 1 kg of water is required to react with each kilogram of aluminum.

Use of the foregoing information makes it pbssible to estimate the maximum energy release in the
case of each of the three credible accidents listed above.

Reactor Power E‘xcur,sion. — Reference to Appendix C reveals that under the worst power excursion,
which would release 52 Mwsec of nuclear energy, the average peak fuel element temperature will not
exceed 800°F, which is far below that required to initiate.either reaction. Moreover, it would be nec-
essary to heat a portion of the core to greater than 1600°F before the additional heat associated with
a complete U3O-8-A1 reaction could, even if absbrbed adiabatically, raise the aluminum temperature
sufficiently high to initiate the Al-H,O reaction. This is ~400°F above the melting point of aluminum.

On the other hand, the peak hot-spot area is shown by the calculations to reach sufficiently high . A -
temperature to initiate both reactions. As has been pointed out, these values are thought to be extremely
conservative and even here there is doubt that melting will occur. Névertheless, it is necessary to
concede that some chemical energy may be released at the hot spots as a result of the maximum credible
reactivity insertion. Based on conservative assumptions, the hot-spot regions have been found to be

confined to not mote than 5% of the total fuel-plate area. Thus, the maximum chemical energy release

39}, D. Fleming and J. W. Johnson, Trans. Am. Nucl. Soc. 6(1), 158 (June 1963).

4OFinaI Report, Project No. B-153, Task II, Reactions in AI-35 Weight Percent U3O Dispersion, Georgia
Institute of Technology, Engineering Experiment Station. 8

411, F. Epstefn, Metal Water Reactions VII, Reactor Safety Aspects of Metal Water Reactions, GEAP-3335
(January 1960).

*2L. F. Epstein, Nucl. Sci. Eng. 10, 247-53 (July 1961).

4 . . .
3R. C. Limatainen et al., ‘“’Studies of Metal Water Reactions at High Temperatures 11,’* TREAT Experiments
Status Report on Results with Aluminum, Stainless Steel-304, Uranium, and Zircaloy-2, ANL-6250, p. 13, Table 1.
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could not exceed ~88 Mwsec and the total energy release would be ~140 Mwsec, which is far below
that necessary to rupture the primary coolant system.

There has been a great deal of speculation regarding the possibility of autocatalytic propagation
of the Al-H,0 reaction and eventual involvement of a large portion of the core. On the basis of éxperiT

ence, this does not appear to.occur, probably because water is required in order to permit the reaction

to proceed; and at the temperatures required for the reaction, very little water is present. This is sup-

ported by the results of the SL-1 accident, in which a 130-Mwsec nuclear excursion released ~ 24 Mwsec
of chémical energy, and the SPERT-1 destructive test, in which a 31-Mwsec nuclear excursion released
3 to 4 Mwsec of chemical energy.** It is interesting to note that by linear interpolation of these two
cases, a 52-Mwsec HFIR excursion corresponds to an 8-Mwsec chemical energy release.

Flow Blockage. _ A second method of overheating, which is probaBly more likely than a nuclear
excursion, involves blockage of flow to some pottion of the core during power operation. This could
occur because of the presence of foreign material in the cooling system or because of the mechanical
failure of one or more fuel plates. In this case, a significant fraction of the core may be deprived of

adequate cooling for an appreciable time during-which the reactor continues to operate at full power.

This situation has been analyzed in Appendix D. It is shown that even under very pessimistic assumptions

at most 24% of the fuel plates will suffer melting and that the total energy release will not exceed 182
Mwsec. This is less than the minimum of 210 Mwsec required to rupture the pressure vessel. Moreover,.
because the energy release from the chemical reaction would be expected to proceed at a much slower
rate than a TNT explosion, the containment poténtial of the vessel would be somewhat higher than the
210 Mwsec minimum.* _

Loss of Primary Coolant Pressyre. ¥* — Fkirilally, it is necessary to consider the case where pressure
is suddenly lost to the primary coolant system. It has been shown*S that leaks in the primary coolant
system equivalent to an open 3-in.‘ valve or less can be handled by the system without damage. If, how-
ever, a considerably larger leak developed, the system would depressurize rapidly and some overheating
might occur in the core. Reactor shutdown would be simultaneous with the pressure loss due to both
safety-system action and because of loss of moderator due to steam formation. Because only about
50 gal of water is required to pressurize the primary coolant system, and because of the configuration
of the piping and the location of the reactor vessel in a pdol of w'ater,“ it does not seem possible that
such an incident would lower the water to an extent sufficient to uhcover the core. Consequently, the
amount of melting to be expected would be small compared with that caused by a flow blockage; and no

substantial energy release is anticipated.

v

444 rgonne National Laboratory Chemical Engineeriné Division Summary Report April—June 1963, ANL-6725,
p. 220. .
*Further discussed in Appendix J.

**Further discussed in answers 23 and 43.
45O0RNL-3572, sect. 8.8.5.

46ORNL-3572, sect. 6.2.1. - : o .
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As a consequence of the foregoing discussion, it appears safe to consider that a massive rupture
of the primary coolant system is incredible. It is credible, however, to postulate an accident releasing
fission products from the core, some of which escape from the reactor vessel through leaking flanges,

broken beam tubes, etc.

5. ACCIDENTS INVOLVING THE 'REACTOR FUEL

As has been pointed out in Sect. 2; it is possible to identify six types of potential accidents which
may be accompanied by .damage to the reactor fuel. Of these six, the first three occur when the fuel is
outside the primary containment. The fourth and fifth, which would in general have less severe envi-
ronmental consequences, can occur only under conditions of double containment. The sixth case, which
includes an accident of sufficient v.iolenc.e to severely damage the core and also to cause some leakage
of fission gases or contaminated water from the primary containment, is a combination of the other two

types. It is an accident of this type which is considered to be the maximum credible accident.

5.1 Accidents Involving Fuel Within the Primary Containment

The two types of fuel meltdown accidents which can occur when the primary coolant system is closed
up differ only in initial cause and, to some extent, in magnitude. Both are the result of overheating
brought about in the one instance by a power excursion and in the other by a coolant flow blockage.

Of these, probably the most likely is a flow blockage caused by foreign material inadvertently introduced
into the system. A reactor excursion of sufficient magnitude to grossly damage the fuel is effectively
prevented by the safety system,*” and operation at an excessive power level would require simultaneous
failure of both the safety and control instrumentation and in most instances an operator error as well.
Inspection procedures for the fuel have been developed to ensure correct loading of the fissile material
and poison. ‘Initially, 100% examination of the plates by x-ray scanning techniques is specified.

Regardless of the initial cause of overheating, the results will be similar and will differ only iﬁ
degree. They may range from little or no damage to the fuel to the actual meltdown of a substantial
fraction of the core accompanied by significant damége. to the reactor internals and to the reactor vessel
itself. Nevertheless, in view of the analysis presented in Sect. 4 and the estimated strength of the re-
actor vessel, it is clear that the primary containment will remain essentially intact. Thus, even in the
most extreme cases there will be only a minor release of fission products from the primary coolant sys-
tem. This is because of the automatic closure of the block valves upon detection of high radiation in.
the primary coolant syvstem. Even should this automatic feature fail, manual closute of the block valves
would trap over 90% of the released activity in the primary system should this action be taken within
5 min of the release. If the block valves are not closed at all, the activity would be discharged to the
.atmosphere through the CHOG and SBHE f{ilters. The consequences of this are somewhat less than

that postulated for the maximum credible accident discussed subsequently.

47 ORNL-3572, sect. 8.4.
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5.2 Accidents Involving Fuel Ouvtside the Primary Containment

. As in the case of the potential a¢cidents discussed in the previous section, those which may occur
when the reactor vessel is open or when the fuel is outside the reactor, and which present an environ-
mental hazard, are all the result of overhea'ting the fuel. The main difference between these accidents
and those discussed previously is that in these cases the fission products are not retained in the primary
“coolant loop but escape into the pool water and are disposed of through the SBHE system.*8

When the vessel is open the reactor cannot be operated a‘t any substantial power level, although it
is possible to have some forced convection cooling under these conditions. Therefore, there is little
possibility .of a meltdown due to loss of flc;w. “The possibility of a power excursion exists; but, as
pointed out in Appendix C; there is little likelihood that any credible reactivity addition could cause

significant damage.
‘ One other safety problem encountered in the operation of the HFIR is that of protection against
afterheat because of the high power density associated with the fission product decay following shutdown.
It has been found *® that 1 sec after shutdown following 15 days’ operation at 100 M;n, the maximum
fuel plate heat flux will be ~42,000 Btu ft—2 hr—! (75,200*) . This falls to ~6200 Btu ft—2 hr—!
[11,000*] 1 hr after shutdown, as shown in Fig. 1.5.1. Immediately after shutdown, the fuel element,
which is still generating in excess of 7 Mw of heat, is protected by continuing the forced convection
cooling either by the use of the primary coolant pump motors or by the battery-driven pony motors, %°
any one of which is sufficient. The fuel will be retained in the reactor under forced convection cooling
for a period of about 1 hr, after which it may be removed from the reactor vessel. At this fime, the total
power will be ~1.1 Mw [1.4*]. It has been experimentally determined®’ that, when in an upright po-
sition and ‘situated to provide a good free convection loop, the natural convection burnout heat flux
will be in excess of 47,000 Btu ft—2 hr—!. Thus, the fuel elements can easily be cooled after removal
‘from the reactor following this delay. ‘

" The only problem which arises in this connection relates to the temperature distribution to be ex-
pected in the fuel element should it be placed in a horizontal position, thus destroying the effici'encyA
of the natural convection cooling. Experiments and .analysis by Gambill®? indicate that under these
conditions a heat flux of 1250 Btu ft—2 hr—! might result in a hot spot surface temperature as high as
“1000°F. Consequently, the handling tools and the oéerating procedures are specifically designed to
effectively prevent spent fuel from being oriented at any appreciable angle from the vertical.

Critical experiments using the initial version of the HFIR core indicate that two new fuel annuli

assembled and immersed in water will be only slightly subcritical. A series of critical tests using the

48ORNL-3572, sect. 4.5. .
49y, Hilvety, Gamma and Beta Heat Generation in HFIR Cores, ORNL-CF-60-4-110 (April 1960).
*Later calculations by T. G. Chapman, Revised HFIR Shutdown Heat Rates, ORNL-CF-65-9-7.

500RNL-3572, sects. 6.5 and 10.1.4.

51Letter from W. R. Gambill and D. R. Bundy to C. E. Winters, Dec. 2, 1959. More details of the general ex-
perimental program can be found in ORNL-3026, Burnout Heat Fluxes for Low Pressure Water in Natural Circu-
lation (Dec. 20, 1960).

S2y. R. Gambill, HFIR Natural-Circulation Heat-Removal Limits, May 18, 1964 (unpublished).
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Fig. I.5.1. Maximum Fuel Plate Heat Flux.of HFIR Fuel Following 15-Day
Operation at 100 Mw. ’

current core is expected to give additional information concerning criticality problems which may arise-
in connection with fuel handling and storage. While it is not expected that a pair of assembled new
fuel elements in water will be critical, they will be treated as if this is the case, and fuel elements
will always be handled separately. V

Spent fuel cores will be stored assembled on racks arranged in an ‘‘always safe’’ array. Each rack
contains a central “poison post’ 33 containing sufficient cadmium to ensure that the stored fuel is well
beloQ critical. Although the shutddwn margin of a depleted core is far greater than that of a new core,
the poison post is adequate to handle either. This point has been verified by the critical experiment
program now in progress. In the unlikely event that a pair of fuel elements become stuck together in
the reactor and must be removed together, they will be locally poisoned before so doing.

Among the other precautions required to prevent inadvertent criticality is the usual one of ensuring
that the control plates are inserted when a new core is being installed in the reactor and that of pre-

venting introduction of the ‘‘optimum void’’ in the form of a hollow tool or other-device during startup

530RNL-3572, sect. 11.6.
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in the test modes.®* The former is \provided for by the operating procedures and the latter by the design
of the tools and by requiring that the target or a suitable substitute be in place whenever the reactor
is brought critical. In addition, initially at least, each new fuel core will be tested in the ORNL crit-
icality facility before being accepted for use in the reactor. It is expected that a more simple reactivity
test will eventually be devised, and when this is done it will replace the prééently élanned criticality
tests.

It is worth noting that in the most likely cases a criticality accident could involv.e only new or
slightly depleted fuel, so that the fission product inventory would be considerably lower than would be

the case for fuel which had been subjected to a full power cycle.

6. THE MAXIMUM CREDIBLE ACCIDENT

Despite the arguments presented above to show that the potential accidsnfs are either very unlikely
or have been recognized and precautions taken to prevent them, there still exists the finite probability
" that a fission product release may occur. Such an incident may be the result of minor damage to the
fuel with insignificant results or may consist of an extensive meltdown of the core accompanied by the
release of a substantial fraction of the volatile fission products. Paradoxic’ally, the accidents which
are most likely to result in extensive damage to the reactor internals and cause large fission product
release from the fuel can occur only under conditions of double containment, and if the primary contain-
ment remains_intact, there will be little or no release of fission products to the atmosphere. On the
other hand, fission product releases which occur when the primary containment is inoperative will be
of lesser magnitude, but will be discharged through the SBHE system and cause some environmental
contamination. | '

The potentially worst case would involve extensive meltdown of the core concurrent with failure
of the primary containment. This is considered highly improbable, because of the strength of the pri-
mary system discussed in Sect. 4.1, and because a depressurization accident caused by rupture of the
primary coolant system would not result in extensive melting. Nevertheless, to cover any such possi-
bility, the maximum credible accident is postulated to be an extensive meltdown of the reéctor core
concurren‘t with a failure of the primary containment sufficiently severe to allow some of the fission
products to escape directly into the building, but not violent enough to grossly rupture the reactor vessel
or the high-pressure piping. ' —

In order to obtain a realistic estimate of the consequénces of the maximum credible accident, it is
first necessary to establish the amount of fuel which could sensibly be considered to be involved. In
the worst accident heretofore, the SL-1 accident, ~32% of the core was melted wifh ~50% of the fuel
reaching melting temperature. In the SPERT-I destructive test about 35% of the core was melted. 55

In the calculation presented in Appendix D, it is estimated that at worst 24% of the HFIR core could

54ORNL-3572, sect. 8.3.2. )

55Argonne National Laboratory Chemical Engineering Division Summary Report April—June 1963, ANL-6725,
p. 220.
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melt. It seems reasonable, therefore, to postulate that the maximum credible accident in the HFIR
would involve the melting of not more than 50% qf the reactor fuel. . _

The extent of the release of fission products from the melted fuel has been discussed in Sect. 3.

It will be assumed that 100% of the noble gases, 50% of the iodines, and 2% of the other fission products
eventually leave the vicinity of the fuel. ’ )

While some of the fission products will escape into the building quite rapidly because of the pos-
tulated leakage from the primary containment, the remainder will diffus/e more slowly from the water,

either through the leaks or through the CHOG system. To account for this it will be assumed that 25%
| of the reléased fission products escape from the primary containment and are rapidly removed from the
region over the pool by the SBHE system. The other 75% are assumed to be removed more slowly at
a rate comparable to that achieved by the CHOG system. The released fission products are assumed
to pass through the SBHE or CHOG system and to be discharged from the starck following filtration.

The downwind doses from the maximum credible accident have been calculated under the foregoing
assumptions using the unit values given in Figé. 1.3.1-1.3.6 and the decontamination factors listed in
Table 1.3.1. The results are presented in Fig. 1.6.1. For convenience these results have been tabulated
in Table 1.6.1 for a number of points of interest including the exclusion area boundary, boundary of
the low-population zone, and population center distance as defined in 10 CFR Part 100. For this pur-
pose the exclusioxi area distance is taken to be the nearest distance to private land (non-government-
controlled) from the HFIR — 2.82 km southeast. The population center distance is taken to be the |
shortest distance to residential Oak Ridge — 7.62 km north, and the low-population-zone boundary is’

5.72 km from the HFIR.

It is clear frém Table 1.6.1 that the controlling faétor is indeed the whole-body dose from noble.
gases, and this is acceptably low at the reference points specified in 10 CFR 100. The iodine doses,
which are given in each instance for infinite exposure and rapid emission, are quite low. This is be-
cause of the ovérall decontamination factor of 2000 which has been applied. It can be seen that an
overall decontamination factor of only 19 for iodine would be required to produce a 300-rem thyroid dose
at the exclusion area boundary. Hence, this value would not be exceeded if the filters provide an iodine
decontamination factor of about 7 provided the other assumptions remain valid.

The internal doses due to fission products other than iociines are quite low and have not been in-
cluded in the table. At the point where they are a maximum the dose due to bone seekers would not
exceed 20 mr and for the other fission products it would be an order of magnitude lower. The submersion
dose due to fission products other than noble gases is also of this order. This, of course, is under
vthe assumption that the total decontamination factor for these fission products is 4500 as previously

discussed.
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Fig. 1.6.1. Doses to be Expected Downwind Following the HFIR MCA.

6.1 Local Cons'equer!ces of the Maximum Credible Accident

Aside from the cost incutred to repair any damage resulting from a massive energy release iﬁ the
teactor vessel, the local effect of a Amajor fission product release in the primary coolant system would
be confined to the hazards incurred during the cleanup of the system. The primary coolant system
shielding has been designed to accommodate a meltdown. The original shield design was based upon
a dose rate not to exceed 1 rem/hr 24 hr after a major3® core meltdown. Extrapolation of these results
to the maximum credible accident discussed above indicates that local radiation levels up to 150 rems/hr
may occur initially in the vicinity of the primary coolant cleanup system shielding. Since immediate

access to these regions is not required, this would not present a serious problem.

56The word ‘‘major’’ is used here in the sense defined in ORNL-3572, sect. 9.4.
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Table 1.6.1. Downwind Doses Following the Maximum Credible Accident at Various Locations
Percentage
Thyroid* Whole-Body Dose of Time Wind
Facility Location Dose (rads) Blows in
(rems) Gamma Beta Specified
Direction
MSRE 0.49 km NNW 2.5 20° 15 0.86
NSPP 0.61 km WNW 3.9 32° 25 0.91
ORNL 1.34-2.06 km NNW-WNW 3.5-4.8 17-26 . 15-23 3.1
HPRR 1.73 km ESE 4.0 21 18 4.7
"TSF 2.13km S 3.4 16 14 2.0
‘Excl. Area 2.82 km SE*+* 2.8 13%* 11 3.0
EGCR 3.26 km NE 2.5 15 13 12.1
MH Dam 3.65km S 2.2 13 11 2.0
Low Pop. 5.72 km 1.5 7.2 6.2
Pop. Center 7.62 km N 1.2 4.8 4.2 3.4

Note: Whole-body doses for locations including and within the exclusion boundary are given for 2-hr exposure.

All.others are calculated for infinite exposure time.

“These are probably underestimated because of proximity to the stack.

The radiation dose rate which might occur in the building as a result of a release would depend

upon what fraction of the fission products actually reached the occupied areas. Because of the exis-

tence of the pool cover and the location of the SBHE intake registers in the pool walls, 37 only a small

fraction of the activity would be expected to escape into the reactor bay itself. Moreover, the local

variations in concentrations, together with the positions of the persons who happen to be 'within the

building, would have an important effect on the radiation dose sustained.

To get some idea of the magnitude of the radiation doses to be expected, they have been estimated

under the assumption that the iodines and noble gases are distributed uniformly throughout the reactor

bay. The calculations are presented in Appendix F.

The external gamma dose rate at the windows in the visitors’ gallery would be initially 0.8 r/hr

per kilowatt and would fall to half that value in about 25 min. In the center of the reactor bay, the

initial dose rate would be ~1.2 r/hr per kilowatt. Thus if, as postulated in the maximum credible ac-

cident, 25% of the fission gases escaped from the primary coolant system, and if half of this escaped

from under the pool cover and entered the reactor bay, the dose rate at the windows could be as high

as 85 r/min. It is likely, however, that the control-room personnel could escape if they acted promptly.

On the other hand, persons in the reactor bay at the time of such an incident are almost sure to

become casualties because of the extremely large internal iodine dose rate. This is estimated to be

¢

57ORNL-3572, sect. 4.5.

*Revised in answer 30 to include methyl iodide and subsequent charcoal filter optimization.

**Calculated in answer 45 to be 29.6 rads in fumigation conditions with a different wind direction.

ol
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/

about 61 rems/min per kilowatt of fuel affected. Thus, under the conditions outlined above the initial
* internal dose rate coulld be as high as 380,000 rems/min. 58 '
The direct dose immediately outside the building will, because of the 8-in.-thick concrete walls,
be lower than that at the observation gallery windows by at least a factor of 10, or about 500 r/hr under
the statéd conditions. The integrated dose received by a person standing just outside the building
wall for 10 min immediately following the accident would be about 70 r. Consequently, a dangerous
exposute can be avoided by prompt evacuatién of the area neabr the reactor building. Plans for emer-

gency action in such cases are included in the Operating Procedure Manual.

7. ACCIDENTS OTHER THAN TO THE FUEL

Aside from the accidents discussed above, all of which include damage due to overheating of the
reactor fuel, there are three other types of accidents which could conceivably occur, but which involve
radioactive material other than that in the fuel. Of these, probably the most important from an economic
standpoint is damage to the plutonium target. Associated with this is the personnel hazard from the
alpha-emitting components which could be incurred during cle;anup and recovery operations following
such an accident. In addition to the central facility designed to accommodate the. target, the HFIR is
‘provided with a number of experimental facilities; and it is possible that malfunction of an experiment
could result in the release of radioactivity. Finally there is always the possibility that contamination
may occur because of leakage or other inadvertent release of radioactive material during handling of
waste materials. Perhaps most concem in this connection is with reference to the handling of waste
materials, including spent fuel, contaminated aqueous waste, contaminated filters, and spent demin-

eralizer resin.

7.1 Accidents to the Target

The HFIR target>® consists of thirty-one 3/8-irj.~OD aluminum capsules co‘ntaining‘initially 242py
in the form of"PuO2 and aluminum. The PuO, charge is specified to be 10 g per target capsule, or a
total of 310 g of PuO . ‘ ,

Basically there are two types of accidents which are possible. These include: (1) a small leak
in one of the target capsules as a result of mishandling, imprope>r fabrication, or mechanical damage;
and (2) gross failufe of one or more target capé.ules as a result of severe overheating, waterlogging, or
mechanical damage. Of these two, the former could occur either in the reactor or during handling in
the pools. Should it occur within the reactor, no serious result would follow; and because of the fission -
products present in the target material, it would be detected by the primary coolant activity monitors. 60

Once a leak is discovered it would become necessary to determine if the leak requires an immediate

‘

58See footnote 4, Appendix A_.
S9ORNL-3572, sect. 5.2.1.
80ORNL-3572, sect. 8.7.5.
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shutdown or whether operation may continue until the end of the cycle. Should the leak occur or be :
detected when the reactor vessel is open or after the target has been removed from the reactor core,

there would very probably be a minor release of fission gases into the SBHE system. It has been es- . -
timated®! that the entire iodine and noble-gas inventory of a single target capsule would, at the time
when these gases are most abundant, be approximately equivalent to a 20-kw release from the reactor
core. ' ,

The second type of accident could occur either as a consequence of a major energy release in the
reactor such as that discussed in Sect. 4.2 or because of gross flow blockage of the target cooling
channels. If caused by an energy release, the damage could occur either from overheating or as a result
of mechanical forces and' if by a flow blockage, from overheating.

Although the target material would almost certainly remain within the primary cooling system, its
emission would not add anything significant to the results of the maximum credible accident. The fis-
sion products present at the time of their greatest abundance could increase the consequences of the
MCA at most 1.25%. The bone-seeking alpha emitters could increase the internal dose to the bone by
an order of magnitude, 2 but since this is already quite low — 20 mr — the increase is not particularly
significant. Hence, no serious off-area consequences are anticipated as the result of an accident to
the target.

" The primary concems with respect to damage to the target are the monetary value of the target and
the product and the hazards associated with éleanup and recovery. The latter arise because of the
‘extremely low permissible body burdens of the various alpha emitters present. These have been com-
puted for all the heavy isotopes of interest and are reproduced in Table I.E.1, Appendix E. It can be
seen. from this table that, in many cases, the permissible air concentrations are nearly two orders of
magnitude lower than that for °Sr. For this reason, emergency procedures for dealing with contamination
by transplutonium elements will be established in advance.

Under normal dperating conditions, the average heat flux at the surface of the target capsules will
be ~~5.8 x 10° Btu ft~2? hr~!; and the hot-spot heat flux is estimated to be ~1.0 x 10 Btu ft=2hr—1. ‘
This is at least a factor of 3 less than the burnout heat flux;®3 and therefore it appears that the target -
can survive, without damage, a considerably higher power level than that which would cause damage
to the reactor fuel. These high heat fluxes persist for only relatively short periods of time.%*

At this time, the target design is being tested in a hydraulic mockup to verify its adequacy from a
mechanical and hydraulic standpoint. Experiments, including the operation of similar capsules in the
Engineering Test Reactor, are in progress to obtain more information concerning the thermal conduc-
tivity of the target material, to determine the degree of gas release, and to investigate the dimensional
stability of the target material. In addition, the irradiation of 18 target capsules is in progress at

Savannah River in flux conditions approaching those encountered in HFIR.

61p. o. Wyrick, ORNL Chemical Technology Division, private communication (April 1964).
6250e Appendix F.

®3T. G. Chapman, HFIR Target Design Study, ORNL-TM-1084.

640RNL-3572, sect. 5.2.1.
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7.2 Accidents to Experiments* ‘

While the exact nature of the investigations which will be performed in the HFIR experiment fa-
cilities is yet to be determined, it-is probable that initially they will consist of beam-type experiments
and static irradiations. There is, however, no intention of restricting the use of the reactor to these
kinds of experiments. 3

All experinients in ORNL reactors are required to meet two basic criteria: (1) they r;uust not present

- an unacceptable hazard to personnel, and (2) they must not interfere with the orderly operation of the
reactor. To ensure that these criteria are satisfied, all experiments must undergo an internal safety
review 5 before they. are installed. In many cases, this review also extends throughout the design
period. Initially, the review is carried out by the Technical Assistance Department of the ORNL Opet-
ations Division. It is attempted at this level to resolve any problems regarding safety and tolpro'duce
a design which meets the neéessary tequirements. Once agreement has been reached, the'experiment

" may be approved for insertion in the reactor by the Technical Assistance Department. If any significant

hazard existed, even though it has been corrected by the design, the experiment is submitted with ap-
prc;priate recommendations to the Experiment Review Committee for further review. When this committee
concurs that the experiment is safe, it may be inserted in the reactor. The comrr;ittee also periodically
reviews the operation of all experiments to make sure that its recommendations are being carried out.

In general, accidents to experiments consist of leaking capéules, broken off-gas lines, etc.,and
do not contribute any significant environmental contamination. Great care is taken to ensure that no

malfunction of an experiment can initiate a serious reactor accident.

7.3 Miscelloneous Accidents

Of the various other accidents involving radioactive material which may occur, the most interesting
from an environmental point of view ate those which involve the introduction into nearby Melton Branch
of a significant amount of radicactive contamination. This could occur as a result of misoperation of
the liquid waste system®® in such a manner that activity impounded in the retention ponds is discharged
directly to Melton Branch or as a result of a ground spill and subsequent runoff to the creek. The lo-
cation of the reactor with respect to the watershed is shown in Fig. 1.7.1. ’

Under normal operating conditions, neither of the retention ponds will contain a large quantity of
activity. The only circumstances under which any substantial quantity of concentrated wastelsolu'tion
might be present in these ponds are those which could occur following a fission product release con-

\
current with a primary coolant system rupture and failure of the process waste drain system.®’ This

could put contaminated primary coolant into the process waste drains in the pipe tunnel or heat exchanger

*Further discussed in answers 11, 32, and 44. .
65ORNL-3572, sect. 12.7.
560RNL-3572, sect. 11.3.
57 ORNL-3572, sect. 11.3.1.
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cells. The entire high-pressure portion of the primary system contains only 13,800 gal, and there ap-
pears to be no mechanism by which more than a small fraction of this could be discharged.

Contaminated water resulting from any other type of release would be cleaned up by use of the sys-
tem demineralizers so that any activity present would be rapidly collected thereon. The contaminated
effluent from demineralizer regeneration is collected in the 13,000-gal intermediate level wéste storage
tank®® before being sent to the ORNL waste disposal system®? for treatment and final disposition.

The fission products of most signilficance with respect to contamination of the watershed are the
long-lived isotopes 2°Sr, 96Ru, !37Cs, and 144Ce. These, together with their characteristics, are
listed in Table 1.7.1. Clearly the controlling factor here is °%Sr; and as can be seen from Appendik E,
which lists the occupational MPC’s for the transplutonium isotopes, the nonoccupational values — one-
tenth of the occupational — are all higher than that for ?°Sr and, in most cases, higher by a factor of
10, despite the fact that they are lower for air. -

In a study of the ORNL waste disposal p;ts undertaken in 1960,7° it was found that, with the ex-
ception of 1%%Ru, virtually 100% of the long-lived activity is removed from solution by sorption as con-
taminated water percolates through soil of the type foun%i in the vicinity of the HFIR site. The !°SRu
is removed to the extent of about 93%. This, coupled with the fact that (based upon the release fractions .
postulated in Sect. 6) not more than 1% of the inventory listed in Table 1.7.1 would escape from the
fuel, makes it appear unlikely that any sizable release to the wétershed can occur.

Should the releaée postulated in Sect. 6 occur, and should the entire quantity of long-lived isotopes
released reach the river, the computational procedures in the referenced report indicate that the result
could be equivalent to the discharge of about 200 curies of 90Sr into the Clinch River. Under the as-
sumptions that the average flow rate of the river is 5000 cfs and that there is little or no reduction in

the concentration due to dispersion or settling but only by dilution, the integrated dose received at

Table I.7.1. Characteristics of the Long-Lived Fission Products

. MPC® HFIR Inventory?
Isotope . Half-Life (uc/cms) Critical Organ (curies)
90g,.90y 28 years 1x 107 » Bone 5.1x 103
106py-106Rn 1 year 1x 105 Kidney 9.0x 103
137¢g 26.6 years 2x 1075 » Muscle 5.2 x 103
1440 144p, 290 days 1x 103 Bone ' 1.9 x 10%

fNonoccupational MPC for water. (See Repbrt of Committee Il on Permissible Dose for Internal Radiation,
Pergamon, New York, 1959.)

~ bafter 15 days at 100 Mw.

68ORNL-3572, sect. 11.3.2.

69J. F. Manneschmidt and E. J. Witkowski, The Disposal of Radioactive Liquid and Gaseous Waste at ORNL,
ORNL-TM-282 (August 1962).

70F. T. Binford, An Analysis of the Potential Hazards Associated with the Disposal of Radioactive Waste in
Open Pits at ORNL, ORNL-CF-60-5-63 (May 1960).
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the Oak Ridge Gaseous Diffusion Rlant located ~7.4 miles downstream is equivalent to that received
from ~3 weeks at continuous nonoccupational tolerance. At locations farther downstream, the integrated

dose would be considerably less because of additional dilution and dispersion in the Watts Bar reservoir.

8. ROUTINE RELEASE OF ACTIVITY

The HFIR operation will, like all other operations of this nature, from time to time inadvertently
release small quantities of fission products to the environment. From the standpoint of atmospheric
contamination, the most important of these is !3'I. Based upon the recently established 168-hr-week
MPC in air for 131 of 1 x 10— 1° uc/cm3 (ref. 71) and the concentrationé given in Fig. 1.A.14 of Ap-
pendix A, it is easy to deduce that the continuous release of 0.75 mc of '3!I per minute from the HFIR
stack would not, on the average, exceed the nonoccupational MPC at any point even if the wind direction
were constant over a long period of time: Upon taking into consideration the fact that the wind blows
in one direction at most 12.5% of the time, this figure can safely be increased-to 6 mc/min or 8.6 curies
per day.'

Upon incorporating into this calculation the overall decontamination factor for iodine of 2000 de-

" veloped in Sect. 3, the discharge of 6 mc/min of 3!l would reﬁresént the continual release within the
containment system of the iodine production at 100 Mw from about 8.3% of the core. It seems clear that
no difficulty should be encountered in meeting this require;nent. ‘

On the other hand, it has recently been suggested that where dairy operations are involved, the
MPC for !3!1 should be reduced by a factor of about 700 to 1.4 x 107*3 pc/cm? in order to compensate
for reconcentration in milk.?’? The nearest area of actual or potential dairy farming in the direction of
the prevailing winds is ~3.6 km southwest of the HFIR site. Thus use of Fig. I.A.14 in Appendix A,
and the fact that the wind blows in this direction 12.5% of the time, yields an acceptable average dis-
charge rate of 0.042 mc/min or 60 mc/day. On the same basis as before, this represents the 131 pro-
duction from about 0.06% of the core or ~5.5 g of 235U. This can be compared to the allowable uranium
contamination of the new fuel plates of 5 ug/ft? or a‘ total of about 0.0022 g of uranium. There should
also be little difficulty in meeting this requirement, although this may well depend upon the actual de-
contamination factors obtained by the containment system, particularly during operation following a
meltdown. Should this occur, special equipment such as additioﬁal iodine traps would be incorporated
into the system if necessary. The foregoing estimates are presented, not for the purpose of establishing
criteria, but rather to give some idea of the scope of the prob'lem and to demonstrate the ability of the
containment system to handle it. Further study is under way, particularly with respect to the second

case discussed above and its relationship to all ORNL facilities.

7lBackground Material for the Development of Radiation Protection Standards, Federal Radiation Counc11 Staff )

Report No. 2 (September 1961).

724. M. Roth to J. A. Swartout, letter, Mar. 25, 1964, citing information contained in Health Phys. 9(12) (De-
cember 1963). )




33

Contaminated aqueous waste will be handled through the normal ORNL waste disposal system.
It is combined with other wastes from the Laboratory and disposed of in a manner which will ensure
that the concentration of radioactive material in the Clinch River is képt well below the maximum per-

missible. %9

9. RELATIONSHIP OF HFIR TO OTHER FACILITIES

The HFIR is located within the ORNL complex in the southwest cormer of the AEC reservation at
Oak Ridge, Tennessee.”3 Among other Laboratory facilities located nearby are the Oak Ridge Research
Reactor (ORR), the Low-Int‘ensity Test Reactor (LITR), the Bulk Shielding Reactor (BSR), and the Pool
Critical Facility (PCF), all of which are located at the main site of the Laboratory and are ~1.7 km
northwest of the HFIR site. Other nearby facilities include the Molten-Salt Reactor Experiment (MSRE),
~0.49 km northv‘}est, the Tower Shielding Facility (TSF), which is ~2.13 km south, the Health Physics
Research Reactor (HPRR), ~1.73 km east-southeast, and the Experimental Gas-Cooled Reactor (EGCR),*
which is ~3.26 km- northeast. In addition to these, the Transuranium Pro.cessing Plant (TRU) is being
constructed adjacent to and nortﬁ of the HFIR; and the Nuclear Safety Pilot Plant (NSPP) is located .
~0.61 km west-northwest of the HFIR site. The locations of these and other ORNL facilities are shown
in Fig. 1.9.1 and listed in Table 1.6.1, together with the MCA doses.

It is clear from the discussion in Sect. 6‘that it would be necessary to evacuate the HFIR and de-
sirable to evacuate the nearby facilities** in the event that a major fission product release should occur
at the site. This would include the TRU facility, the MSRE, and the NSPP. All these facilities as
well as the HFIR can be shut down and evacuated on very short notice without any damage other than
lost time being incurred. -

Evacuation of the HPRR would probably be in otder, but would not be necessary uniess the wind
were from the general direction of the northwest, which occurs only about 3% of the time. Evacuation
of the TSF would also only be necessary if the wind were blowing toward this facility from the direction
of the HFIR. As can be seen from Fig. 1.6.1, the whole body gamma dose at the EGCR due to noble
gases from the HFIR MCA would not exceed 10 rads for a 2-hr period and the iodine dose would not
exceed 2.5 rems. Both of these would be considerably decreased if personnel at the EGCR site remained
indoors during the incident. Since the wind speeds required to produce doses of this magnitude are
quite small, the plume would require at least an hour to reach the EGCR site so that there is ample
time for waming. )

. Evacuation of the HFIR site would normally be along the access road to Melton Valley Drive (see
Fig. 1.9.1) and then east or west along'this road depending upon the wind direction. If at the time of
the accident the wind were blowing from a southerly direction, it would be necessary to evacuate the

site via an alternate route to the south.

730RNL-3572, chap. 2.
*This project later abandoned for other reasons.

**Further discussed in answers 33 and 48.
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Fig. 1.9.1. Location of ORNL Facilities with Respect to HFIR.

The only densely populated site which might require evacuation is the main ORNL complex, which
is located 1.34 to 2.06 km northwest of the HFIR site. The doses which could be delivered at this
location are of sufficient magnitude to make evacuation of the Laboratory necessary should the wind
be from the southeast at the time of a major fission product release at the HFIR. The time required
- for the plume to arrive at theAnearest populated portion of ORNL will, of course, depend upon the wind

spéed. Fortunately, the higher the wind speed, the lower will be the dose delivered. For the case of
worst average conditions the plume will arrive at ORNL approximately 1 hr and 45 min after the release
in the building, whereas for the case of most representative conditions the time required is only about
15 min; however, in the latter case, the dose is lower by a factor of nearly 3.

Unannouncgd practice evacuations have demon_strated that ORNL can be evacuated in about 10 min,

and it is daily demonstrated that the ORNL parking lot can be evacuated in about 15 min. Any abhormal

release of radioactive material from the HFIR will activate monitoring devices which transmit a signal
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to the ORNL Emergency Control Center,”* and evacuation of the Laboratory would be ordered from this

point using emergency procedures already in existence.

9.1 Interrelationship with Other Facilities

The HFIR shares several utilitiés, namely 250-psi steém, 13.8-kv electrical power, and 70-psi po-
table water with other facilities. Loss of any or all of these utilities due to causes originating at othe.r
facilities will not result in the initiation of an accident at the HFIR. Loss of any of these would, if
extended for any length of time, require that the reactor be shut down; however, there is sufficient time
to permit this to be accomplished in an orderly fashion.

Loss: of normal electrical power has been anticipated and provided for by means of the normal-emer-
gency power system.’> Such a loss would cause a setback in reactor power to 10 Mw if of short du-

ration and would force a reactor shutdown if extended.

9.2 Effect of Accidents in Other Facilities

The effect on HFIR operation of accidents involving atmospheric contamination from the nearby
facilities has not yet been fully assessed. Of these facilities, those in which accidents are most likely
to result in contamination at the HFIR site are the EGCR, the MSRE, and the TRU facilities. While
a serious accident at the MSRE or the TRU facility could conceivably damage steam lines leading to
the HFIR, they are far enough from the 'HF‘IR building so that no other mechanical damage is likely.
Under the worst conditions, accidents in these facilities could make an emergency shutdown and evac- ‘
uation of the HFIR necessaty. Such action will be provided for in the operation procedures and does
not constitute a likely means of initiating an accident in the HFIR itself, which can be shut down by,

actuating a single switch, or which, in emergency, does not need to be attended at all.

10. SUMMARY AND CONCLUSIONS

The foregoing analysis makes clear that certain aspects of the HFIR operation present safety prob-
lems which, although they differ little in kind from those encountered in other operations, are perhaps
somewhat more severe. These problems arise bécause of the very high power density required and
because of the large quantity of‘fuel contained in a single fuél element. \

The problems have been recognized by the designers and operators of the reactor, and every effort
has been made to eliminate the possibility of an accident by appropriate design and by the establishment
of sound operating procedures. Because the reactor cannot sustain large power excursions or serious
coolant failure without the likelihood of some damage occurring, extreme measures have been taken in

the design to prevent such occurrences. In fact, the HFIR can almost be said to have two three-channel .

AY

740RNL-3572, sect. 8.7.1.
75ORNL-3572, sect. 10.1.
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safety systems, because the automatic control system itself has many of the features normally found
in a safety system.

The quality control procedures utilized to ensure that the reactor fuel satisfies the réquirements
of the specifications and the procedures which prescribe the method of handling are designed to guar-
antee against inadvertent criticality or failure of the fuel during operation. Fabrication and handling
of the target are also rigidly controlled; and, where necessary, pilot experiments will be performed in
order to obtain information concerning various parameters related'to safety.

Nevertheless, the possibility of a major accident must be admitted, and it has been shown that such
accidents can be satisfactorily contained by the HFIR containment system. Because of the fact that
most of the potential causes for accidents have been recognized and preventive measures taken, it is
not considered that an accident to the HFIR is more likely than is the case at any of the other ORNL
reactors. The HFIR has been designed specifically to contain a considerable core failure without serious
disruption of operations. - ‘

The general conclusion which can be drawn ié that, while there are a number of potential causes
for accidents to the HFIR, these have been recognized and eliminated by design and operating proce-
dures; that the containment of the HFIR is superior to that of other research reactors at ORNL; that
even in the event of a major accidént the consequences are not particularly serious from an environ-

mental point of view; and that the reactor can be operated in a safe and orderly fashion.

APPENDIX A

CONSEQUENCES OF THE RELEASE TO THE ATMOSPHERE OF FISSION
PRODUCTS FROM THE HIGH FLUX ISOTOPE REACTOR

' 1. Introduction

This analysis is designed to furnish basic information concerning the magnitude of the downwind
raciiation doses to be expected as a consequence of the emission of radioactive effluent from the 250-ft
HFIR stack following a release of fission products within the HFIR building. Although the primary
purpose is to obtain information concerning the HFIR, the analysis is developed in such a way that it
may be readily applied to other ORNL facilities. .

Two general cases are considered: the ‘““most representative conditions,’’ in which average meteor-
ological conc}itions are assumed to persist throughout the incident, and ‘‘worst average conditions,’’ in
which very pessimistic meteorological conditions obtain. A precise definition of these terms is deferred
until later aﬁd may be found on p. 46.

While chiefly concerned with accident situations in which the release takes place over a relatively
short time, the analysis has been extended to cover the case of uniform emission over extended periodé

of time.
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All the calculations have been performed on a unit basis; that is, per fission product equivalent of
unit power after 15 days operation for the accident situations, or per curie emitted per unit time for the
case of uniform emission. Unless otherwise stated, no credit is iaken for the effect of filters or other
modes of decontamination following release in the building. The effects of the various decontamination
mechanisms may, in most cases, be accounted for quite apart from the methods herein described. To
permit this, the fission products have been divided into groups, the members of which behave in a similar
manner with respect to decontamination.

Every attempt has been made to assure conservative results. For the most part, the doses are com-
puted under the assumption that'the receptor remains directly downwind of the point of emission for the
entire duration of the incident rather than for the 2-hr period suggested_ in 10 CFR Part 100. As a practi-
c/al matter, there is little difference between the 2-hr dose and the infinite dose for the points of great-
est interest unless the emission rate is quite low. Inthose cases where there is a significant diffefence,
both results have been obtained.

The computations have been programmed for machine calculation, and the results, presented in the
form of graphs, may be used in conjunction with known decontamination factors to estimate the conse-

quences of accidents as well as the results of various operating conditions.
p :

2, Atmospheric Concentrations Downwind Due to.Accidental Releases

" The downwind atmosphere concentrations resulting from emission from a stack are obtained through
~ the use of the ““Gaussian plume formula’ in the form proposed by Gifford,! but with appropriate modifi-
cations of the source term to account for the effects of dilution within the building prior to emission,
and also for decay both before and after emission from the stack. The basic equation for the activity
concentration y at a point x meters downwind, y meters crosswind, and at an elevation z meters with

respect to a source of constant strength Q curies/min is

Q yZ ZZ »
y Yy 2, U) = ———— €X =T T ’ 1
X 3, 2 1) 21uo. o P <2cr2 202 @
y z y z . :

where x (x, y, z, u) is expressed in curies/m? if u is the average wind speed in meters per minute and
0,, 0, are the horizontal and vertical dispersion parameters, respectively, expressed in meters. These
dispersion parameters are functions of x, the distance downwind, and also depend upon the prevailing
atmospheric stability conditions. Their values for various stability conditions are given in graphic form-
in Figs. LLA.1 and L.A.2.

The source term Q in Eq. (1) is constant. Consider, however, the case where a quantity g (curies)
of a radioisotope having decay constant A (min~ ') is released into a building of volume V (m3). Let
a (min~1!) be the (constant) fraction of the building volume which is paésed up the stack each minute,

with this loss of air being constantly replaced by inleakage. Then, if mixing is assumed to be uniform

'

\

g, A nGifford, Jr., Nucl, Safety 1, 3 (March 1960); 2, 2 (December 1960); 2, 4 (June 1961).
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/
and instantaneous, the initial concentration ¢ (0) (curies/m?) of the radioisotope in the building at time
¢t = 0 (min) will be ¢ (0) = ¢/V; and the rate of change of concentration is given by

A==+ a) L.

'

Whence, at time t, the concentration in the building is simply » ‘
(o) = 2 em Mot
14

Since a volume aV of this mixture is being emitted from the stack each minute, the emission rate from
the stack, denoted by e(t); is? .
e =aV {t) = aqe_(A"La)‘ . . )

2Despite the physical situation used to derive the emission equation, it also holds for other situations, that is, -
if & is the fractional rate of outgassing from the primary coolant system. ' )
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Fig. I.A.2. Vertical Dispersion Parameters,

If decay during passage downwind is neglected, this becomes the source term for Eq. (1). To include
the effects of decay during the time required for the activity to travel a distance x at a speed u, it is
—Ax/u

necessary to multiply the emission rate by the factor e Thus, the effective source term associated

with the concentration at the point (x, y, z) becomes

0 =0 x) =agexp [-Qx/w) = A+ a).

t

It is convenient to set ¢t + x/u = 7, so that
Q(7, x) = aq exp [(ax/u) = A+ a)7] . o 3)

Then Q(7, x) is the effective source term corresponding to the point (x, y, z) at a time 7 after the initial
fission product release in the building. Because for values of 7 less than x/u the emitted activity has
not yet arrived a distance x downwind, it is clear that Q(x, 7) = 0 when 7 < x/u. Upon substituting Eq.

3) into Eq. (1), the concentration at the point (x,’y, z, 7) is found to be

. ag Tax y2 22
X(X,_Y,Z,T,U):- exp —-—(/\+a)7_‘-——2———2 , T>X/U. (4)
X 277uayoz | u 2ay 202 :
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The concentration ¥ is expressed in curies per cubic meter, and it is worth noting that these units
are numerically equal to those of concentration expressed in microcuries per cubic centimeter. For con-
venience, the dimensions of the other parameters are listed in Table I.A.1. These units will be used

throughout unless otherwise indicated.

Table LA.1. bimensions of the Parameters Which Appear

in the Concentration Equation

(al = min™? (4] = meters/min [x],[y],[z] = meters
[q] = curies [O'y],[O'z] = meters (M = min™!
[7'] = min [X(x, Vs 2, U, ’7')] = curies/m3 or [,Lc/cm3

Let h be the stack height in meters. Then at ground level the value of z in Eq. (4) becomes z = —h.
To account for reflection of the plume at ground level, the factor 2 is dropped from the denominator.
Moreover, since the highest concentrations obviously occur directly downwind, the crosswind distance y

is set equal to zero. The concentration equation therefore becomes
: !

~n?720% '
aqe
XCo By, T = eOx/u = AIDT s N )
muo o, .
and this holds for 7 > x/u. The factor
_h% 202
e z
TUo O
y z

represents the effect of atmospheric dilution following emission from the stack. It will hereafter be re-
ferred to as the ‘‘stack factor’ and be designated by
—hl/202
.e z
S(x, u) = ———. ’ ) .
Tuo o,
y 2z
Now the stack height, A, is not fixed but is a function of the exit velocity, the stack orifice diameter,
the wind speed, and the rate at which heat is being added to the effluent. There is little agreement among
meteorologists concerning the best method of estimating the effective stack height; however, Holland?

has proposed a relation which appears to agree with observation in the Oak Ridge area:

1.5vd + 3 x 107 *%s

u

where u, the wind speed, and v, the exit velocity, are expressed in miles per hour; d, the orifice diagneter,
is in feet; s is the heat input in calories per second; and h, h, are, respectively, the effective and actual
stack heights given in feet. For the present purpose, the heat input is neglected and the effective stack
height taken to be
1.5vd
h = h(u) = by + —— , ' )

u

3Meterology and Atomic Energy, AECU-3066, p. 72, USAEC Publication (1955).
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with h and hj both expressed in meters, provided that d is given in meters and v and u are expressed in

the same units, The values of these pérameters for the HFIR stack are

hy = 76.2 m; v = 465 m/min; d = 1.524 m;

so that

10
h(u) = 76.2 +
u

meters.

for the HFIR.

2.1 Concentration of Daughter Products

Equations (4) and (5) have been derived under the tacit assumption,that the radioisotope under con-
sideration decays to a product which is of no interest. This is not always true.

Let qg be the number of curies of a parent isotope ;originally released in the building. Then, if )\p is

the'decay constant of the parent, the total number of curies of the parent which remain at time 7 is

0 —)\pfr
q,(7) = g e

and the total number of curies qd(T) of the daughter isotope which have resulted from decay of the parent
will, at time 7, be _ e

A qo —AT —AT
g (T)=2P (e P —e 1),

)\d-)\p

where, here, )\d is the decay constant of the daughter. .
_If the emission process is assumed to involve no physical separation of the two species, then the ratio
qd(’r)/qp(’r) will, for any given value of 7, be everywhere the same, in particular at the point (x, 0, —h)

downwind. Consequently, the ground-level concentration of the daughter can be written:

A —(A )T T (A tayT o
xd(x, u, 7) = aq® S(x, u) - _d  %x/u [e p —e 9 " 8)
. P A, — A
d P
Now in mény cases, notably the noble gases, the parent is volatile while the daughter is a solid.
Thus, if the stack is equipped with some decontamination mechanism, such as a filter or a charcoal ab-
sorber, the parent may be stripped of the daughter isotope which was formed by decay following release

into the building but prior to emission from the stack. If the removal is complete, the amount by which

the concentration of the daughter at a point (x, 0, —h) is reduced is given by

.

—dar A P !
Axd(x,u,t)=ang(x,u)e p -ﬁ{l—e d . p e dxu,
. d~ p

\

where ¢, it will be recalled, is the time between initial release and emission. Upon utilizing the relation
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T =t + x/u and subtracting this increment from Eq. (8), the corrected daughter concentration is found to
be

v ) Age /e ) —(A —Ayx/ —(A_tayT
ORI e iy Ll P o
\ d_

In some cases (the iodines) the parent is effectively removed by the filter system; but the daughter
is volatile and is, therefore, emitted from the filter at approximately the same rate at which it is formed.
The downwind concentration due to such a reemitted daughter is estimated under the assumptions (1) that
all of the parent is trapped on the filter, and (2) that the daughter is emitted as fast as it is formed.

The rate at which the parent is being deposited in the filter is numerically equal to the emission rate )
given in Eq. (2), and the rate at which it is being lost is just its decay rate. Hence |

) 0 ~(A_tayt
qp(tb = aqpe A P T )\P qp(t) ’ qp(O) =0 »

so that at a time ¢ after the initial release, the filter contains

‘

—A ¢ :
qp(t) = qf,e P (1 - e~ ™) curies

of the parent. Thus it is, under assumption (2), emitting 2.22 x 10'2 qp(t) atoms or qp(t) A, curies of
' —A x/u

d

daughter isotope per minute. This decays by an amount e during its passage downwind. Hence,

again letting 7 = t + x/u, the appropriate source term for the Gaussian plume formula becomes

—A_+toyT
e -e F

-—()\d—-}\p)x/u [ -—)\p'r

Qx, T) = qg')\de - eax/u] -

so that the concentration at the point (x, 0, —h) due to the emission of the daughter from the filter becomes

-—()\d—)\p)x/u [ —)\p'r

(<]

IZd 0 —()\p +a)T \ax/u
Xd (Xr u, ’T’) = qud S(Xr H) € - e . + € . ' (10)
Of some interest in connection with Eq. (10) is the case in which a is very large; that is the case in
which the parent is entirely deposited on the filter almost immediately after the release. Since 7 > x/u,

Eq. (10) simplifies under this condition to

-—)\dx/u -—)\p('r ~x/u)

X5 06w ) PN, S w) e ‘e (10)

For convenience, the four equations for the ground-level concentration directly downwind are repeated

below:
0 2 2
, aq® —hr*wy/20 —(A_tayT
X,(% 0, T)=—P_e Z.e/uLe P 1)
P Tuo o
y z
for the case of the parent,
2 2 '
—h* /20 :
. aqoe z )\deax/u —~(A ta)T — (A tayr
Xy 5 T)= B . - le P -e 9 (12)
: TTuo o, A, — A
y z d P
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for the case of the unseparated daughter,

2 2
~h*()/20
, aqge z Adew/” —()\d—)\ yx/ul  —(A tayT
Xd(x: u, T) = : . 1- e p e p (13)
: TTuo. O, A, =) :
y 2z d p
for the case of a daughter which is removed prior to emission, and
2 2
~h“(u)/20 - v
0 z
o q e —(A A )x/u AT —(A_tayT )
xd(x,u,'T)z_P .)\de d ''p [e P P . e®x/u (14)
. uo 0,

for the case of the voﬁlatile daughter of a parent which is removed prior to emission. In each case, h(u)

is given by Eq. (7).

3. Ground-Level Doses

The ground-level dose rates may be computed from the ground-level concentrations if it is assumed
that they are proportional to these concentrations. This is a valid assumption for the case of the internal
. doses received as a result of inhalation of contaminated air and is approximately true in the region of
interest for external doses received as a result of submersion in the contaminated cloud. The derivation
of the appropriate constants of proportionality will be considered in this section.

As a practical matter, therg are three groups of fission products which are usually controlling in de-
termining the total dose received and these will be given most attention. They are the iodines, which
affect primarily the thyroid gland; a group of mixed fission products, mainly bone seekers, which also

contribute to the internal dose; and the noble gases, which are the chief contributors to the external dose.
3.1 Calculation of Internal Doses

The internal dose rate for a single fission product may be computed directly from a knowledge of the
ground-level concentration at the point under consideration, the rate of inhalation of the contaminated
air, and the dose delivered per unit of radioactive material inhaled. Thus, if B is the rate of inhalation,
or breathing rate, in cubic centimeters per minute, and « is the dose delivered‘ in rems per inhaled micro-

curie, then the rate at which the internal dose Dint (rems) is being received is?
- v

dD, . \
dmt = Bx x(7) rems/min, , 15)
T . . R

\

The dose per inhaled microcurie is usually related to some critical organ; and, in general, there will -
be more than one radioisotope which affects that organ. Therefore, the total dose rate to a given organ
will be a sum of terms similar to the right-hand side of Eq. (15). For example, if there are N fission

produéts present for which the bone is the critical organ, the total dose rate to the bone will be

~

4Note that K is not an instantaneous dose per microcurie, but represents the total dose which will be delivered
by the inhaled activity during its entire residence in the body. Hence le t/d’T really represents the rate at which
the *‘eventual’’ dose is being delivered. Ve n
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dDint o . . ' ) ' 16
- B Zl K/ X;(T) rems/min ; - - ae
]: .
The appropriate form of each of the Xjrs Mmay be selected from Egs. (11-14), depending upon the par-
ticular circumstances under consideration.
The total internal dose delivered by the N isotopes at the point (x, 0, —h) in a time ¢ following the

initial release is obtained by integrating Eq. (16) with respect to 7 between x/u and ¢t > x/u. Thus

N t .
D, (©O=p Z K f/ X;(T) d7T rems an
j=1 x/u

is the expression for the internal dose.
3.2 Calculation of External Doses

The external doses are estimated utilizing the assumption that for distances sufficiently far from the
stack the energy release from the contaminated cloud is adiabatic; that is, exactly as much energy is ab-
sorbed in each unit volume of the cloud as is released-there. This gives conservative (high) results at
distances sufficiently far from the stack so that the concentration gradient is small, but gives results
which are lower than the actual value within a few hundred meters of the stack, because it neglects the
direct radiation contribution from the high concentration on the axis of the plume near the stack.

Let E” be the gamma energy (Mev) emitted per disintegration from a given radioisotope. Then, if the
concentration at the point (x, 0, —h) and at the time 7 is x(x, 7) uc/cm®, the gamma energy emission den-
sity at that point will be 3.7 x 10* E” x(x, 7) Mev cm™2 sec™!. Under the foregoing assumption, this is
also the rate at which energy is being absorbed at that point. If the density of air is taken to be 1.25 x
10~3 g/cm®, and it is recalled that 1 Mev is equivalent to 1.6021 x 107 ° erg, the enefgy absorption rate

i
becomes ;

3.7 x 10% E” x(x, 7) x 1.6021 x 107°/1.25 « 10~3 = 47.42 E” X(x, 7),

or, since by definition the absorption of 100 ergs/g is equal to 1 rad, and there are 60 sec/min, the ex~
ternal gamma dose rate becomes
D? ‘
— Xt _ 284 E7 y(x, 7) rads/min .
dr .
- A similar expression involving the average beta energy, Eﬁ, emitted per disintegration may be written
for the external beta dose rate.
As in the case of the internal doses, it is usually necessary to consider a sum of several terms each

representing the contribution of a single isotope. Consequently, the external dose rates become

dD?, d o ’
ﬁ_ﬁ = 28.4 Z Ejy Xj(’r) rads/min . 18)
j=1

and
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dpB Nos .
— = 28.4 ¥ EP” x(7) rads/min , - 19)

J=1

with the appropriate forms for the xj(’r) being chosen from Egs. (11-14),
The external doses which have been delivered at a time ¢ following the initial fission product release:

in the building are, as before, obtained by integrating between x/u and t. Thus

. N t
DY (=284} EY X;(T) dT rads , (20)
: ’ j=1 x/u
and
N t - )
pf=284 ) Ef f X;(T) d7 rads . @1)
- j=1 x/u

"The procedure outlined above is satisfactory provided the number of individual fission products is
small, Howevef, when N is large, in particular when N includes the entire fission product spectrum, the
use of Egs. (20) and (21) would require that the ekplicit equations for the growth and decay of the fission
'prdducts be written down. This can be avoided, and an upper bound to the external dose can be obtained
by using data published by Perkins and King® which give the total energy release from the fission products
of 235U as a function of both irradiation and decay time.

The Perkins.and King data, which are given in terms of Mev per second per watt of reactor power, may
be converted for use with the foregoing equations as follows.
 In general, the expression for the external dose rate has the form

-()xj+a)’r

-C-I’D—e"—t—284S(x u).ae“"/"f:Ebe ‘
= 284 5%, i '

dr i=1

where the b]. ate constants having curies as their units and which depend upon the quantity of each fis-
sion product initially present per kilowatt of reactor power and upon their individual decay schemes. The

‘total dose delivered cannot exceed that obtained by integrating between x/u and ~. Hence

- N
: <
) _ D_,,S2845(x )},

e

a = Ax/u .

5 EJ'.bje
=15 te

The factor a/()tj + a) is always less than 1; and, since a represents the fractional rate of emission of
the released fission products from the building, a large value of a signifies that there has been little time

for decay in the building, so that the decay time is essentially x/u. Therefore

'

) . . v ~Ax/u .
D, <2845, u) ) Ebe ! , | (22)

e
j=1

%]. F. Perkins and R. W. King, Nucl. Sci. Eng. 3, pp. 726-46 (1958).
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N “Ax/u
and the total rate of energy release is 3.7 x 100 ¥ Ebe 17" Mev/kwsec. Let p(x/u) be the fission
. “
power in Mev per watt-second following operation at 1 w and at a time x/u following shutdown. The

values of p have been plotted by Perkins and King® as a function of shutdown time for various operating -

times. Then clearly

N 37%100 § Epe 4100
‘ 7 % Z ib;e = p(x/u),
L Jj=1
whence
N -Ax/u
Z Ejbje ! =2.703 x 10™8 p(x/u)
j=1 :
and
: 2 2
—h"(u)/ 20
7.676 x 10~7 p(x/u) e =
ext (23)
Tuo. o
y z

The values of p are given for both gamma and beta energiés in the reference cited.

- 4, Numerical Resuylts for the Accident Cases

As a practical matter, there are .only a relatively few of the fission products which contribute signifi-
éantly’ to the conséquences of a reactor accident; and it will be convenient to considelr these fission
products in groups according to their characteristics with respect to the likelihood of release, ease of
decontamination, and type of dose delivered. o

Also of interest are the effects of the magnitudes of certain parameters which enter into the dose
equations. These include the exhaust rate a, the wind speed u, the atrﬁospheric stability condition, and
the time of exposure. An extensive parameter study has not been attempted; however, the effect of varia-
tion of some of the parameters has been examined in those cases where it is relevant to the HFIR situa-
tion. ’

In order to obtain a fair estimate of the consequences of a reactor accident, two different sets of as-
sumptions have been employed regarding the meteorological conditions which prevail at the time of the
accident, In the first of these, it is assumed that the most frequently occurring stability condition, namely
a slightly unstable or ‘“C’’ condition, persists throughout the incident, and that the average wind speed is
100 m/\min (™4 mph). These.are called the ““most representative conditions.’’

The second set of assumptions represents extremely p‘essimiétic meteorological conditions. It can be
seen from the dose equations that for any given stability condition, there exists, for each value of x, a
value of the wind speed u which maximizes the dose at that point. These maximum values of the dose
have been computed and plotted as a function of x for each of the stability conditions.® The envelope of

these curves then represents the dose received at each point under the assumption that these maximizing

SSince the “A" (extremely unstable) condition is unknown in the Oak Ridge area, it has been omitted.
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conditions exist at each point throughout the incident. These are called the ‘‘worst average conditions.”’
It should be noted that the curve obtained under these conditions does not represent a series of simul-
taneous doses; for, if the worst average conditions exist at x = 2 km, for .example, then they obviously do

not exist simultaneously at x = 4 km.
4.1 Internal Doses

The internal doses have been computed for fast exhaust rates and infinite exposure. Because the
isotopes involved are effectively removed from the effluent air_‘by the filters, these results, when applied
to the actual accident case, will be sufficiently low so that it is unnecessary to estimate the lower and
more realistic values which would be found using slower exhaust rates and finite exposure times.

*4.1.1 Internal Doses Due to lodines. — There are five fission product iodines which are significant
contributors to the internal dose. Because, in each case, the critical organ is the thyroid, the expression
for thé total jodine dose will be the sum of five terms. None of the daughters of iodine are significant

‘contributots to the internal dose; therefore, the appropriate form of the expression for co}nc'entration is
that given in Eq. (11) and the expression for the total internal iodine dose delivered in time ¢ is from (16)

-h2(u)'/2a§ -—)\jt

e 5

) 9;%;
=1

i

~Ax/u N
e 1 . e—a(t—x/u

rems/kw . (24)

- €

a
Dint(,x’ 6 =

Tuo. o A+ a
y z J

The value of 3, the breathing rate, is taken to be that of ‘‘standard man’’ during a working day —
2.08 x 10* cm®/min (ref. 7). The parameters associated with 1 kw equivalent of fissi;)n ioaine are listed
in Table 1.,A.2,

It is worth noting that as ¢ > o and if a >> )\j, then Eq. (24) takes the simpler form

2 2
Be"‘h (u)/202 —)\jX/u

I'A

D 25)

K.e
q] J

o0

int Tuo. O,
y z

j=1

Table I.A.2, Parameters Used for lodine Dose Calculations

Isotope Half-Life /\j (min'—l) j (rems/uc)® . qj (curies/kw)
B3y 8.05 days 5.98 x 1073 1,484 - 16.20
132 2.4 hr 4.81 x 1073 0.054 © 37,11
1331 "~ 20.8 hr 5.55 x 107% 0.399 | 54,83
134 52,5 min 1.32 x 10~ 2 . 0.025 64.11
135 . b, -3 .

I 6.68 hr 1.73 x 10 0.123 49.77

fData from Burnett (ref. 8).

7Report of Committee II on Permissible Dose for Internal Radiation, Pergamon, New York, 1959,
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]

Because the internal dose is not particularly significant in the case of an accident to the HFIR, the
iodine dose has been evaluated in the form of Eq. (25). The results are given in Fig. I.A.3 for both the
most representative and the worst average cases. .Somewhat lower results are obtained if the more ac-
curate equation is uséd.

4,1.2 Internal Doses Due to Other Fission Products. — Other than the iodines, there are 26 fission
products and fission product pairs which are listed by Burnett® as being controlling with respect to the
inhalation dose. Of these, seven are either so short lived or present in such small quantities that they
may be neglected with respect to the others. The fission products considered, together with the ap-
propriate parameters, are listed in Table LA.3.

The contribution of the daughters of these fission products has been taken into consideration by ad-

justing the values of K Consequenﬂy, the appropriate equations for the doses are, except for the number

T. H. ]. Bumett, Nucl. Sci. Eng. 2, p. 382 (May 1957).

o
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Table I.A.3. Parameters Used to Compute Internal Dose Due to Fission Products Other than lodine

Isotope ‘ /\j (min~ 1) Kj (rems/lic) q; (curies/kw)

Bone Seekers®

895, 8.88 x 10~° 0.416 6.94
905,90y ' 4,71 x 1078 : 44.3 0.05
oly 8.28 x 107° 0.337 - 8.16
95z ' 7.62 x 105 - ' 0.062 . 8.21
972:2"Nb 6.78 x 104 0.004 ‘ 52,30
95Np . 1.37 x 1075 0.012 13.87 ’
1405, 1400 3.76 x 10~5 : 0.090 30.95
) \ Hlce LsIx1075 0.019 _ 14,04
143p, 3.51 x 1075 0.023 27.79
1440 144p, 1.66 x 107° 1,200 ' 1.78
) N\ 147N4 : " 426 x 1078 0.189 13.21
Others®
103Ru-103mRy 1.18 x 10~° 0.007 5,49
105gh 3.16 x 1073 0.0014 7.59
: 10624.19%Rn . 1.32x107° ) 0.065 . 0.09
12701127 5.30 x 1076 , 0.018 - 0.23
129mpe.12%1¢ 1.46 x 1075  0.046 2,27
131mpe 131pe 3.85 x 1073 0.0077 _ © 22,46
1327 1.50 x 104 0.0015 , " 35.65
. 137¢6.137R4 : 4.96 x 1078 0.0086 . l 0.05

aKj values computed by H. Heacker.

bKj values computed by T. H. J. Burnett.

of terms, identical to Eq. (24). Again, the simplified form — Eq. (25) ~ is used. The results are given in
Figs. LA.4 and L.A.5. ' ‘

4.2 External or Submersion Dose

The external dose from an accident in the HFIR is due almost entirely to the noble gases. This is
. because the HFIR ventilation system, which is designed to re'rﬁove the halogens anfi nonvolatile fission
products from the effluent éir, is incapable of removing the noble gases. More(;ver, they are known to be
released quite readily from leaking or molten fuel. For this reason they will be considered in some detail.
It is convenient to divide the noble gas doses into three categories according to their origin. These

are: (1) the dose due to the direct emission of the noble gases present at the time of the accident; (2)
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the dose due to the dauéhters of the noble gases which are formed following emission from the stack
(those formed prior to emission from the stack are, since théy are solids, assumed to.remain on the -
filters); and (3) the noble gases formed by the decay of iodine which has been deposited on the filters.
There are ten noble gas isotopes which are of significance so far as direct emission is concerned.
Oof thesé, three — namely ®8Kr, 89Kr, and '*8Xe — decay into daughters which also contribute signifi-
cantly. Of these, ®®Rb and '38Cs are the most important. Two of the iodines, '*°I and '3°1, decay to
radioactive xenons, the most important of which is '3°™Xe. The equation for the dose utilizes the ex-

pressions for concentration given in Egs. (11}, (13), and (14) and the external dose equations (20) and

1)
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10 t 3 t 3
D, (=284 | ¥ Epj“f X,(T)dT + ¥ E, f x;j(T) a7 + J, Eq X;(rydr| . (26)
j=1

x/u j=1 'Y %/u . j=1

Here, the subscripts p and d refer to the parent and daughtér, respectively, and the EJ.,S are chosen ac-

cording to whether it is the gamma or beta dose which is sought. The parameters for use with Eq. (26)

are listed in Table L.A.4. .
Because the noble gas doses are quite sensitive to the exhaust rate and the time of exposure, they

have been computed not only for a high exhaust rate (@ = 0.5) but also for exhaust rates corresponding to
the maximum rate of removal through the HFIR primary coolant cleanup system (a = 0.015) aﬁd the rate -
of emission from the reactor bay assuming normal SBHE air flow and uniform dispersion (& = 0.028), The
doses have been computed for both infinite and 2-hr exposure and are given in Figs. LA.6~LA.11.

4.2.1 External Doses from Fission Products Other than Noble Gases. — An upper limit to the external

dose from all the fission products may be estimated from Eq. (23). The values of p(x, u) are taken from
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Table [.A.4. Parameters Used to Compute® External Dose from Noble Gases

Direct Emission

Isotope }\”1 (min~") 0, (curies/kw) Ezj (Mev/dis) Efj (Mev/dis)
83my, 6.06 x 1073 . 4.05 0.415 0
8Smy . 2,646 x 10~3 12,65 0.181 0.233
87kr : 8.88 x 1073 o 22,77 0,56 101
88k 4.17 x 1073 31,21 2.07 0.331
89y, 2.178 x 107} 38.80 ‘ 0 1.3
133mye 2,094 x 10™4 1.32 0.237% . 0
133%e 9.120 x 10~° 47,18 0.081 0.115
135mye 4.44 x 1072 . 15,18 0.528° 0
135%e 1266 x 1073 1.60 0.268 0.302
138xe 4.074 x 1072 46.39 0 1.0
Daughters
Isotope )\pj (min™ Y )\d; (min~ 1) qu (curies/kw) E'Z}; (Mev/dis) Egj (MeTv/dis)
88Rb 4.17 x 1073 3.894 x 1072 T 3121 0.47 " Lt
89Rb 2,178 x 107! 4.50 x 1072 38,80 0 1.5
138eg T 4074x 1072 . 2172x 1072 46.39 2.01 1.08

Reemission

Isotope X (min_l) A (min—l) q_ (curies/kw) EY (Mev/dis) Eﬁ (Mev/dis)
Py 9 Py 9% %

133 e 5.55 » 10~% 9.120 x 107° 54.83 0.081 0.115

135mye 1.78 x 1073 4,44 x 1072 4.86 0.528 0

135%e 1.78 x 1073 1.266 x 1073 11.34 0.268 0.802

fData from Blomeke and Todd, ORNL-2127,
bIncludes daughters,

.

: ' 2 2
~h“(u)/20
the Perkins and King data® for 1000-hr operation.® The stack factor S(x, u) = e W */muo o, is given

for both ‘‘most representative’’ and ‘‘worst average’’ conditions in Fig. I.A.12. The value of u used for

¢

the ‘‘most representative’’ case is 100 m/min; and the values used to compute the ‘‘worst average’’ case

are those which maximize S(x, u),.namely,

Uy = 27.90/(/1 + 02/1452 — 1)

ma

9Perkins_ and King give curves of Mev per watt-second for 10-, 100-, and 1000-hr operation. The nominal HFIR
operating time is expected to be 360 hr; hence, use of 1000 hr is an overestimate. :
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The noble gas doses are subtracted from the resuit, thus giving the external doses to be expected from
all the fission products other than noble gases. These data are obtained under the assumption of high ex-

haust rate and infinite exposure and are given in Fig. LA.13. \

5. Continuous Release of Activity
Equation (1) can be utilized to obtain an estimate of the results of a continuous release of the volatile
fission products from the stack. Because ‘‘worst average’’ conditions cannot be ex;-)ected to prevail over
long periods of time, the ‘‘most representative’ conditions (‘°C”’ stability, u = 100 m/min) have been
utilized, Therefore, if decay during passage downwind is neglected, the concentration in microcuries per
cubic centimeter at ground level at a point x meters downwind and y meters crosswind from the stack due
to the continuous émission of 1 curie/min is given by .

—hz(u)/ZO'2
z

2 2
e —y*/20 .
% y)=—— - e Y uc em™? curie™! min , @27
Tuo o, ‘ .
y z
where again the factor 2 in the denominator of Eq. (1) is dropped to account for reflection and z has been
set equal to —h, the effective stack height.
Because it is the consequences under average conditions which are sought, and because the wind di-
fections are given in terms of the sixteen 22.5°-sectors which represent the cardinal compass points, Eq.
(27) is averaged with respect to y over the base of an isosceles triangle having altitude x and vertex

angle 77/8. Thus

2 2 2 2
—h (/20 —h“(uy/20
<00 e = 1 fx tan 7/186 —y2/20'}2, o C z % i x tan 77/16
X\X) = .. e ly = . er [P
U0, I, x tan 77/16 - V2 uo 0,  x tan /16 o, V2

For the values of interest,

xtan77/16
0.9 < erf <1;

hence

~hlwy/20?
O 3% Stx, ) . 28)
X) = X, U
X 7 uo o, 2 x tan 77/16 ) X o

| 2

The results for the ““most representative’’ case are given in Fig. LA.14. These can be corrected for
~0.01Ax

simple decay by multiplying the values given in the curve by the quantity e , where A is the decay
constant in min~! and x is the downwind distance in meters.

Again, because tht;: results of average conditions are sought, the distribution of the wind direction must
be considered. The average values for the ORNL area are given in Table I.A.5. Hence, the values found

from Fig. 1.A.14 should be reduced by the fraction corresponding to the direction under consideration.
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Table LA.5. Frequency of Wind Direction at ORNL®

Direction Toward Which Wind Blows’ Percent of Total Time

N . 3.389
NNE 7.259
NE 12,076
ENE 8.160
E : 7.009
ESE . 4,742
SE 3.023
SSE 1.348
s 1.978
SSW 3.200
SW . 12.501
wSW 8.985
w 4,047
WNW 0.914
NW : 1.327
NNW 0.857

Calm 19,185

4W. M. Culkowski, U.S. Weather Bureau, private communi=
cation, January 1964,
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: ‘ , APPENDIX B

HFIR EXCURSION CONTAINMENT POTENTIAL*
Letter Report of 15 March 1964

Prepared for
Reactor Division
Oak Ridge National Laboratory
By
Walter R. Wise, Jr., Ph.D.
Excursion Containment Consultant

1. Foreword

The Reactor Vessel Containment Program, currently nearing completion at the U.S. Naval Ordnance '
. ‘ Laboratory, White Oak, is addressed to chafacteriz’ing the excursion containment potential of nuclear
facilities, and particularly reactor pressure vessels. “This program, sponsored by the Atomic Energy
Commission at a cost of $1,400,000 over a period of eight years, is the Commission’s most fundamental
and comprehensivé research effort directed to the excursion containment potential of reactor vessels
per se. The extensi{;e experimental phase, including tests in model vessels made of A212B steel, has
been completed; the major pottion of the theoretical work is virtually complete; aﬁd final summary re-
ports ** now in preparation are scheduled for publication in the first half of 1964. These reports will
constitute the most extensive and authoritative reactor vessel excursion containment information pub-
. lished in the United States. The basic rationale and data of these reports, through the writer as their

principal author, were employed to characterize the excursion containment potential of the HFIR.

2. Introduction o

\»

. In this report, upper bounds in terms of TNT will be placed upon the excursion containment potential
of the HFIR. ! The rationale for employing TNT to simulate and provide useful upper bounds on nuclear
accidents can be readily expressed: Nuclear excursions cannot be micro scaled; TNT explosions can,
and furthermore, many of their scaling properties are well known. This makes available a very important

" tool that is often the sine qua non for complex multipérameter problems: experiments in small models.
Although the flux and character of the energy released during a postulated MCA may not be identical to
those of the TNT explosion, they are often sufficiently alike to permit use of the TNT model as a reason-

able and defensible upper-bound simulant. This is true for the HFIR. .

*Updated in question 56 and Appendix K.
**NOLTR 63-140 (Aug. 16, 1965).

IHFIR design specifications employed in this report were supplied to the author by the Reactor Division,
QOak Ridge National Laboratory.

L 1Y

1
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3. Tentatively Postulated MCA’s?

It is understood from information provided by the Reactor Division, Oak Ridge National Laboratory,
that the following accidents have been entertained or tentatively postulated by the Division as probable

MCA’s for the HFIR:

1. The li.near release of 50 Mwsec in 3 msec.

2. The linear release of 100 to 200 Mwsec in 100 to 1000 msec.

Now, a nominal value for the heat of detonation of TNT is 1050 cal/g. At this energy density, 200 Mwsec,
for example, would be closely equivalent to the energy released by the detonation of 100 1b of TNT.

4. Characteristics of Marginally Contained TNT Accident

The HFIR pressure vessel is fabricated of A212B steel with the properties: 0,= 38,000 psi; o =
70,000 psi; € (elongation) = 22%. It is interesting, in the beginning at least, to consider an idealized
HFIR pressure vessel for which the material is homogeneous and isotropic and the end closures and all
nozzles remain sound during gross plastic deformation of the vessel wall. Additionélly, assume that all
water is drained from the reactor pool. Under these c}rcumstances, we entertain the detonation of a
center-initiated, compact charge of TNT at the core location, which would occupy a volume of the same
order as that of the uranium core; its temperature and pressure would be 77°F and atmospheric. Upon
detonation, the solid explosive would be transformed almost discontinuously iﬁ time to a gaseous fireball
at virtually the same volume with temperatures and pressures of the order of 5000°F and 2,500,000 psi
behind the detonation front. As a consequence of this immense energy flux, two destructive mechanisms
would be produced: the shock wave and the internal-blast pressure, that is, the quasi-static (or equi-
librium) pressure generated by the gases released from the' explosive charge. About half the energy is

released in the shock wave and the remainder in the internal-blast pressure.

The shock wave, a microsecond mechanism, would propagate through the media surrounding the core
anld strike the wall of the reactor vessel. In response to the impulse, the wall would be given a virtually
instantaneous velocity. Portions of the wall nearest the core would be given the greatest velocity and
undergo the greatest deformation. The inertia and tensile strength of the vessel would resist the impul-
sive force during acceleration of the wall. Subsequently, the tensile constraint would attempt to bring
the wall to rest. . -

In general, shock-wave attenuation in elastic media is less than in inelastic, plastic, or relatively
compressible media. For the case at hand, attenuation of the shock would be greater in water than in
steel, and in air or similar gases the attenuation would be considerably greater than in water or steel.
Thus, it is seen that if water were lost from the reactor vessel immediately prior to the ac;:ident, the

shock-attenuation potential of the system would be increased, and the shock strength at the composite

2Editors’ note: The term MCA as used here by Dr. Wise differs in tonnotation from that used in the safety
analysis itself. The energy releases suggested to Dr. Wise by ORNL were for the purpose of defining the scope
of the problem. ’
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wall would be decreased with a consequent decrease in defprma‘tion. Clearly then, the deformation vol-
ume of the reactor vessel is a function of water content: the largest deformation is associated with the

case of no loss of water from the vessel and conversely for the full loss of water.

Following the shock wave would be the explosion gases, and assuming containment, these gases
would be confined in the reactor vessel. The resulting quasi-static pressure, of milliseconds duration
as opposed to microseconds for the shock pressure, is a significant function of two variables: the vol-
ume into which the explosion gases flow and the capacity (quality and quantity) of the heat sinks avail-
able to these gases. If a major portion of the water is retained in the vessel, the water constitutes a
significant heat sink., If a major portion or all of the wat;er is lost from the vessel, the complex metal
structures surrounding the core Become an important heat sink. In any event, these sinks significantly
enhance the containment potential of the HFIR vessel for energy releases occurring in hundreds of milli-
seconds.

The internal-blast pressure (of the order of hundreds of psi) is less than the shock pressure (of the
‘order of thousands of psi), but it tends to persist for hundreds of milliseconds as opposed to micro-
seconds for the shock pressure. Dis.tortion of the vessel wall from the shock pressure precedes arrival
of the intemal-blast pressure, so that the expansion volume immediately available to the explosion gaées
would be the initial expansion volume plus whatever deformation volﬁme is produced by the §hock pres-

sure. The magnitude of the internal-blast pressure is not sufficient to further distort the wall.

v

5. Excursion Containment Bounds

From the most authoritative information available, bounds on the excursion containment potential of

the HFIR are entertained and estimated as follows:

1. The marginal TNT containment potential of the idealized HFIR pressure vessel for the case of no
water in the reactor pool and no loss of water from the vessel immediately prior to the accident is
estimated to be 180 l\b of TNT (360 Mwsec). If any portion of the vessel water were lost immediately
prior to the accident, the containment potential would be greater than 180 1b of TNT. If all the vessel
water were lost immediately prior to the accident, the containment potential would exceed 360 1b of ,
TNT (720 Mwsec). These estimates are predicated upon the unrealistic assumption that parts of the
vessel wall nearest £he charge would elongate as much as 22% and that all closures, nozzles, and
weldments in the vessel wall, particula}'ly those nearest the charge, would remaiﬁ sound.

2. Since the HFIR reactor vessel is fitted with n‘umerous and complex closures, n(.;Tz‘zles, and weldments,
the maximum permissible el.ongation of the vessel wall should be restricted to one-third of the speci-
fied 22% minimum, say € = 7%. Imposing the 7% restriction, we now consider an accident that the
HFIR vessel could'be realistically expected to contain. Again it is assumed that the reactor vessel
is full of water, but there is no water in the reactor pool. Under these conditions, the containment
potential of the HFIR is estimated to be 55 1b of TNT (110 Mwsec). If any portion of the vessel water
were lost immediately prior to the accident, the potéhtial would be greater than 55 Ib of TNT. If all
the vessel water were lost, the potential would exceed 110 1b of TNT (220 Mwsec).
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3. If all reactor pool water were retained — and this is understood to be the most likely condition in the
rémote event of an accidental excursion — the inertia of the reactor pool water would increase the
containment potential of the reactor vessel to more éhan 110 1b of TNT (220 Mwsec), irrespective of
whether the vessel water be lost or retained in any quantity, If a loss of reactor pool water were
suffered, but a head of at least 8 ft above the top of the reactor vessel were retained, the contain-
ment potential of the vessel would remain in excess of 110 1b of TNT (220 Mwsec) irrespective of

the loss or retainment of vessel water in any quantity.

4. The detonation of TNT (in microseconds) is a more efficient violence mechanism than linear releases
occurring in milliseconds and significantly more efficient than those occurring over hundreds of milli-

seconds. It is estimated that either of the following accidents:

a) the linear release of 110 Mwsec in 3 msec,

b) the linear release of 330 Mwsec in 100 to 1000 msec,

would be contained within the HFIR pressure vessel and its nozzle complex, irrespective of whether

the water in the vessel and/or reactor pool be lost or retained in any quantity.

6. Containment Qualifications

To avoid ambiguity in defining the excursions considered above, it is. specified that, irrespective of
the compounding of nuclear or other events that may occur in the reactor, the upper bound on the resultant
total accident (the energy released) is in each case relative to the normal operating energy level of t.he
reactor as a base. Furthermore, for accidents with release rates slower than that of TNT, an impoftant
requirement must be satisfied: the release of gas products per unit energy for the slower reactant must
not exceed that for TNT. Upon some reflection, it is seen that the limitations on compounding and gas
products are both practicable anfi necessary for the dete:rmination of upper-bound containment potentials.
This rationale apﬁlies not only to the HFIR, but to reactors generally.

The specified containment bounds will be valid only if the following requirements are satisfied:

* 1. The vessel wall, weldments, closures, and nozzles must possess everywhere the chemical, mechan-
‘ical, and physical properties specified in the design of the reactor, and '
2. These properties, as they relate to containment, must not be negated in time by inclusions, NDT con-

siderations, radiation éffects, stress concentrations, high temperatures, cycling, etc.

All the realistic accidents entertained might grossly deform such reactor internals as the core assem-
bly, the beam tubes, and the control rods that extend throggh the lower portion of the reactor vessel into
the sub-pile room. In Eonsequence, minor breaching of comrelative nozzles and closures could result, but
rupture of-the reactor vessel per se would not occur. Also, the accidents could produce a small perma-
nent set in some of the studs or bolts that make the various flanged joints of the reactor vessel. This
could be particularly characteristic of the studs that make the top-head joint. In consequence, breachirig
could o;:cur in the form of leakage at these joints; but again, the gross containment integrity of the re-
actor vessel would not be violated, and gross failure of the vessel nozzle and piping complex external

to the vessel should not occur. -

"
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7. Summary Conclusions

Basic rationale on the bounds and qualifications of reactor containment was discussed in the previous
paragraphs. A detailed summary of upper bounds upon the realistic excursion containment potential of the
HFIR (€ = 7% max) is now given for various conditions and accidents, The limitétions, qualifications,

and restrictions ‘discussed above apply in each case as appropriate.
1. Complete loss of teactor pool water; TNT energy flux.

a) Retainment of all reactor vessel water: containment potential = 55 Ib of TNT (110 Mwsec)
b) Partial loss of reactor vessel water: containment potential > 55 1b of TNT (>110 Mwsec).

c) Complete loss of reactor vessel water: containment potential > 110 1b of TNT (>220-Mwsec).

2. Complete loss of reactor pool water; energy release rates slower than TNT rate. -

a) Full retainment or partial loss of reactor vessel water; 3 msec .linear release; containment poten-
tial > 110 Mwsec.

by Complete loss of reactor vessel water; 3 msec linear release:- containment potential > 220 Mwsec.

c) Retainment of at least 2/3 of reactor véssel water; 100 to 1000 msec linear release: containment
potential > 360 Mwsec. : \

d) Complete loss of reactor vessel water; 100 to 1000 msec linear release: containment potential

> 330 Mwsec.

3. Retainment of head of pool water at least 8 ft above top of reactor vessel for retainment or loss of

reactor vessel water in any quantity.

a) TNT energy flux: .containment potential>> 110 1b of TNT (>220 Mwsec).
b) Linear release in 3 msec: containment potential > 220 Mwsec.
c) Linear release in 100 to 1000 msec: containment potential would not be appreciably affected by

inertial constraint of pool water.

4. Thereactor pool and vessel are full of water under normal operating conditions — the conditions
deemed most likely to exist in the event of an accidental excursion. Fortuitou_ély, these are the very
conditions that yield the greatest containment potential of the HFIR vessel (Fig. 1.B.1). Since Fig.
I.B.1 characterizes the containment case of greatest general interest, we shall be specific as to its
meaning: the energy flux defined therein constitutes the highest defensible upper bound upon the
excursion containment potential of the HFIR véssel and its nozzle complex. Large losses of vessel
and pool water would adversely affect the containment potential; but, if at least two-thirds of the
vessel water and 8 ft of bool water above the \-/essel were retained, the containment potential givén

in Fig. 1.B.1 would remain valid.

5. In all the accidents discussed thus far, the release of gas products per unit energy was that correla-
“tive with the detonation of TNT. It should be noted that for essentially thermal releases (virtually

no gas products) occurring in hundreds of milliseconds the excursion containment potential of the

HFIR and its nozzle complex would be greatly enhanced.-
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Fig. 1.B.1. Upper Bound Containment Potential of HFIR Under Normal

Operating Condit

ions,

The summary provided in the paragraphs above constitutes reasonable and highly defensible upper

bounds upon the excursion containment potential of the HFIR pressure vessel and nozzle complex. The

conclusions, based upon known theory and replicable experimental results, are drawn from the writer’s

background and experience in producing the most extensive and authoritative reactor vessel excursion

containment information known to be available.

wallin R. W ice ’\6"

Walter R. Wise, Jr., Ph.D.3
Excursion Containment Consultant

APPENDIX C

REACTIVITY CONSIDERATIONS*

As is the case with all reactors, there are numerous ways of adding varying amounts of reactivity to

the nominal HFIR core. Some of these, of course, are associated with normal operation of the reactor,

while others constitute ‘‘accidents.’

’ The latter reactivity additions may or may not be credible, but all,

by definition, are possible. From a practical point of view, it is desirable to select for analytical con-

sideration only those accidents which are physically reasonable from the standpoint of available mech-

anisms for producing the accident. If all the selected accidents can be tolerated within the various de-

grees of acceptable core damage associated with each accident, then the question of credibility can be

3The writer was Director and Principal Investigator of the NOL Reactor Vessel Containment Program from its
inception in January 1956 to August 1963. He has continued to oversee the program in a consulting capacity and
“will do so until the final reports (the writer is principal author) are published in mid-1964.

*Further discussed in answers 11, 12, 20, 22, 26, 38, 51, 54, and 55 and Appendices H and L.
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avoided altogether. In this report, the ‘‘reasonable’” HFIR reactivity accidents and associated mecha-

nisms are disctigsed; on the basis of analdg transient analyses, which included comparisons of the HFIR
and selected SPERT cores, it is concluded that no serious core damage will result from any of these
accidental reactivity additions. Some melting of localized hot-spot areas is predicteci for a few extreme
cases; however, because of the small fraction of core volume involved and the anticipated low frequency

of occurrence, such accidents are not considered to constitute serious monetary or hazards problems.

Closely associated with the problem of reactivity accidents is the steady-state reactivity shutdown
margin. Criteria pertaining to shutdown margins, a summary of shutdown margins, and a reactivity ac-

countability are included as a part of this analysis.

1. Transient Behavior
1.1 Method of Analysis

Two methods of analysis have been used to examine the behavior of the HFIR when subjected to
various reactivity additions. The method used most extensively was a mathematical analysis, using an
analog model of the HFIR; the other method involved the extrapolation of SPERT experimental data to

HFIR conditions. This latter'analysis is discussed in greater detail at the end of this section.

The reactor model selected for the analog studies was based on the usual set of heat removal and
reactor kinetics equatidns. Wherever practical to do so, the constants and assump\tions used were se-
lected on a conservative basis. In the following paragraphs an effort is made to éxplain in a qualitative
way the extent of the conservatism. A completely quantitative analysis of the degree of conservatism

. B \
has not been possible because of a lack of appropriate experimental data.

The analog calculations were performed in such a way that the average HFIR core and very localized
hot-channel, hot-streak, and hot-spot portions of the average core were considered simultaneously. How-
ever, in so doing it was assumed that the transient behavior of the reactor was dependent .only on avérage
conditions, local net deviations from the average beiﬁg neglected insofar as--f’eedback is concerned. This
means that no advantage was taken of negative reactivity feedback associated with strongly weighted

moderator density changes in the high-power-density regions.

Variations in reactivity resulting from temperature changes throughout the average core were ac-
counted for by dividing the core into four regions: flux-trap target, water annulus between target and
fuel, fuel, and reflector-control. Each of these regions had individual reactivity coefficients and heating
and heat removal rates. Reactivity variations resulting from po’ssible- void formation in the fuel region
coolant were not included because of the uncert'ai'nty associated with the worth and quantity of the voids.
The degree of conservatism associated with this simplification is greater for low-power operation and for

short-period reactivity accidents. In several of the calculated cases the nominal maximum plate surface

- temperatures exceeded the saturation temperature before the peak power occurred. This means that voids

would occur in the fuel region and would contribute to the negative reactivity feedback in time to reduce

the peak power and temperature.
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Reactivity temperature coefficient data used in the calculations were obtained in large part from
HFIR critical experiments.! In these experiments, the temperature coefficients for the island and for
the fuel region were determined as a function of moderator temperature up to the normal full-power mod-
erator temperature for the reactor. Coefficients for the other less important regions were obtained from
normalized calculations. Since it was not possible to obtain experimental coefficients for the end-of-
core-life conditions, calculations were also used to predict the ratio of beginning-of-cycle to end-of-cycle
coefficients for the fuel region, the only region for which this ratio is significant. The end-of-cycle co-
efficient for the fuel region was calculated to be one-half that at the beginning of the cycle.

The fuel region temperature coefficient was found to be somewhat sensitive to the moderator temper-
ature. The coefficient becomes more negative as the moderator temperature increases. This effect was
included in some of the calculations, while in others an average coefficient was used. Frdm the stand-
point of establishing the peak power and temperatures during a fast transient the variation in temperature
coefficient with temperature was not really impottant; for all cases of interest the increase in average
bulk moderator temperature up to peak power was iess than 30°F

A fuel plate expansion coefficient of reactivity was also included in the analog calculation. Its value
was determined from the fuel region void coefficients measured in the HFIR critical experiments.® When
the coolant flow rate (and thqs the water-film heat transfer coefficient) is low, the fuel plate expansipq
coefficient is equally as important as the moderator terﬁperature coefficient in terminating an excursion.

Reactivity control by means of control plates was characterized by a powér—level or rate-trip signal,

a delay between signal and plate release, a linearly decreasing safety plate acceleration (to 1g at the end
of the first 6 in. of travel), and a control plate differential worth that was a function of plate position.

The heat-transfer mechanism simulated in the analog model was that associated with a flat-fuel-plate,
rectangular-coolant-channel geometry. Heat transfer from the plates to the coolant was assumed to take
place by conduction and convection and by direct deposition of gamma and neutron energy in the coolant.

Resistance to the flow of heat from the plates to the water was provided by the aluminum fuel plate,
an aluminum oxide film between the plate and water, and the fluid film; the latter two resistances were
assumed to have negligible heat capacity. The inlet temperature of the coolant water was assumed to
be constant during the transient because of the short durét'i& of the transient relative to the primary
coolant cycle time,

Fuel region afterheat was included in the analysis and was assumed to have a maximum value of 7%
of the steady-state power. ' _ _ .

The kinetic equations used in the analog studies to describe the transient behavior of the HF IR core
in ‘a manner consistent with the above approximations and assumptions are as follows; the nomenclature
is set forth in Table I.C.1. ‘

Nuclear equations;
P 1 -Pk-1 1 <
2ty S
t I*

Ip. w. Magnuson, High Flux Isotope Reactor Critical Experiment No. 2, ORNL-CF-61-9-52 (Sept. 27, 1961).

ar
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Table I.C.1. Nomenclature

Ratio of power produced in fuel plates to total power

a
A Heat transfer surface area : . )
b Ratio of.power produced in coolant to total power
CF Total heat cépacity of metal, Btu/°F
Cw Total heat capacity of coolant, Btu/°F )
Cl Delayed neutron precursor for ith group ‘[units and normalization consistent with use of power instead
of neutron density in Eqgs. (1) and (2)]
F(t) Control plate and accident reactivity variations with time, AI;'
-] Acceleration due to gravity, in'./sec2
h " Heat transfer coefficient, Btu el ft—2 (°F)!
k Effective neutron multiplication factor ‘ )
ko Effective neutron multiplication factor at time zero
I* Prompt neutron lifetime, sec
P “Total reactor power, Btu/sec )
S Distance control plate moves after release, m
t Time, sec
T1 Oxide-metal interface temperature
T2 Oxide-water interface temperature
_I-‘ Average metal temperature over region
tl Average bulk water temperature at core inlet
fj Average bulk water teygnperature throughout jth’region
TJ(O) Average bulk water temperature throughout jvth region during steady sta'te‘
To Average bulk water temperature at region outlet )
TW Alverage bulk water temperature throughout region
CL’ Temperature coefficient of reactivity for jth region of core, Ak/°F
,31 . " Delayed neutron fraction for ith group
'I Decay rate of ith delayed neutron precursor
t léate at which heat is transferred out of metal, Btu sec"1 (OF)—1 (determined from steady-state
conditions)
)\2 ) Ratio Aof heat transfer rate per unit temperature drop across oxide film to )\1 (determined from steady-
state conditions) - '
T One-half residence timé of coolant in region N
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dc, \C B;kP : -
@ TN T | ®
' k=k,+F(t)+ I d].[T]. - T].(O)] 3)
=1
Heat removal equations:
dTF .
C. & +)\1(TF_ T1)=aP : @
Tp - T1 = Az(Tl - Tz) . ®)
dTy o C _ = '
de—f—Tw(Ti—Tw)—hA(T2—TW)—bP=0 (6)
ar, C_ _ . -
w _T(TW—TO)—hA(T2—TW)—bP=0 @)
Control plate movement equations:
d*s 1
T2.=4g_§gsm;—1 (05556in.) (8)
d?s )
d_t; = (S >6 lﬂ.) (9)

In Egs. (6) and (7) the quantity A is the heat transfer coefficient of the coolant film. During a tran-
sient, in which the flow rate remained constant, the h value was maintained constant for heat fluxes less

2 When the latter heat flux was reached, the h value associated

than the steady-state burnout heat flux.
with that location was set equal to zero and was presumed to remain at zero unti1 the power level was
reduced to about one-half of the power level that corresponded to the steady-state bumout heat flux. The
absolute value of the avere;ge-core heat transfer coefficient prior to the film blanketing condition was

3 This was conservative since

taken as the minimum predicted by the applicable steady-state correlation:
the use of a low h value resulted in less negative reactivity feedback associated with moderator expan-

sion. At the hot spot a nominal h value, corresponding to steady-state hot-spot conditions, * was used.

2In the analog analysis, incipient boiling heat fluxes were used in lieu of burnout heat fluxes for modes 1
and 2 because adequate correlations for the latter were not available. This approach is not considered unduly
conservative, because at high power a narrowing of the coolant channel tends to make the incipient boiling
point and the burnout point nearly equal. For very low power and with no forced flow (mode 3) there is a sig-
nificant separation of the incipient boiling point and burnout point; for this mode adequate burnout data were
available.

3W. R. Gambill and R. D. Bundy, HFIR Heat Transfer Studie§ of Turbulent Water Flow in Thin Rectangular
Channels, ORNL-3079 (June 5, 1961).

“N. Hilvety and T. G. Chapman, Summary of HFIR Hot Spot Studies, ORNL-CF-62-1-52 (Jan. 30, 1962).

e
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When the A value at the hot spot is set equal to zero, the ratio of hot-spot temperature to surrounding
plate temperature increases, and thus the radial heat transfer away from the hot spot (5/64 in. diameter) "
should increase. In the analog analysis no increase in radial transfer was permitted after the h value
was set equal to zero. Therefore, in this respect the calculated hot-spot plate temperatures are higher

than would actually be expected. S

The hot-spot conditions used in the analog model were the same as those used in the steady-state
analysis of the core;* that is, all conceivable toleranées and abnormalities (blisters, fuel segregation,
etc.) within specifications were considered to exist in a consistent manner at the same time and place.
Although much factual statistical data on the distribution of abnormalities in the fuel plates is still not
available, it appears that the probability of existence of the worst combination £>f heat removal conditions
is very small. This needs to be kept in mind when\using the calculated results to evaluate core damage
and the ability of the HFIR to handle reactivity accidents.

An accurate evaluation of the calculational results in terms of core damage becomes quite question-
able when the predicted plate temperatures approach and exceed the melting temperature of the fuel plates.
There are, however, some SPERT data which indicate that for calculated temperatures well in excess of
the melting point no actual melting or even plate warpage will occur. For this reason, it appeared con-
servative to assume, for purposes of evaluating the calculated results, that no melting would occur until
in the calculation the melting temperature was reached and enough additional heat was added (heat of
fusion) to actuall}; melt the aluminum. In the calculation the heat of fusion was represented by an in-
crease in plate temperatu;e equal to the heat of fusion divided by the specific heat. Therefore, the cal-

culated melting point temperature was equal to

| 167 Btu/Ib . .
1950°F = 1210°F (melting temperature) + 07226 Bra - op—1 =1210°F + 740°F .
) u

Calculated temperatures above 1210°F should be interpreted accordingly.

From an operating point of view, the occurrence of aA very small fission product leak is probably not
the most serious type of core damage resulting from a transient. A permanent buckling of the fuel plates
could significéntly reduce the coolant velocity adjacent to a plat‘e containing hot spots. Theoretically,
this would reduce the bumout power level margin for hormal full power operation. This might mean that

the particular core, after experiencing a severe transient, would have to be operated at reduced power or

discarded. Calculations indicate that for peak transient hot-spot heat fluxes less than the steady-state

burnout heat flux, excessive permanent buckling of the fuel plates should not occur. Furthermore, the
occurrence of accidents that would produce heat fluxes in excess of the above are considered to be so

infrequent that the rejectibn of a core upon such an occasion would be of little concem.

1.2 Modes of Operation

Three general modes of operation have been provided for the HFIR. S For purposes of the safety

analysis they can be briefly outlined as follows. Mode 1 (normal operating mode) is for pressurized op-

5The High Flux Isotope Reactor, a Functional Description, ORNL-3572, vol. 1 (May 1964).
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eration (™ 600 psi) at full coolant flow and also at 10% full flow. At full flow the power can range from -
zero to 100 Mw (normal full power operation). The power level at 10% flow can range from zero to 10 Mw
(power outage condition). Mode 2 provides for low-power operation at 10% flow and low pressure (vessel
head open). The maximum power level under these conditions is about 2.5 Mw. Mode 3 pemits very low-
power operation with no flow and low pressure (vessel head open). For this case, maximum power level
is about 100 kw.

All three modes of operation were considered in the analog analysis. For each mode the appropriate
sets of accidéntal reactivity additions, flow rates, initial power levels, burnout heat fluxes, and safety
system characteristics were used. The safety system level and rate trips selected for the three modes

of operation are shown in Table I.C.2.

Table I.C.2. Safety System Level and Rate Trips

Mode of Operation

1 2 3 -
Level trip (Mw) © 13-130 3.25 0.130
Rate trip .20 0.50 0.020
(Mw/sec)
Minimum change 5 0.125 0.005 i

i power to
actuate rate
trip (Mw)

For mode 1 operation the level trip is proportional to the coolant flow rate, but all other level trips
and all rate trips are fixed. The level and rate trips selected for mode 1 are as low as appears practical
for flexibility in operation and for freedom frlSm false scrams due to instrument noise. The level and rate
trips for mode 2 operat'ion were set so as to accommodate rather wide variations in the ratio of maximum A -
to average powér density resulting from asymmetric operatioﬁ of the control rods. For mode 3 operation
the trip points were set in a manner consistent with that used for mode 1.

In the analog analysis it was necessary for some cases to use a level trip to simulate a rate trip as
a result of computer background noise. This was done by using the ‘“‘minimum change in power to actuate
rate trip’’ or a multiple thereof as a level trip. This substitution was considered equivalent and adequate
provided the rate of rise in poWer level was fast compared to thé rate trip being evaluated. For cases
where the rate of rise was not adequately fast for the simulated rate trip to be accurate, an actual rate

trip or the power level trip appropriate for the mode under investigation was used.

It was also necessary to consider the changing characteristics of the core as a function of time in
the fuel cycle. At the beginning of the fuel cycle, when the control plates effectively separate most of
the Be-H ,0 reflector from the fuel region, the neutron lifetime is just one—@alf of the neutron lifetime at

the end of the fuel cycle. However, the advantages of the longer neutron lifetime at the end of the fuel .
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cycle are negated to some extent by the existence of a low thermal conductivity aluminum oxide film at

the hot spot, greater fuel plate deflection, and, generally speaking, a lower safety-plate differential re-

‘activity worth. In many cases the end-of-cycle conditions result in higher hot-spot plate temberatures .

than beginning-of-cycle conditions. Therefore, both extreme conditions were considered for all three

" modes of operation, although the end-of-cycle conditions should only be applicablé to mode 1.

Additional pertinent characteristics associated with the HFIR analog model and the three modes of

operation are listed in Table 1.C.3.

1.3 Reactivity Addition Accidents

v

1.3.1 Introduction. — Four general types of reactivity accidents, categorized according to their mech-

anisms for occurrence, were considered. They are as follows:

1. reactivity additions associated with the control elements,

2. reactivity additions associated with ‘‘voids’’ in the central target region,
3. reactivity additions associated with cold water insertion,
4

reactivity additions associated with experiments, primarily the plutonium target in the island.

A summary of the more pertinent analog calculations and results pertaining to accidental reactivity
additions is presented in Table I1.C.4. It should be emphasized that the results in this table are strictly
calculational results that have not been normalized in accordance with experimental data. All evidence

available indicates that the calculations are quite conservative; that is, they predict higher temperatures,

power, and energy releases than would actually be expected. The entire ‘““Reactivity Addition Accidents’’

section deals only with calculations. A later section reevaluates the calculated results on the basis of
experimental data. | )

Typical calculated transient characteristics of the HFIR when subjected to a ramp reactivity addition
during high-power, mode 1 operation are shown in Fig. I.C.1. These curves illustrate how the fluid film
heat transfer coefficient is set equal to zero when the hot-spot heat flux reaches the steady-state burnout
heat flux. As indicated by the dashed curve, thevcoefficient is presumed to return to its original value

after the power is substantially reduced. The particular curves shown represent case 4, Table 1.C.4.

Several of the cases listed in Table I.C.4 are not discussed in detail herein. These cases were cal-
culated for the purpose of investigating the sensitivity of pertinent temperatures and energy releases to
anticipated variations in parameters such as reactivity insertion rate, control element differential worth,

initial power.level, etc. No strong sensitivities were observed that might tend to alter the conclusions

arrived at after analyzing the specific cases discussed in the following paragraphs.

1.3;.2- Control Plate Accidents. — Two types of control plate removal accidents were considered.
One is the runaway case in which the five shim elements (inner shim-regulating cylinder and four shim-
safety plates) are driven out of the reactor with the maximum speed of the shim drives, or the shim-
regulating cylinder is driven out with the faster regulating drive. It is also’possible to add the velocity
of the latter to that of the former, for a maximum shilm-regulating cylinder movement of about 1 in., to .

obtain the worst condition.
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Table I.C.3. Characteristics of the HFIR Analog Model

Mode |, Full-Power, Full-Flow, Steady-State Conditions

Fuel Region

Target Target Start of Cycle End of Cycle

Control
. Annulus .
Region . Region
Region Nominal Hot Hot . Nominal Hot Hot
Streak Spot Streak Spot
Metal heat capacity, C, 1.49 0 35.7 35.7 41.4 35.7 35.7 41.4 13.1
Btu/°F
Metal heat generation, aPI., 853 0 92,400 132,500 242,300 92,400 132,500 242,300 627
Btu/sec .
Mean metal temperature, Ti’ 365 125 - 230 349 428 238 469 T 627 152
°F
Metal-oxide interface tem- 199 125 222 337 407 230 457 606 150
perature, T1 , °F ,
Oxide-water interface tem- 199 125 222 337 407 222 344 417 150
perature, T2, °F
Water inlet temperature, Ti.’ 120 120 120 121 121 l 120 121 121 120
op : :
Water outlet temperature, 136 130 189 257 257 189 255 255 128
T ,°F o
° . .
Water heat generation, bPi , 144 264 2721 2775 2775 2721 2775 2775 283
Btu/sec
Water transit time, 27, sec 0.0417 0.2514 0.0397 0.0403 0.0403 0.0397 0.0418 0.0418 0.0901
A =aP,/(T,~T) 5.203 | o 11,555 11,326 11,377 11,555 11,326 11,377 241
)\2= (T:" TH/AT; =Ty o0 -1 0 00 00 1.333 0.1034 0.1131 oo
Temperature coefficient, a;, +3.2 +2.7 - =9.7% S0 —~4.8% +1.1
(Ak/°F) (x 10™5) -1.0% ‘ —0.5%
Reflector flow rate, gpm 840
Reflector power level, Mw 3
Primary system‘flow rate, gpm ) 15,000
Prompt neutron lifetime, I*, usec l
Beginning of cycle 35
End of cycle 70
Effective delayed neutron fraction, Beff
Beginning of cycle 0.0070
End of cycle 0.0071
Steady-state burnout heat flux,€ Btu hr~?! ft—2 Sk . 247X 106.
Fuel region water film heat transfer coefficient, h, Btu hr— ! 2 (OF)"1
Average core 12,000
Hot spot 15,000

»
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Table 1.C.3 (continued)

Mode 1, Low Power, Full Flow

Temperatures. and heat generqtion rates reduced to be consistent with initial steady-state power
Temperature coefficients different, depending on initial temperatures
If initial bulk water temperature less than 120°F, burnout heat flux® will be >2.47 X 10%; assumed = 2.47 x 10°

Heat transfer coefficients assumed the same

Mode 1, Low Power, 10% Flow

Temperatures and heat generations appropriate

Temperature coefficients appropriate‘ . -

Burnout heat flux® =-4.70 x 105 A o : .
Fuel region water film heat ‘transfer coefficient, h, Btu hr—l g2 (°F)~!

Average core 1970 ~
Hot spot 2460

Mode 2, Low Power, Low Pressure, 10% Flow

Burnout heat flux€ = 1.57 X 103

Heat transfer coefficients same as mode 1, 10% flow

Mode 3, Low Power, Low Pressure, No Forced Flow

Burnout heat flux = 5400
. . ~ ~1 =2 0\ ~1
Heat transfer coefficient = 300 Btu hr™ " ft ("F)

Note: Mode 3 analog calculations did not include heat transfer and associated reactivity feedback.

Only nuclear portion, including control plates, was simulated.

g Control System Characteristics (also see Table I.C.1)

Initial acceleration was 4g for all calculations discussed in this report
Safety system delay time: 10 msec for modes 1 and 2; 15 msec for mode 3

\
Scram signal: Rate and level; values dependent on mode of operation

“water.
bF‘uel plates. . . ] ‘
®Burnout heat fluxes tabulated for modes 1 and 2 are actually calculated steady-state incipient-boiling heat

The shim drive speed is 5.75 in./min (0.096 in./sec), and the regulating drive sp;eed is 15 in./min
(0.25 in./sec). With the control elements initially at the clean core, symmetrical, _criticai position, the
differential worth of the shim-regulating cylinder and of the set of four shim-safety plates is about 0.01
Ak/k per inch. For this initial control element position and for the maximum drive speed condition with
all five control elements being withdrawn, the reactivity addition rate would be 0.0044 Ak/k per second

for the first inch of travel and 0.0019 Ak/k per second for about the next 2 in., after which it decreases.
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Table I.C.4. Summary of Pertinent Analog Results for Reactivity Addition Accidents. Part 1
Safety System v
X Initial Tnitial Reactivity Plate® Plate Bulk Water Time- Plate Surface®
Time Fuel Steady-' Differ- Scram* Accident Peak Heat Flux Temperature Temperature Temperature Integratedb Temperature
Case Modeof  in  Coolant g0 ' ' Gienal  Reme: Power Peak Peak Peak Peak Power for  Nominal Max
No. Operation  Cycle  Velocity Power Worth (m[g: or tivit Ramp (Mw) Hot Spot Hot Spot Average Average Transient at Peak Power
(days) (fps) (Mw) Y (msec) (Btu hr—1 ft_z) (OF) (°F) (OF) (Mwsec) (OF)
Ak/k tevel) (Ak/k)
per in.)
1 1 [} 42.0 100.0 0.00058 20 Mw/sec  0.013 30.0 1175 >2.47 x 108 2100 590 250 34 598
2 1 [} 42.0 100.0 0.00058 20 Mw/sec 0.013 '60.0 550 >2.47 x 108 1800 450 220 30
3 1 [} 42.0 100.0 0.00058 20 Mw/sec 0.015 75.0 500 ' >2.47 x 10° " 1900 440 215 30
4 1 0 42.0 100.0 0.0035 20 Mw/sec  0.013 30.0 1075 >2.47 % 108 1850 550 235 28
5 1 [} 42.0 100.0 0.0035 20 Mw/sec  0.015 . 40.0 1040 >2.47 x 10° 1875 560 240 ) 28
6 1 [} 42.0 <o.1 0.0035 20 Mw/sec  0.013 0.0 900 >2.47 x 108 1150 400 160- 21
7 1 0 42.0 <0.1 No safety 0.013 0.0 1250 >2.47 x 10° 1600 530 190 30
8 1 ~15 42.0 100.0 0.00059 20 Mw/sec  0.013 30.0 1250 >2.47 x 108 3200 800 300 52 693
9 1 ~15 42.0 100.0° 0.00059 20 Mw/sec 0.01 30.0 775 >2.47'x 108 2600 590 245 37
10 1 ~15 42.0 100.0 0.00059 20 Mw/sec  0.008 30.0 475 >2.47 x 108 2000 445 210 27 427
11 1 ~15 42.0 100.0 0.0035 20 Mw/sec 0.013 30.0 1075 >2.47 x 108 2600 670 260 38 623
12 1 ~15 42.0 100.0 0.0035 20 Mw/sec  0.011 30.0 675 >2.47 x 10° 2000 510 220 28 499
13 1 ~15 42.0 100.0 0.0035 20 Mw/sec  0.01 30.0 525 >2.47 x 10° 1750 440 205 22
14 1 ~15 42.0 <o.1 0.00059 20 Mw/sec 0.013 0.0 1030 > 2.47 x 108 2250 640 250 38
15 1 ~15 42.0 <0.1 0.0035 20 Mw/sec  0.013 0.0 420 >2.47 x 10 900 340 170 15
16 1 0 42.0 100.0 0.00058 20 Mw/sec 0.05/sec 125 2.4 x 10¢ 450 250 160 ~1
17 1 0 42,0 5x 10-° No safety 0.005/sec 170 1.9x 108 <10
18 1 0 4.2 <o0.1 0.0035 20 Mw/sec  0.013 0.0 900 >4.7x 10% 1250 540 200 22
19 1 0 4.2 <0.1 No safety 0.013 0.0 1250 >4.7 x 10° 1900 790 280 35 629
20 1 0 4.2 <o.1 No safety 0.015 0.0 1500 >4.7 x 10° 2050 910 315 40
21 1 0 4.2 <o0.1 0.003s 20 Mw/sec  0.015 0.0 1400 >4.7x 105 1700 770 265 32
22 1 and 2 0 4.2 5% 10~8  0.0035 20 Mw/sec 0.005/sec 32 2X 105>
23 2 0 4.2 <o0.1 0.0035 20 Mw/sec  0.013 0.0 900 >1.57 x 105 1300 540 200 22
24 2 0 4.2 <o0.1 No safety 0.013 0.0 1250 >1.57x 10° 1900 790 280 35
25 2 ~15 4.2 <0.1  0.00059 20 Mw/sec 0.013 0.0 _ 800 >1.57x10° 2050 780 320 32
26 2 ~15 4.2 <0.1 .0.00059 5 Mw/sec  0.013 0.0 720 >1.57 x 105 1900 740 310 30
27 2 ~15 4.2 <o0.1 0.00059 6 Mw 0.013 0.0 740 1800 700 290 29
28 2 ~15 4.2 <o0.1 0.003s 20 Mw/sec  0.013 0.0 300 >1.57 x 10° 850 370 195 10

*The effect of a level scram at 130 Mw instead of a rate scram was discussed in answer 19. The 0.013 Ak/k 30-msec ramp accident was reevaluated without control rod action
in answer 54 and Appendix L.

Plate temperatures above 1950°F indicate melting of the hot spot; actual temperature of molten metal is less by (1950 — 1210) = 740°F

and 1950 F should be 1210"F. See discussion, p. 73.

Imegrated power includes all energy generated during transient.

in this time at 100 Mw is 75X 10~ 3 sec X 100 Mw = 7.5 Mwsec. .
©This is the maximum nominal oxide-water interface temperature at the core horizontal midplane at the time the power peaks (does not include hot spot effects). Corresponding
saturation temperatures are as follows:

Mode 1 (600 psi):

Modes 2 and 3 (10 psi)

48
240°F

In a typical initial 100-Mw case (case No. 1), the duration of the transient is ™75 msec.

Table I.C.4. Summary of Pertinent Analog Results for Reactivity Addition Accidents.

Part 2

Initial - -Safety System Approximate Estimated”
Case Mode Neutron i lmualA Reactivity Peak Time- Plate
No of Multiplication Differential Level Delay Accident  Power Iftegrated Temperature,
Operation Factor Worth Trip Time (A k/k per sec)  (Mw) Power for Peak
@ Ak/k (kw) (msec) Transient, Hot Spot

per in.) (Mwsec) (°F)
29 2 0.95 0.00058 250 10 0.01 12.6 0.6 160
30 2 0.95 0.0035 250 10 0.01 2.0 0.1 120
31 2 0.95 0.00058 500 10 0.01 28.0 1.0 240
32 2 0.95 0.0035 500 10 0.01 5.0 0.2 140
33 3 0.95 0.00058 S 15 0.03 28.0 1.0 240
34 3 0.95 0.003s S 15 0.03 0.63 0.03 120
35 3 0.95 0.00058 10 15 0.03 80.0 4.0 620
36 3 0.95 0.0035 10 15 0.03 1.8 0.1 120

“It was assumed that the coolant average temperature was 120°F and that the control rods were asymmetrical to
the extent that the ratio of maximum to average power density was twice the usual value.

Indicated temperatures between 1210

‘The energy generated
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Fig. 1.C.1. Typical Transient Curves for a Ramp Reactivity Accident.

. If the control elements are in an extreme asymmetrical,.critical position (shim-safety plates with-
drawn), as they might be during mode 2 and 3 operation, th:e initial differential) worth of the safety plates
would be reduced to about 0.0008 Ak/k per inch, and the reactivity additioﬁ rate corresponding to the
maximum withdrawal speed would be 0.0032 Ak/k per second.

Near the end of the fuel'cycle, the maximum reactivity addition rate wo,uld be much smaller, and the

initial differential worth of the safety plates still would be about 0.0008 Ak/k per inch.

The other case in which the control elements can add reactivity accidentally is associated with the
structural integrity of the shim-regulating cylinder drive mechanism. The use of a control element that
must be inserted against gravitational and hydraulic forces introduces a possible problem in connection
with failure of the supporting or drive mechanisms; such a failure would result in withdrawal of the con-

trol element and thus in a positive reactivity addition. In the eveﬁt of a mechanical failure of the drive

"mechanism, a hydraul‘ic cylinder on the lower end of the drive rod will act as a shock absorber (normally

used to balance the downward forces of gravity and pressure on the shim-regulating cylinder drive mech-
anism) and will limit the shim-regulating cylinder maximum withdrawal speed to 39 in./min (0.65 in./sec),
even if the force-balancing feature is depressurized. The corresponding maximum reactivity addition rate
would be about 0.0065 Ak/k per second. - . '

The results from the analog calculations rﬂade in connection with the control element reactivity acci-
dents indicate that for beginning-of-cycle mode 1 operation at full flow and full power and with the safety .
plates in the least sensitive position (normally should not be in this position) 0.050 Ak/k per second can

be inserted continuously without the hot-spot heat flux exceeding the burnout heat flux [16].° The hot-

v

SBracketed numbers refer to corresponding cases in Table 1.C.4.
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spot peak plate temperature calculated for this case was only 450°F, and the total energy release during\
the brief transient was about 11 Mwsec (this includes all energy generated during the transient).

Starting from low power (<100 kw) and full flow (mode 1), the self-shutdown mechanisms alone limited
the peak heat flux to less than the burnout heat flux, when reactivity was added at the rate of 0.005 Ak/k
per second [17]. The peak power in this case was only 170 Mw, and the total energy release was less
than 10 Mwsec. -

For mode 2 operation the transieﬁts resulting‘ from the introduction of 0.010 Ak/k per second starting
at soutrce level were studied for the two safety plate initial worths and two safety system trip condition;
[29-32]. Case [31] is an extreme case wherein the initial safety plate differential worth of 0.00058 Ak/k
per inch was used with a level trip of 500 kw (cortesponds to a rate trip of 2 Mw/sec, which is foul: times
that specified for the mode 2 operation). This cése resulted in an increase in hot-spot plate temﬁerature
of approximately 120°F; the other three cases [29,30,32] resulted in even lower hot-spot temperature in-
creases.

" For mode 3 operation, the calculations were performed with the safety system level trip set at 5 kw
and 10 kw (corresponds to rate trips of 20 kw/sec and 40 kw/sec, which are respectively equal to that
specified and twice that specified for this mode); the above reactivity insertions resulted in trivial ex-
cursions [33-36]. .

It was concluded from this analysis that reactivity additions resulting from runaway control elements
would result in no serious core damage and particularly no melting of the hot spots.

1.3.3 Voids in the Central Target Region. — The existence of a water-moderated flux trap in the
HFIR introducés_ the possibility of reactivity additions resulting from displacement of some of the flux
trap water. Jhst how much reactivity can be added by this means depends upon what stationary objects
happen to be in the flux trap at the time the water density'ié changed. With nothing but water initially
in the flux trap, the maximum change in reactivity is about 0.032 Ak/k; with a typical 300-g plutonium
target in the island, the maximum change in reactivity is about 0.015 Ak/k. The optimum void fractions’
associated with these changes are 0,70 and 0.42 respectively.

‘There are several ways in which voids might possibly be added to the flux trap during normal opera-
tion with the plutonium target in place. These include (1) the formation of a vortex, in which case the
void could be maintained in the island foi' a significant period of time; (2) the sweeping in of bubbles -
with the coolant flow, in which case the void could be maintained only if enough bul;bles were available;
and (3) the blockage of flow to the target and subsequent steam formation in the flux trap. Cases 1 and
2 appear to be the most serious because the voids can enter more rapidly. Assuming that the voids are
swept into the high-coolant-velocity region of the target first, the effective ramp at full flow for a 0.42
void fraction is about 0.03 sec. The associated maximum change in reactivity is only 0.013 instead of .
0.015 Ak/k, because there is not enough space for the 6ptimum void fraéfion in the high-velocity region.
The coolant velocity in the low-velocity region of the target is low enough that voids associated with it

can be ignored when considering this particular accident. At.10% flow (modes 1 and 2), the corresponding

"These fractions are defined as void volume divided by total flux trap volume.

(o ¥
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ramp time is 0.3 sec. For mode 3 (zero flow)-the effective ramp associated with the free-bubble velocity
is about 0.6 sec, and since this velocity is essentially the same for both the ‘‘low’’ and ‘‘high’’ velocity

regions of the target the associated reactivity is 0.015 Ak/k.

In the analog analysis_ it was assumed that the voids.éntered on the above famps and remained in the .
flux trap. The results indicate‘that for mode 1, full-power opération, typical safety plate worth, and clean
core condition [4], the température at the hot spot will exceed the meltiné'temperature, but not enough
heat will be added to result in incipient melting of the localized spot. The peak average plate tempera-
ture was about 550°F, and the.total energy release was 28 Mwsec. For the end-of-cycle conditions [8],
the calculations indicated that the hot spot melted, achieving a temperature of about 1250°F in excess
of the melting temperature of the aluminum .plates; the cotresponding average plate temperature and total

energy release were about 800°F and 52 Mwsec respectively.

~ Within about two days from the end of the fuel cycle, the safety .rod differential worth is significantly
greafer than at the end of the cycle. Under these conditions [1,1],.thé hot spot melted and the calculatéd
temperature exceeded the melting temperature by 650°F. The corresponding average plate temperature
was 670°F, and the total energy release was 38 Mwsec. .
The amount of reactivity that can be inserted on a 30-msec ramp and just produce melting at the hot
spot for the above operating conditions was calculated to be 0.011 Ak/k_ [12] for no less than two days
from the end of the cycle and 0.008 Ak/k [10] at the end of the cycle. |

For low-power (< 100 kw), full-flow mode 1 operation, a 0.013 Ak/k step insertion (used to approx-
imate a 30-msec ramp) for a clean core [6,7] results in no melting either with or without safety action,
but at the end of the fuel cycle [14] the calculation indicates melting of the ?hot spot; the calculated
temperature exceeds the melting temperatufe by 300°F. For more than about two days from the end of
the cycle [15], no melting occurred. _ | .

Reducing the mode 1 flow rate to 10% [18—22] did not change the above low-power results signifi-
cantly. _ }

" Under mode 2 and mode 3 conditions, a 0.013 Ak/k step at low power [26] resulted in no melting at -
either the beginning or end. of the cycle with the safety system rate trip at 5 Mw/sec or less. As shown
4in Table 1.C.2, the selected rate trip for mode 2 is 0.5 Mw/sec and for m;)de 3 it is 0.02 Mw/sec. .

It is interesting to note that in the cases for which melting was predicted, plate surface temperatures
‘well in excess of the saturation temperature were obtained prior to the peak in power. This means that
negative feedback from voids would result in lower peak powers and temperatures than indicated.

Considering the degree of conservatism incorporated in the analog model and the expected low fre-
quency of occurrence of void accidents involving more than 0.008 Ak/k, it is not expected that this type
of accident would constitute a serious monetary loss or a significant hazard as a result of possible fis-
sion product release. . A

Void accidents involving appreciably more than 0.013 Ak/k, such as might be achieved without the
target in the flux trap, have not been analyzed in detail because adequate precautions are being taken
to ensure against them; the necessity for this is obvious. At -the present time it is specified that the

reactor will not be operated without the target or its equivalent in the flux trap. Thus it is only neces-
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sary to provide the necessary shutdown margin to accommodate the accidental addition of 0.032 Ak/k
during shutdown with all safety plates in, and this has been done as will be set forth in Sect. 2.

1.3.4 Reactivities Associated with Experiments. — The insertion of an all-aluminum target in the
f]ux trap adds reactivity because of the flux trap positive void coefficient and the low absorption cross
section of the aluminum. However, when the target contains about 300 g of 242Pu and has been irradiated
for about 0.1 year, the absorption cross section is sufficient to result in essentially no net negative reac-
tivity change. For purposes of the safety analysis, an uncertainty of about 0.01 Ak/k was considered.
Therefore, if the target were to fall out of the flux trap (such an accident can really be classified as ‘‘un-
reasonable’’), 0.01 Ak/k would be added at a maximum rate that is consistent with the maximum flow rate
through the target. Comparing this case with the void accident cases shows that no core damage would
result. ‘ '

The other experimental facilities in the HFIR are located sufficiently far from the core to prevént any
significant reactivity changes. Even flooding of the beam holes did not produce a detectable change in

reactivity in the HFIR critical experiments.

1.3.5 Cold-Water Accidents. — The worst cold-water accident would, in principle, occur when the
coolant in the core is hot, because the temperature coefficients are greatest and because there is a
greater température_difference available. For a given difference in water temperatures, the greatest in-
crease in reactivity would occur if the cold water entered only the fuel region. A change in fuel region
temperature from 155°F (average fuel region coolant temperature at l100 Mw) to 32°F would add something
less than 0.013 Ak/k. For a more ptobable case, in which the cold water enters all parallel regions of
the reactor, the same change in témperature, making allowances for the different coolant velocities, would
add approximately 0.008 Ak/k. _

One way in which the above temperature changes might possibly take place is associated with mode 3
" operation of the reactor. With no flow through the primary system, it is possible that the water in the heat
exchangers could be at a rather low temperature and the water in the reactor vessel at a relatively high
temperature while running low-power experiments. If suddenly one or more of the three main circulating
pumps were turned on, ® cold water would be injected into the core. The rate at which the temperature
would change in the core is dependent upon how quickly the pumps attain full speed, how much mixing
takes place between the pump and core, and on what type of temperature gradients existed just prior to
the accident. Assuming that all three pumps are turned on simultaneously (contrary to normal pump ‘
startup procedure), the shortest effective ramp conceivable for the above reactivity additions is about
60 msec. The minimum rate, assuming instantaneous starting of the pumps and no mixing, is about 30
msec. Analog calculations [26] indicate that 0.013 Ak/k can be stepped in without hot-spot melting.

Therefore, there appears to be no serious problem with a cold-water accident for mode 3 operation.

8As mentioned previously, it is not desirable in these studies to discuss the question of credibility. However,
to avoid implying that there are not operating procedures and instrumentation that normally guard against inap-
propriate operation of the cooling system which might result in cold-water accidents, the reader is referred to
detailed discussions on the subject in ORNL-3572.

S
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"During mode 1 and mode 2 operat.ion, similar types of cold-water accidents would be less serious
than the one described for mode 3, because the water would already be circulating, and therefore the
chang/e in temperature would be less. The biggest teﬁperature differences for modes 1 and 2 would oc-
cur with the flow rate initially at 10% full flow. Calculations [18,26] indicate that for significantly worse

conditions no fuel plate melting would occur.

1.4 Significance of SPERT Data

In attempting to make use of SPERT data for partially analy\ziﬁg the transient behavior of the HFIR,
two approaches were taken. The first was to use the HFIR analog model, with appropriate SPERT input
data, to calculate specific SPERT cases. The purpose in doing this was to determine whether or not the
HFIR model was conservative. Since the applicable SPERT tests had relatively low coolant flow rates,
were unpressurized, had only seif-shutdown mechanisms, and started at essentially zero power level, a

direct comparison with.the HFIR at power could not be rﬁlade.

The results of the comparison with the available SPERT data indicated tHat the HFIR model was
quite conservative for the loW-power conditions. Furthermore, there were indications that the absence
of voids in the analog model was responsible for a significant portion of the conservatism. Judging from
a comparison of calculated water film temperatu;es for the low- and high-power cases, it was concluded
that voids would also be present in similar transients at high power; thus it was fur@her concluded that
the model should be conservative for the corresponding initial-.high‘-power‘cases. Since the degree of
conservatism\is not known, one cannot really take advantage of it in a quantitative sense. However, an
indication of conservatism provides additional confidence in an analytical method that would have been

used unhesitantly in the absence of the experimental data.

The SPERT core and test calculated was that identified as SPERT v DU-12/25;° physical charac-

teristics of this core and the HFIR core are compared in Table I.C.5..

The particular SPERT exberiments were conducted at atmospheric pressuré, using effective step
changes in reactivity of approximately 0.00973 and 0.0126 Ak/k. Calculations were made with these

‘““experimental’’ re-

same step changes, but no void coefficients were included. In order to compare the
sults withl the calculated results, the SPERT data were extrapolafed to a preséure of 2500 psi to obviate
the necessity for including voids in the calculatlon the result was a 30% increase in peak power, a 100%
increase in energy release, and about a 60% increase in plate temperatures. !° These data are compared

with the calculations in Table I.C.6. Also included in Table I.C.6 are the low-pressure experimental data.

As indicated by the comparison. of results in Table I.C.6, the calculation is conservative by a con-
siderable amount. In the actual éxperiments, there was no evidence of core damage. The calculations,

however, indicate melting for both cases, even though hot-spot factors were not included.

Quarterly Technical Report, SPERT Project, January, Feb}uary, March, 1963, IDO-16893 (May 20, 1963).

F Schroeder (ed.), Quarterly Technical Report, SPERT Project, October, November, December, 1960,
IDO-16687 (June 1, 1961).
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Table 1.C.5. Characteristics of SPERT (DU-12/25) anq_HFIR Cores

SPERT, DU-12/25 HFIR

Core geometry Square parallelepiped Cylindrical flux trap

Type of fuel element Aluminum-clad plates, Aluminum-clad plates,

U-Al alloy meat U308-A1 dispersion

meat
Fuel loading, kg ) 3.8 9.4
L]
Core dimensions, cm
Outside diameter 44.0
Inside diameter 14.0 .
Length of side 38.0 3 -
Height (active) 61.0 50.8
Effective core volume, liters 62.2 ' 50.8 .
Fuel plate surface area, cm? 2.05 X 105 3.99 X 105
Surface-area-to-volume ratio, cm™! 3.3 7.85
Fuel plate thickness, cm : 0.152 0.127
Coolant channel thickness, cm 0.455 0.127
Metal-to-water ratio (based on fuel plates only) 0.335 1.0
Overall metal-to-water ratio . . 0.66 1.0
Fuel plate heat capacity, Btu/°F 23.2 35.7
Prompt neutron lifetime, psec 57.0 35.0°
N K ) b
Moderator temperature coefficient in fuel region, Ak/°F —8.33x 10~% ~5.8 X 10—'5c
-8.7x 1073
. . o -5 -Sb
Fuel plate temperature coefficient, Ak/°F -~0.33x 10 ~1.0x 10 c
L]
' ~1.6 x 10™5
Void coefficient, fuel region average, Ak/%_,p 0.0024 0.0029 N
Effective delayed neutron fraction 0.007 0.0071 .
Power density ratio, nominal maximum-to-average 2.4 1.45
fClean core condition. _
bClean core, 68°F moderator temperature.
€Clean core, 155°F moderator temperature.
Table I.C.6. .Comparison of Experimental and Calculated SPERT (DU-12/25) Results
Reactivity Experimental Peak Power (Mw) Total Energy Release Maximum Plate Temperatures (°F)?
Step Stable During Transient (Mwsec) At Peak Power Meaximum
Insertion Period Experimental Experimental ’ Experimental Experimental
(Ak/k) (msec) - Calculated ——=——— (alculated ————————— C(Calculated ————— C(alculated
10 psi 2500 psi 10 psi 2500 psi 10 psi 2500 psi 10 psi 2500 psi Y
0.00973 X 20.7 169 220 ' 440 9.6 19.1 38 300 435 1340 450 1960
0.0126 10.1 508 657 1625 12.2 24.4 66 364 '540 3000 560 4440
9Does not include hot-spot conditions. Calculated values do not consider heat of fusion; temperatures above 1216°F should be corrected for this . ;

fact; see p. 73. .
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Part.of this conservatism probably results from the use of a water film heat transfer coefficient (h)
that is too small and/or a percentage heat generation rate in the coolant (b) tHat is too small. Increasing
the values of these two parameters would reduce the plate temperatures, peak power, and total energy re-
lease, because of less heat generation in the plate, a smaller resistance to heat transfer out of the(plate,
and because there would be greater negative feedback.

Evidence of low h and b values is obtained by comparing plate temperatures at the peak powerband
at the peak temperature. The experimental data show a small percentage difference between these two
temperatures, while the calculated percentage difference is relatively large.

The h and b values used in all the HFIR calculations have purposely been low so as to result in

1 and also during the

conservative plate temperatures. However, in previous HFIR analog studies
SPERT-HFiR studies, the effect of varying h was investigated. The results indicated that a 40% in-
crease in h reduces the peak_ power by only 3% and the maximum plate surface temperature by only 14%.
Furthermore, increasing b from 2.5% to a reasonable upper limit of about 6% does not make a vety sig-
nificant difference in the lack of agreement between experiment and calculation. Thus, at least for the
high-pressure cases, it appears that there is an additional feedback mechanism that is not being ac-
counted for in the calculation. It is interesting to note, however, that for the high-pressure comparison
the “‘experimental’’ temperatures were not above the saturation temperature. Therefore, if one discounts
the possibility of significant void formation in hot-spot regions that were not instrumented, and if the
method used for extrapolating from low pressure to 2500 psi was reasonably comect, he must conclude
that at least at high pressure there was a shutdown mechanism not associated with void formation in the
usual sense. Whether or not the same or another unaccounted for feedback mechanism exists at higher
power (™~ 100 Mw) can only be speculated upon. If the mechanism is associated with voids, it probably
exists at higher power levels also. y - _ o

The other approach used in trying to make use of SPERT data involved a direct analytical comparison
of the SPERT and HFIR transients resulting from the same reactivity additions. A comparison of the
physical characteristics of the tWo cores indicated that the HFIR, with no safety system other than the
self-shutdown mechanisms, should experience a less severe transient than the particular SPERT core of

interest, when both cores are subjected to the same reactivity addition. The reason for this is that the

HFIR, while having about the same void and temperature coefficients, has almost 2.5 times the surface-

area-to-volume ratio and just a little over one-half«the water-to-core volume ratio as the SPERT cbfe.
This means that for a given increase in fuel plate temperature the increase in moderator temperature and
thus thé negative reactivity feedback are considerably greater for the HFIR. This_ assumes of course
that the greater flow resistance associated with the narrower HFIR coolant_ channels will not impede the
density change to the extent that the potential improvement will be negated.

Another feedback mechanism which favors the HFIR is the fuel plate expansion reactivity coefficient.

This coefficient for the HFIR is about three times that for the particular SPERT core. Since the plate

11N. Hilvety, R. D. Cheverton, and O. W. Burke, Preliminary Analysis of HFIR Transients Resulting from
Ramp Reactivity Additions, ORNL-CF-63-5-45 (May 9, 1963). )
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coefficient is really a moderator expulsion coefficient, the above comment relating to the increased flow

resistance of the narrower HFIR channel applies here, too. .
The particular SPERT cote being compated with the HFIR has one clear advantage: it has a longer

prompt neutron lifetime when compared to the l-iFIR clean core condition (57 compared to 35 usec). For

.

the end-of-cycle condition, the neutron lifetime for the HFIR is about 70 usec.
Results from the SPERT-HFIR comparison calculations are shown in Table I.C.7. When evaluating
the compatrison, several things need to be kept in mind. The calculations did not include any hot-spot
factors but did include the nominal maximum-to-average power density ratios (2.4 for SPERT and 1.45 .
for the HFIR). (Plate temperatures for these ‘‘maximum’’ power density spots and for the average core

are tabulated.) Neglecting the possible effect of power distribution on reactivity feedback, a comparison

Ity

of the average plate temperatures is probably more indicative of the differences to be expected from the

different SPERT and HFIR core characteristics.

In the above calculations all reactivity feedback was based on average core condition,'s. The inclu-
sion of feedback from properly weighted ‘‘hot’’ areas of the cores, where the reactivity importance migflt
be greater, should decrease the extent of the transient. However, because the SPERT core has a greater - -
maximum-to-average nominal power density ratio than that for the HFIR, it is possible that inclusion of
such a factor would show that on a relative basis, SPERT transient temperatures and power densities
would not be so much 1higher than those for the HFIR. )

Two other simplifications used in these HFIR-SPERT calculations involved the use of a constant h

"value, and the heat of fusion of the fuel plates was not accounted for. Had h been reduced to essentially
zero when the burnout heat flux was reached, the corresponding calculated temperatures would have been
relatively higher for SPERT. To account for the heat of fusion, all plate temperatures between 1210 and
1950°F should be 1210°F, and all temperatures above 1950°F should be reduced by 740°F.

The application of the above ‘‘nomalizing’’ conditions and second-order corrections does not alter
the conclusion that plate temperatures and heat fluxes for the HFIR would actually be significantly«lower
than in the particulat SPERT core, when subjected to the same reactivity addition. Since the SPERT
core suffered no apparent damage when subjected to a 0.0126 Ak/k step charige, it is further concluded - M
that the HFIR would not be damaged by the same reactivity addition, which is about as large as would
be considered ‘‘reasonable.’’ This latter.conclusion is, of course, applicable to the initial-low-power,
low-flow-rate condition only. However, there is no appdrent reason why the conclusion would not also
be applicable for higher powers and flow rates. Even so, since there is insufficient high-power SPERT
data to compare with, one can at best conclude that the method for analyzing the high-power cases is

conservative.

In view of the physical differences in the SPERT and HFIR cores, a further evaluation of the calcﬁ-
lated results is of interest. It is observed in Table I.C.7 that the peak average power density calculated
for the HFIR was about 1.7 times that calculated for SPERT, indicating that the negative feedback per
unit power density was less for the HFIR in spite of its lower water volume and greater heat transfer
surface area per unit core volume. The reasons for this are that the HFIR has about 2.0 times as much

aluminum (fuel plate) per unit core volume to store heat in during a transient, and the HFIR power rise
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Table I.C.7. Comparison of SPERT and HFIR Calculated Transient Characteristics
Reactivity Peak Energy Release ‘Total Energy Pefak Peak Peak
Step Coolant Peak Average Per Unit Core Release Maximum® Average Maximum?
I H Velocity h Power Power Volume at Time - Per Unit Plate Plate Heat-
nsertion [Btuhr=?! ft72 (°F)~?] . b- b c
(Ak/k) (fps) (Mw) Density of Peak Power - Core Volume Temperature Temperature Flux
(Mw /liter)  (Mwsec/liter) (Mwsec/liter) °F) °F) (Btu hr~?! £ft—2)
) SPERT ~
0.00973 12 3.5% 1_03 440‘ 7.1 0.29 0.61 1960 890 6.4 x 109
0.0126 12 3.5% 103 1625 26.1 0.56 1.06 4440 1980 15.0 x 108
0.0126 12 4.93x 103 1575 25.3 0.53 0.98 3800 1700 17.7 x 108
HFIR

0.00973 5 "2.1% 103 420 8.3 0.20 0.39 950 450 1.6 x 10°
0.00973 12 4.4%x 103 410 8.1 0.20 0.35 760 380 2.6 x 10°
0.00973 20 6.4x 103 410 8.1 0.20 0.37 660 340 3.3x 105
0.00973 42 10.5 x 103 420 8.3 0.20 0.39 560 310 4.5x 10°
0.00973 42 2.1x 103 480 - 9.4 0.22 0.47 1100 510 2.0x 10°
0.0126 5 2.1x 103 1600 31.5 0.39 0.73 2000 890 3.8 x 108
0.0126 12 . 4.4% 10° 1550 30.5 0.35 0.67 -1650 760 6.2% 105
0.0126 20 6.4 x 103 1540 30.3 0.33 0.65 1450 . 690 8.0x 10°
0.0126 42 10.5x 103 1510 29.7 0.33 0.63 1225 610 10.8 x 10°

v

®Includes only nominal maximum-to-average power density. ratio; does not include hot-spot effects.

bCalculated values do not consider heat of fusion, and temperatures above 1210°F .should be corrected for this fact.

(o4
Assumes constant h value.

L8
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is quicker because of the shorter neutron lifetime. The effect of the latter can be factorezi out to some .
extent by comparing total énergy release per unit volume at the time the transient is turned around. As
indicated in Table I.C.7, the total energy release for the HFIR is about 30% less than for SPERT. Of ’ .
course the peak power density and the total energy density, per se, are of little consequence, since plate

temperatures are more indicative of core damage.

2. Shutdown Margin

2.1 Introduction

The discussion of shutdown margin in the HFIR requirés that the following factors be recognized as
significant:

1. The fixed geometry of the core precludes the removal or rearrangement of the fuel as a means of ad-
justing reactivity.

2. The same economic considerations which dictated the fixed geometry can impo\se an economic penalty
on an excessive shutdown margin. _ '

3. Variations in core worth will occur as a result of unplanned variations in manufacture and as may be
planned for increased utilization. Variations will also occur as a.result of changes in the reflector
and target.” -

4. Control plate worth will diminish with time until ultimately replacement will be required in order that

an adequate shutdown margin may be maintained.

2.2 Shutdown Margin Criteria

It shall be possible to shut down the reactor and maintain a shutdown condition at all times, even » -
when any two of the following independent events occur simultaneously.

2.2.1 Occurrence of an Optimum Void in the Trop Region. — This can result in a Ak/k increase of
about 0.015 if the target is installed and about 0.032 if the targét is not in place.' »

2.2.2 Removal of the Target. — Except for the short time required to effect the change, the target or
its equivalent will remain in place at all times. The shutdown margin must be sufficient to keep the re=
actor subcritical in the event a void occurs simultaneously with the removal of the target. The removal
of the target will cause a change in reactivity which varies from a maximum of +0.006 Ak/k to a minimum
of —0.008 Ak/k dependipg_on the irradiation history. Introduction of the optimum void without a target
will increase k by about 0.032. ‘

Control plate withdrawal without the target or its equivalent in place is. to be pro}\libitedl Operating .
procedures will require all control elements to be fully inserted and mechanically locked during fuel load-
ing operatiéns. The occurrence of a void with the target removed and with the control elements withdrawn
therefore requires the simultaneous occurrence of three independent events or failures and is not to be in- 7
cluded in the requirements for shutdown margin. As in all reactors, manual manipulation of the fuel and

control elements must be controlled administratively, and a succession of errors can lead to unwanted

criticality. In this respect, manipulation of the target is no different. : ' .

L : _ ,



o)

LR}

89
\

2.2.3 Complete Withdrawal of Any One Control Element. — This situation will occur during testing
periods. Should an optimum void occur simulténeously with complete withdrawal of one control element,
the reactor must be maintained subcritical by the four remaining elements. The optimum void can increase
reactivity by 0.015 Ak/k, and withdrawal of the shim-regulating cylinder, which is worth more than any
one of the othérs, can increase reactivity by approximately 0.014. The total increase in reactivity result-
ing from a void and complete withdrawal of a control plate is about 0.029.

2.2.4 One Control Plate Fails to Scram. — Inasmuch as the shim-regulating cylinder does not scram
in the sense of providing a rapid insertion, the shutdown, if required as a result of the occumrence of an
optimum void, must be accomplished, with the two elements irhmobilized, by the remaining three safety
plates. Introduction of a void can increase reactivity by 0.015 Ak/k, and movement of the shim-regulating
cylinder and one of the shim-safety plates from the inserted position to the position where the reactor
would normally be critical with all rods symmetrical increases reactivity by about 0.01. The total in-
crease in reactivity for this case would be about 0.025. ) o

2.2.5 Occurrence of a Startup Accident. — A catastrophic failure of the control system in which all
control elements are being withdrawn at maximum speed requires safety release in order to stop the with-

drawal of the four shim-safety plates and to immobilize the shim-regulating cylinder,

If one safety plate fails to scram and continues to move to the fully withdrawn position, we would
have a case similar to the condition discussed under event 2.2.4 above, except that one.plate would be
fully withdrawn with the shim-regulating cylinder at the critical position. This condition would increase
the reactivity above that of the shutdown reactor by about 0.04 Ak/k. }

The simultaneous occurrence of a startup accident and an optimum void would require a shiitdown
margin no greater than the one discussed above (see discussion underievent 2.2.4).

Combination of the above events can be summarized into four significant cases, in each of which it
is required that the reactor be subcritical. This is shown in Table I.C.8.*

Certain mechanical failures can be anticipated, such as the jamming of a control plate during testing
prior to startup (see event 2.2.3 above), which might réquire u‘n'due reduction of the shutdown margin in
order to remove the target and fuel elements. Because of the fixed geometry of the coré, the usual re-
search and test reactor procédures of removal of individual fuel elements would not be possibie. If such
a situation occurs, it hay belnecessary to employ temporary poisons** to ensure an adequate margin
during the removal of the target and the fuel. If necessary, this can be accomplished by the insertiod of
poison strips in the fuel elements or by the addition of poison to the reactor water, The insertidn of poi-
son strips appears most desirable as it does not require cleaning up the coolant after use; techniques
necessary for insertion of the strips are being developed and will be demonstrated during the preneutron

tests on the assembly.

*Further discussed in answer 20.

**Further discussed in answer 22A.
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Table .C.8. Cases for Which Core Must Be Subcritical

Case Events Control Plate Position Flux Trap Condition
I 2.2.1 and 2.2.2 All plates fully inserted Optimum void, no target
I 2.2.1 and 2.2.3 Four plates inserted, any Optimum void, with target

one plate fully withdrawn

jess 2.2.1 and 2.2.4 "Three out of four scram Optimum void, with target

from critical

v 2.2.5 Three out of four scram No void, with target
V from critical, one shim

safety fully withdrawn

2.3 Measurement of Shutdown Margin

In order for the criteria for shutdown margin to have significance in terms of reactor operation, it is
necessary to have a high degree of confidence that the criteria are being met. The details of the tests
which will be applied to ensure that the criteria are being met have not been worked out at the present
time; however, it will be required that the tests be conducted in such a way as to not unduly decrease

the safety of the reactor during the tests.

2.4 Critical Experiment Results

Experimental data associated with HFIR control plate worth and shutdown margin were obtained from
a series of critical experirﬁents (HFIRCE-2 and -3). The most recent experiments (HFIRCE-3) were con-
ducted on a core that is identical to the first production cores with the excepfion of the burnable poison
loading and a diametral dimension. The difference in the latter is insignificant, but the '°B loading in
the first several production cores is greater than in the HFIRCE-3 core. The control plates used most
recently in the critical expériment are identical to those that will be used in the HFIR. They contain an
Eu 0, black region, a tantalum gray region, and an aluminum follower. The worth of these rods is ex-
pected to be slightly different in the HFIR than in the HFIRCE-3 experiments because of a slightly dif-
ferent water content in the control region. i

The target used in the HFIRCE-3 is a mockup of the present design of the reactor target and sim-
ulates its most reactive condition. The feed material for the reactor target.bonsists of 310 g of PuO,
with 1% 23°Pu, 1% 2*'Pu, and the rest 242Pu. In the critical experiment target these materials and
appropriate daughter products were simulated with Ag, 23%U, and 238U. In both targets, the ratio of
metal (aluminum) to water is 0.75.

Table I.C.9 summarizes the criticality measurements made with the Eu ,05-Ta-Al plates and the
estimated maximum criticality conditions for the HFIRCE-3 core and the first and second production
cores in the HFIR. Thesé measurements and estimates were made with the control plate and void con-
ditions-noted in Table I.C.8, and therefore the values set forth as the amount of Ak/k subcritical may

be regarded as the excess shutdown margin.
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Table 1.C.9. Excess Shutdown Margin at 20°C for Cases | Through |V of Table 1.C.8

Excess Shutdown Margin, =\ k/k

First ) Second
Case HFIRCE-3° HFIRCE-3? N Production Production
’ Core® Cored
I 0.0513 "0.0513 0.0538 0.0408
I1 0.0363 0.0226 0.0251 0.0121
m 0.0235 0.0167 : 0.0192 0.0062
v 0.0167 0.0099 0.0124 ~0.0

) /
“HFIRCE-3 fuel elements in HFIRCE-3 facility.

PHFIRCE-3 fuel elements in HFIR facility.
°Fuel elements being fabricated by ORNL, installed in HFIR facility. ,
dFuel elements being fabricated by vendor, installed in HFIR facility.

i

The first several production cores will contain the same amount of fuel (9.40 kg of 235U) but more
burnable poison (1°B) than the HFIRCE-3 core. The '°B loading of the inner element of the first pro-
duction core was increased from the specified 2.12 g for HFIRCE-3 to 3.6 g. | The '°B loading for the
second and subsequent production cores has been set at 2.80 g. These changgs were made to accom-
modate a change in the control region water content aﬁd to accommodate possible differences in fl—x/el
and burnable poison loadings. The poison loading for the first production core was based on the worth
of a set of Ag-Ni-Al control elements, while the loading for the second and subsequent cores was based
on the worth of the Eu,0 ,-Ta-Al elements, which were not available for the early tests. In arriving at
the amount of boron to add to the production cores, it was assumed that the HFIRCE-3 coré had the least
reactive combination of fuel and poison loadings permitted within specifications and that the production-
cores would have the most reactive combination pemitted within specifications. For this very unlikely
combination of circumstances, the minimum shutdown margin at room temperature is calculated by ex-
dys

.trapolation of HFIRCE-3 results to be essentially zero (column headed ““Second Production Core ¥’ in

Table 1.C.9). __—

2.5 Reactivity Accountability

A summary of reactivity accountability for a core loading built to the second production core specifi-
cations is given in Table I.C.10. The target referred to in Table I.C.10 is the target that was used in
thekHFIR critical experiments. It coﬁtains 8.35 g of 235U, 127.9 g of 232U, and 107.6 g of Ag; the metal-
to-water ratio (by volume) is 0.75 over the active length of the target. Considering the most recent set of
heavy-element cross sections, this target corresponds to an initial 242?Pu loading of 300 to 480 g, the
larger value being the most probable, and the smaller value being the most conservative insofar as posi-
tive reactivity and heat removal are concemed. At approximately 0.4 year of irradiation the Pu target

will have its maximum concentration of ?#°Cm and thus its maximum positive reactivity effect on the core:
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Table 1.C.10. Summary of Recllcfivity Accountability for the Second Production Core

Reactivity (Ak)

Parameter Time in Cycle (days)
0 2 14
Fuel worth with folloWing core conditions: 0.135%.
no boron burnable poison; no target; no
Be poisoning; zero power at 70°F
Boron burnable poison —0.050% -0.037 ~0.009
Temperature deficit (evaluated with the —-0.004
HFIRCE-3 target,? zero power at 70°F to
100 Mw)
Simulated plutonium target, based on
HFIRCE-3 target?
Maximum (time zero and again at 0.4 year) +0.0087
Minimum (0.1 year) -0.001
135%e + 1*%m (at power) 0 —0.049 ~0.053
All fission products 0 ~0.053 -0.086
Be poison (°Li + 3He)
Time zero 0®
0.2 year -0.013
5 years -0.016
Beam tube flooding ~0
Fuel loading tolerance ( £1%) £0.0015
Boron loading tolerance ( £10%) 10.0038
Fuel distribution tolerance ( £10%) +0.0054
Boron distribution tolerance (135%) +0.0023
Min>imum ke“—l (clean core, 100 Mw) 0.054 .
Typical nominal k_, ~1 (clean core, 70°F) 0.093
0.106

Maximum k'e”—l (clean coré, 70°F)

@These reactivities used for *‘typical nominal’’ case.

bgee text for description of target.

If the initial target loading contains 3 g of 23°Pu and 3 g of 2*'Pu in addition to the 2*2?Pu, the reactiv-

ity effect of the clean target will be the same as the above 0.4-year target.

The use of a burnable poison in the HFIR introduces the possibility of achieving a higher neutron

multiplication factor in a partially -burned core than in a clean core because of bumable poison burnup.

Such a case might exist, depending on how much reactivity is initially controlled by the burnable poison,

if the partially bumed core is set aside for decay of the xenon. For the present HFIR design the butn-

able poison loading is small enough so that for all conditions the maximum neutron multiplication factor

exists at the beginning of the fuel cycle.

‘e
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Another time-dependent variable that affects the reactivity of the core is the poison (Li, *He) con-
centration in the beryllium reflector. As indicated by Table 1.C.10, most of the poison buildup takes
place in the first two or three months. If the innermost portion of the beryllium reflector (rlemovable re-
flector) is used without replacement for more than about three/months, the poison will result in a very
significant decrease in core lifetime compared to that achievable with “‘clean”’ begyilium. The reason _
for this is that the beryllium poison does not-contribute significantly to the shutdown margin since it is
located outside of the already ‘‘black’ control region. At the end of the fuel cycle the beryllium poison
will, of course, capture neutrons that otherwise would be reflected to the core. Thus, it is not possible
to tailor either the fuel or burnable poison loadings separately to compensate significantly for the beryl-
lium poison buildup; this must be done by replacing the removable beryllium reflector pe.riodic’ally or by
adding both fuel and bumable poison. - .

The amount of reactivity permitted in a particular core assembly will depend upon the worth of the
Eu ,0,-Ta-Al control plates, and the minimum permissible plate worth will depend upon the economics.
associated with the decreasing core lifé as the control plate worth decreases. It is estimated that at
least 50 Mwyr of operation will be required to significantly reduce.the integral worth. After that time
the change from successive core loadings will be very small and readily checked with the standard con-

trol plates and core '? or by other means.

- APPENDIX D

MAXIMUM ENERGY RELEASE FROM CORE FLOW BLOCKAGE IN THE HFIR*

1. Introduction

The flow blockage accident for the HFIR core has been ‘analyzed"for the maximum energy release
which could reasonably result. This accident is defined, for the purposes of analysis, as the instan-
taneous cessation. of flow and the corresponding convection cooling of some or all of the fuel element
plates in the HFIR core. For a conservative result, all instrumented shutdown and power setback mech-
anisms such as a decreased flow signal or high fission product activity are assumed not to operate; and
shutdown reactivity must therefore originate from a self-shutdown mechanism. The latter assumption is

made not because the operation of such power-limiting mechanisms is doubtful, but in order to circumvent

- the questions of whether or not such mechanisms have ‘‘safety system’’ reliability and the time response

of such mechanisms after a flow blockage.

The possible consequences of any flow blockage in the HFIR core include meltdown and distortion

of fuel plates within about a second because of the high power density at full 100 Mw (thermal) power

127he core and Eu 203-Ta-A1 control plates used in the HFIRCE-3 experiments, énd which will be used to
attain initial criticality in the HFIR, will not be operated at a high power and will be preserved as ‘‘standards’’

for use in future tests to help determine the sources of changes in reaqtivity observed in the reactor.

*Appendix I and question 55 further consider energy releases from the aluminum-water reaction.
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level. The main concern is for a flow blockage of a small portion of the core such that the negative re- » ’ .
activity effects may not brevent sufficient energy accumulation that the Al-H 2O reaction could occur to

a significant extent. The exact sequence of events leading up to a mechanism terminating the full power
generation for such a situation cannot be stated with certainty. However, SPERT transient tests with
aluminum-clad, plate-type fuel element cores provide information on the dominant self-shutdown mecha-
nisms for such cores. Also, the SPERT I destructive test series gives valuable insight to the character
of the energy release and consequent core damage as the rate and amou‘n-t of energy generation are in-

creased.

N

Results of in-pile and out-of-pile research on metal-water reaction propagation provides a basis for
estimating the maximum credible energy release from aluminum-water reaction following a flow blockage.
Using conservative estimates of the self-shutdown mechanisms of the HFIR core coupled with unrealis-
tically high energy release values per fuel plate, the maximum credible energy accumulation which could

dynamically load the HFIR pressure vessel is determined.

. 2. Energy Sources

Potential sources of energy causing heating in blocked regions of the core are fission heat and chem-
ical energy both from the reaction between aluminum and U,0, inside the fuel element, and between the
aluminum cladding and H,O coolant. ! Minimum temperatures at which a significant chemical reaction is
believed to occur are 1500°F 2 and 2138°F (1170°C)? for the Al-U 0% and Al-H,0 reactions respectively..
The Al-H 0 reaction also usually requires molten aluminum to be dispersed as small droplets or vapor-
ized metal into steam or water for the reaction to proceed to a significant extent. 3 A temperature of
1750°C (3128°) is required for essentially corﬁplete reaction.* _

Potential energy release values calculated for an average power fuel element plate are shown in A s
Table 1.D.1. The ““fission’’ source was based on the heat capacity of a plate between 230°F (110°C)
and 2138°F (1170°C) or 3128°F (1750°C) assuming the plates were all aluminum. The 230°F tempera-
ture is a mean fuel temperature for an average power location.5 The ‘““fission’’ energies listed are there-
fore the energy accumulations required in an average fuel element plate before any or complete Al-H ,0

reaction can occur.
The Al-U 0, reaction energy was obtained from the maximum credible energy release vs weight per-

cent aluminum in ref. 2, using the fuel element ‘‘meat’’ compositions of 65 and 60 weight percent alumi-

num for the inner and outer fuel elements. Using just the aluminum in the ‘‘meat’’ is the most realistic

1Hydrogen generated by any Al-H 2O reaction is also é potential energy source if it would react with oxygen.
However, no mechanism exists whereby any hydrogen thus formed could contact oxygen; therefore no energy
from hydrogen reaction was considered in the following analysis of the pressure vessel integrity.

2_]. D. Fleming and _].' W. Johnson, Exothermic Reactions in AI-U‘,,O8 Composites, Georgia Institute of
Technology.

L. J. Epstein, VII: Reactor Safety Aspects of Metal-Water Reactions, GEAP-3335.

4R. O. lvins, I. J. Testa, and P. Krause, ‘‘Studies of the Aluminum-Water Reaction in TREAT,’’ Chemical
Engineering Division Summary Report, October, November, December, 1962, ANL-6648, p. 201 (1963).

N, Hilvety, R. D. Cheverton, and O. W. Burke, Preliminary Analysis of HFIR Transients Resulting from )
Ramp Reactivity Additions, CF-63-5-45 (May 9, 1963). °

1)



(O3

- 95

Table 1.D.1. Potential Energy Releases Following HFIR Flow Blockage Accident for One Fuel Element Plate

Energy (Mwsec)

*Source Inner Fuel Outer Fuel Commentsv
. Element Element

Fission heat to allow any Al-H 20 reaction 0.268 ©0.244 Based on total enthalpy change from 230 to

2138°F of 659 Btu per pound of Al; plate
N ! assumed to be all aluminum
Fission heat to allow complete Al-H2O 0.384 0.350 Based on enthalpy change from 230 to 3182°F
reaction at 1750°C (3182°F) of 944 Btu per pound of Al; plate assumed

to be all aluminum

Al-U308 reaction 0.0358 0.0438 Based on Al-U_,‘,O8 composition in the ‘*meat’’

Al-H2O reaction 1.116 1.0i6 Based on 4.2 kcal per gram of Al heat of

reaction, and reaction limited by amount of

/H2O available in one coolant channel

case and also gives the highest energy release since the energy release decreases with increasing alu-
minum weight percent in the region of interest.’ The energy values in Table I.D.1 show that the potential
energy telease from the Al-U 304 reaction is small compared with the fission heat reciuired.

The Al-H ,0 reaction has a heat of reaction of 4.2 kcal per gram of aluminum and proceeds according

to
2A1+3H2O——>A1203+3H2.

This highly exothermic reaction has rapid energy release capabilities (in the multimillisecond range)
when a significant fraction (>30%) of the available aluminum reacts. *'® Investigation of the amounts of

water in a coolant channel and aluminum as cladding showed that ~75% of the cladding could be reacted

by water in an adjacent coolant channel. Since some of the water would be removed by vaporization if

cladding témperature exceeds 1170°C, a conservative (high) estimate of the potential energy release per
plate was based on the amount of water available in a coolant channel. From Table I.D.1, the Al-H 2O

reaction potential energy release of about 1.1 Mwsec per plate is the dominant energy source.

3. Determination of the Maximum Credible Energy Release.

In this section, the rationale for and determination of the maximum credible energy release, that is,
a release obviously conservative on a realistic basis, are presented. The maximum credible energy re-
lease is determined by the maximum credible fraction of the core that could contribute maximum credible
energy reléase. In determining the maximum credible energy release per plate, the main question is the
extent of Al-H ,0 reaction to be included. In order to appreciate the develobment of a maximum credible

6R. O. lvins, 1. J. Testa, and P. Krause, ‘‘Studies of the Aluminum-Water Reaction in TREAT,*’ Chemical
Engineering Division Summary Report, January, February, March, 1963, ANL-6687, p. 179.
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energy release, it is important to understand the difference between a flow blockage of a very small frac- .

tion of the core (several plates) and a blockage of a large fraction of the core.

3.1 Small Flow Blockage

A small enough blockage will not initially develop sufficient shutdowﬁ reactivity to reduce the re-
actor power. The fuel plate temperature will then continue to increase beyond the melting point and will
reach temperatures (>1170°C) where Al-H ,0 reaction could occur. Appreciable Al-H ,0 reaction requires
small molten droplets or vaporized metal to be dispersed into water or steam, as shown by TREAT ex- v
periments with SPERT I1* and SL-1° fuel plates.
A nonexplosive type of reaction involving a small fraction of the molten aluminum would result if the .
molten aluminum were not dispersed into small (<200-mil-diam) particles, or no reaction as in the case of
the WTR fuel meltdown incident.” The upper limit on a plate’s energy release from the Al-H ,0 reaction
for this situation would be about 1.1 Mwsec per plate (see Table I1.D.1) since some of the water in adja-

cent coolant channels will certainly have vaporized if the cladding temperature approaches 1170°C.

The termination of a small flow blockage incident would probably be through operator action based on
increased fission product activity in the primary coolant water, the unusual reactivity changes occurring,
or changes in other variables reflecting the core operating condition. In any event, such an incident
would probably cause flow blockage in at least the several adjacent coc;lant channels due to plate dis-
tortion and melting and pressure from steam formation. Spreading of flow blockage could generate suffi-
cient negative reactivity to override the maximum reactivity addition available to the servo-cbntrol (i.e.,
one dollar) and terminate full-power operation. An esfimate of the fraction of the core involved in over-
heating is based on overriding a one-dollar reactivity addition and is shown in Table 1.D.2. The nega—v
tive reactivity change is estimated by assuming a fuel temperature increase from 230 to 2138°F and water
temperéture increase from 180 to 470°F (for 525 psia pressure); no steam void formation is assumed.
The resulting 9.6% of the core, equivalent to about 52 fuel plates, is therefore a reasonable estimate of
the highest fraction of the core which could generate significant Al-H ,0 reaction energy. The maximum
energy release per plate for this case is obtained from the fission heat to reach 3182°F (1750°C) and the .
Al-H ,0 and Al-U O, reaction energy release in Table 1.D.1 for a total of approximately 1.5 Mwsec per
plate. The maximum energy release, therefore, for the small flow blockage case is 52 plates x 1.5

Mwsec per plate, or 78 Mwsec.

3.2 Large Flow Blockage

The previous section dealt with flow blockage which did not result in self-shutdown from full-power
operafion before some Al-H ,0 reaction could have occurred. A large flow blockage, on the other hand';
shall be considered to initially involve a sufficient fraction of the core that no Al-H ,0 reaction occurs,
that is, plate temperatures are limited to a maximum of 1170°C. The initial flow blockage will probably

spread, as in the small blockage case, to at least the adjacent coolant channels. . .

7“Westfnghouse Testing Reactor Incident,®’ Nucl. Safety 2(2), 70~73 (December 1960).
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Table I.D.2. Computation of Fraction of Core Required to Override One-Dollar Reactivity Addition
from Servo-Control Action Following Small Flow Blockage

. o~
Fraction of core involved to produce d k= —0.7% is 0.7%/7.3% = 0.096 of core

. ~ ,
Number of fuel plates involved = 540 plates X 0.096 = 52 plates

Condition ) Fuel Plate Coolant Comments
Temperature change 230 to 2138°F 180 to 470°F © See text
Reactivity coefficient —~10"5/°F ~10"*/°F at 170°F Coolant coefficient increases with

temperature as a function of water

density change with temperature®

Change in criticality (% Ok) 2.0 5.3

1. G. Crocker et al., Nuclear Startup of the SPERT IV Reactor, IDO-16905, p. 32 (July 24, 1963).

-

The estimation of the maximum credible fraction of the core releasing the maximum credible energy
per fuel plate is shown in Table I.D.3. This fraction has been made ultraconservative, and hence a max-
imum credible value, by using only negative reactivity from the coolant and ignoring the negative reac-
tivity contribution from the fuel. Coolant temperature rise is assumed to 525 psia saturation temperéture
(470°F), and a conservative value for the reactivity coefficient of the water is also used. No steam void
effects are assumed. Local pressure in the HFIR core will always be labove 525 psia during 100-Mw;v~ op-
eration; so the coolant temperéture rise before boiling begins will be higher than 470°F. Also the as-
sumption that no boiling will occur adjacent to fuel plates at temperatures up to 1170°C is obviously
conservative with respect to the negative reactivity generated. About 24% of the core involving 130 fuel
plates results as the maximum credible fraction of the core blocked with self-shutdown preventing any

\AI-HQO reaction. - .

Table 1.D.3. Computation of Fraction of Core
Required to Override One-Dollar Reactivity Addition
from Servo-Control Acfion\Following
Large Flow Blockage

Fraction of core involved to produce
~
Sk=—~0.7%is 0.7/2.9 = 0.24 of core

Number of fuel plates involved = 540
plates X 0.24 = 130 plates

Condition Coolant Comments
. o
Temperature 180 to 470°F Negative
Cchange reactivity
Reactivity -10"%/°F contribution
coefficient from
Change in 2.9 fuel
ignored

N criticality, %O k .
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The final step in determining the maximum credible energy release for a flow blockage is to detemmine
the maximum credible energy release per plate when combined with the 130 plates from Table I.D.3. The
energy release per plate of about 1.4 Mwsec from Table 1.D.1 for a temperature limited to 2138°F is obvi-
ously conservative since it includes all the Al-H ,O reaction energy for a situation where this reaction
could not contribute to the energy release. Therefore the combination of 130 plates, each releasing 1.4

Mwsec, yields a maximum credible energy release of 182 Mwsec.

3.3 Energy Release Time Sc_:ule

The time scale of the energy release would be in the millisecond range for the Al-H ,0 reaction or a
steam explosion. Microsecond release times similar to TNT explosions are not possible; however, much
slower release times are very likely for limited Al-H ,0 reaction. The heat release from afterheat of
melted fuel plates would not contribﬁte to the energy in a millisecond pressure wave because of the large
heat removal a\./ailable in the core coolant flow once the power is reduced. Therefore the shortest release
time, which results in the most damaging pressure wave, from a core flow blockage would be in the milli-

second time range.

4. Summary

The preceding analysis has been presented to establish a maximum credible energy release following
a flow blockage of the HFIR core. As discussed earlier in this report, the ““maximum credible’’ terminol-
ogy does not connote a realistic or credible valué or circumstance. The maxirﬁum credible energy release
determined in this report is therefore incredibly high since it is based on an incredibly high fraction of
the core releasing all the available Al-H,0 energy. The fraction of the core involved in the maximum

credible enérgy release of 182 Mwsec is 24%.

APPENDIX E

MAXIMUM PERMISSIBLE CONCENTRATIONS OF THE TRANSURANIC ISOTOPES

The data presented in Table I.E.1 have been taken from the Transuranium Quarterly Progress Report

for Period Ending February 28, 1962, ORNL-3290, and are occupational tolerances listed for a 40-hr week.

(¢ 2
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Table |.E.1. Maximum Permissible Concentrations
Water Air Body Burden Specific

Nuclide  cyjpical MPC Critical MPC, Critical Value Activity

Organ (e /em™ Organ (ue Jem?) Organ (pe)- (curies/g)
238py Bone 1.53x 107*  Bone 2.02x 10712 Bone 0.046 17.4
239p, Bone 1.35% 10~* Bone 1.79 x 10™12 Bone 0.045 0.061
240p, Bone 1.35x 10™4 Bone 1.79 x 1012 Bone 0.045 0.227
#1py Bone 7.14x 10~ Bone 9.42 x 10~ 11 Bone - 0.990 112
242p, Bone 1.42x 1074 Bone 1.88 x 1012 Bone 0.048 3.90x 103
243py GI tract 1.21 x 10™2 GI tract 2.14 x 10~ Bone 7.23 2.59 x 108
244py Bone 1.27x 10=*  Bone 1.68 x 1012 Bone 10.043 1.93 x 10=5 -
245py GI tract 1.35x 10~3 GI tract 2.39x 107 Bone 3.04 1.21x 108
241am Bone 1.27 x 10~4 Bone 5.57 x 10~12 Bone 0.054 3.24
242maAm  Bone 1.27x10~*  Bone’ 5.57 x 10~12 Bone 0.067 9.73
2425 m GI tract  2.73x 10™3 Liver 3.93 x 10~8 Liver 0.064 8.10 x 10°
243Am Bone 1.26 x 10~* . Bone 5.56 x 1012 Bone 0.044 0.192
244mpAm  Gltract  5.08x 1072 Bone 3.99 x 10~° Bone 0.179 2.97 x 107
M4Am GI tract 9.10 x 103 Bone 1.73 x 1077 Bone 0.180 1.27 x 108
245Am GI tract  1.67x10"2  GItract  2.96x 1078 Liver  11.6 6.40 x 10°
M2cm GI tract  7.05x 10~*  Liver 1.19 x 10~10 Liver 0.047 3.32x 103
43cm Bone 1.57x 10%*  Bone 6.88 x 1012 Bone 0.092 52.6
244¢cm Bone 2.14x 10=*  Bone 9.40 x 1012 Bone 0.104 83.3
5cm Bone. 1.02x 107*  Bone 4.50x 10~12 Bone 0.043 0.157
246cm Bone 1.02x 10~*  Bone 4.49x 10712 Bone 0.043 0.265
247cm Bone 1.07x 10=*  Bone 4.71 x 10~12 Bone 0.044 3.62x 10~5
48¢cm Bone 1.32x 10~5  Bone 5.81 x 10™13 Bone 0.005 3.07 x 1073
249¢cm Gl tract  8.25x 10=2  Liver ' 7.51 % 10~° Liver 0.827 1.18 x 107
249y GI tract 0.140 Bone 7.76 x 10—10 Bone 0.600 1.67 x 103
250py GItract  9.62x 10~3  Bone 1.37 x 10~7 Bone 0.045 3.89 x 10°
249¢¢ Bone 1.24% 10™*  Bone 1.64 x 10~12 Bone 0.041 3.59
250¢¢ Bone 3.53x 10~*  Bone 4.66 x 10~12 Bone 0.041 1.31 x 102
251cg Bone 1.17x 10™*  Bone 1.55x 10~12 Bone 0.039 1.78
282¢¢ GI tract  2.53x 10™*%  Bone 6.83 x 10712 Bone 0.015 5.57 x 102
253c¢ GI tract 4.14x 1073 Bone 8.24 x 10710 Bone 0.036 2.87 x 10*
254¢t GI tract  1.22x 10™%  Bone ' 5.42x.10712 Bone 0.00075  9.19x 103
253pg GI tract  6.35x 10~* Bone 7.44 x 10~ 10 Bone .0.0368 2.58 x 10*
254mp g GI tract  5.40x 10™*  Bone 4.87 x 10~° Bone 0.0196 3.17 x 10°
254ps GI tract  6.70x 10~* Bone 1.84 x 10~ 11 Bone 0.0217 1.07 x 103
255pg GI tract 6.91x 10~*  Bone 6.07 x 10~10 Bone 0.0361 2.14x 104
254pm GI tract 1.70x 104 Bone 6.03 x 1078 Bone 0.0202 -3.81 x 10°
255pm GI tract  7.72x 10~*  Bone 1.63x 10~8 Bone 0.0362 5.72 x 103
256pm Gl tract  1.25x 10™%  GI tract  2.21x 107° Bone 0.00076  4.59 x 10°
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APPENDIX F - )

MlSCELLANEOUs CALCULATIONS ' .
1. Calculation of the Initial lodine Dose Rate Within the Building

The initial thyroid dose rate per kilowatt equivalent of core melted is estimated under the assumption
that the iodine-is uniformly distributed within the reactor bay, which has a total volume of 446,000 ft3 or
12,630 m >,

Let g; be the number of curies of the jth iodine isotope released per kilowatt; let K; be the dose de-

(8

-

livered in rems per inhaled microcurie, 8 be the breathing rate, and V be the building volume in cubic

4]

meters. Then the dose rate! from the release of 1 kw equivalent of the five iodine isotopes will be

5
d B -
—_——— K.q. . ! .
dt Vz 7 .
j=1 .

For this calculation @ is taken to be 3 x 10* cm 3 /min, which is somewhat higher than that for stand-

o

ard man, but has been selected to compensate for the possible effects of excitement and heightened ac-
tivity during the incident. The values of K; and q; are those given in Table I.A.2 of Appendix A." Thus
the iodine dose rate becomes '

—=132.4 rems kw— ! min~!.

dt

Because only 50% of the iodine is released from the melted fuel, this may be reduced to 61.2 rems kw ™ 1

min~ L,

2. Calculation of the External Dose Rate Within the Building

For this purpose the reactor bay is consideréd to be a cylinder having the same length (33.5 m) as .
the reactor bay, but twice the volume. The volume source term is obtained by dividing the actual building
volume into the total number of curies of iodine and noble gas released per kilowatt and multiplying the
“result by 3.7 x 10'° dis curie™ ! sec™ ! b '

The dose rates are then found on the axis of this cylinder and reduced by a factor of 2 in order to ap-
proximate the dose rates expected near the floor or near the roof of the building.

Let q; be the number of curies of the jth isotope released initially into the building; let V be the ac-
tual building volume in cubic centimeters, L be the length of the building in centimeters, and R be the

radius (cm) corresponding to twice the actual building volume. The radiation flux at ground level at one

end of the building is given approximately by

ISee ref. 4, Appendix A. . ‘ -
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37x101° 2r dr dx /R2+L? L
Y= — 5 =0.366 2 g |Lln{———]+2Rtan"1—|,
r2+(L - x? il L? R]

and at the center of the building by

s 37x101°2 2r dr dx - 0.732
.73 .
c T2 (L — x)? qu
- .

In these computations L = 3350 cm and R = 1550 cm. Consequently the radiation fluxes become
(/;E=1.8x1032qj, Yo=263x10°Y q. .
)
The value of Z q; is obtained by taking one-half the sum of the iodines and the sum of all the

L [R*+L%4 L
—Iln{————— | +2R tan~1— | .
2 L%/4 2R

gamma-emitting noble gases, because only 50% of the iodines are considered to leave the affected

part of the fuel. Thus, using the data in Appendix A the value of } g becomes 247 curies, so that
. j

* YE ='4.45x 105 photons cm™—2 sec™!, ¥ = 6.50 x 10° photons cm~? sec™* .

In order to obtain the dose rate, it is necessary to estimate the average gamma energy. “This is
done by dividing E q; into Z qu where E is the total energy of the jth isotope.? The resulting
average energy is about 0.95 Mev. Now a flux of 1 photon cm~2 sec™! having this energy corresponds
to a dose rate of approximately 1.85 x 10~ 6 r/hr. Hence the dose rate at the end of the building is
initially about 0.8 r kw—! hr=1, and at the center of the building it is about 1.2 r kw=! hr~1,

b
3. Estimate of the Bone Dose from the Target

The doee delivered by the contents of the HFIR target under accident conditions can be estimated
by comparing it to the quantity of bone-seeking fission produets in the core. The 11 bone-seeking
fission products listed in Table I.A.3, Appendix A, can be expressed in tems of equivalent curies of
20Sr by dividingZKlq/ by 44.3, the value of Ly for °9Sr. It is found in this way that the bone seekers
present in the HFIR following 15 days’ operation at 100 Mw are equivalent to 38,750 curies of ?°Sr.

Now at its worst, the potential bone dose from the target is due almost entirely to the presence
of 244Cm, which reaches a maximum after about 5 months’ irradiation and thereafter rapidly declines.
At this time? a terget containing originally 300 g of 242Pu will contain approximately 11,700 curies
of 244Cm. gihce the MPC for 244Cm is 31.9 times less than that for °°Sr, this is equivalent to 373,000
euries of °°Sr. Thus the potential bone-seeking dose from the target is about an order of magnitude

greater than that from the fission products contained in the reactor fuel.

1t is realized that this procedure is quite crude, but it suffices for the purpose at hand.
4. c. Claiborne and M. P. Lietzke, Californium Production in the High Flux Isotope Reactor; ORNL- CF-
59-8-125 (August 1959).
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Part lla. Safety Review Questions and Answers 1e41

ABSTRACT

Review by the USAEC of the HFIR Safety Analysis: ORNL-3572 and draft ORNL-
3573, resulted in two sets of questions. The first set was developed by the Division
of Reactor Licensing and was forwarded informally in early June 1965. These ques-
tions were answered verbally by the HFIR staff during meetings with DRL and a sub-
committee of the Advisory Committee on Reactor Safeguards in June 1965. Following
a July meeting with the ACRS, a request for additional information was made to ORNL
by the USAEC. Forty-one questions were listed, with questions 1 through 20 being
duplicates of .the set discussed with DRL and the ACRS. The table of contents com-

prises a list of the questions, with answers given in the body of the report.

Originally published'as ORNL-CF-65-11-29 (Nov. 12, 1965).
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QUESTIONS AND INFORMATION REQUESTS ON THE HFIR

s
1A. It appears that the meteorological models applied to evaluation of the consequences
of the MCA assume flat terrain. Describe the applicability of these models to the

topographic conditions in the area of the site including the ‘‘channeling effect’’ of

the valley with restriction in lateral effluent spread, effect of impingement of the
effluent plumes on the neighboring hillsides, and the consequences of an MCA dur-

ing fumigation conditions.

The meteorological model used to evaluate the consequences of the HFIR MCA does tacitly include
the assumption of flat terrain. The validity of the model has been discussed with personnel of the U.S..

! and they concur in the conclusion that, because of the low hill profiles and the broad

Weather Bureau,
valleys (~90 m from valley floor to hilltops — valley width ~ 1500 m), the only significant effect is the
marked channeling of winds up and down the valleys, which run in the northeast-southwest (di_rection.
This effect, which can be observed by referring to Table 1.A.5 in Appendix A, is actually beneficial
because the distances from the HFIR site to populated areas are greatest in these prevailing'wind
directions. '

The doses on the hilltops are, in general, lower than the ground-level center-line doses except in

‘cases where the wind is blowing across the hills. This latter situation occurs infrequently and is gen-

erally the result of some external meteorological disturbance which also results in better dispers.ion con-
ditions and higher winds than those utilized in computing the consequences of the MCA. In any case, the
hilltops so affected are unoccupied and are within the AEC-controlled area. Consequently, no additional
hazard is involved. ‘ _

The so-~called ‘““fumigation’’ condition frequently g)ccurs for short periods of time (15 to 30 min) in the .
moming at the HFIR site. This condition is brought about by the breakup pf an early-morning inversion
and is accompanied by freshening winds and good dispersion.. Observations taken at ORNL during the
past year indicate that during these periods there is, on the average, an increase in wind speed by a
factor of 6.5. . _

The doses underlfumigation conditions have been computed as follows. It is assumed that a ground-
based inversion of height just slightly greater than the stack height (76.2 m) exists, and that this condi-
tion is accompanied by F-type stability (moderately stable). The dose at each point at ground level
downwind is then computed using Padsquill’s method with thé source term modified as described
in Appendix A, but, in this case, subject to the constraints that the effective stack height, &, remains
constant at 76.2 m and that the V;Iue of o becomes constant when 0 = h/2 = 38.1 m. The dose equation

has the usual form:

~h?/20%
e 2! ~A.x/u,
D=—FA4e ' 1

' quo o . ]
i"yi zi

g, A. Gifford, Jr., U.S. Weather Bureau, personal communication to F. T. Binford, Oak Ridge National
Laboratory. : .
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Here the summation represents the source term, and the other factor represents the dilution due to atmo-
spheric dispersion. The subscript i refers to the inversion condition, that is, low wind speed and F
stability.

As the inversion breaks up the wind speed increases and the dispersion conditions improve — type C
stability (slightly unstable) has been chosen as representative. It has been shown? that under fumigation

conditions the dilution factor can be appropriately expressed in the form

1
@2m) 1/2nyuth ’

where the subscript f is used to designate fumigation conditions, that is, moderate wind speeds and C-
type stability. The source term, however, depends upon the previous history of the plume and remains .

essentially unchanged. Consequently, the ground-level dose under fumigation conditions becomes

Z A.e—/\jX/ui , -
-—r 00000

£ @m 1”nyufh ’

The dose under fumigation conditions can be conveniently expressed in terms of the previously cal-
culated dose under inversion conditions, and the changes which take place in the dispersion parameters
and the wind speed:

_D_fzﬁ Ui9i%%i e*”2/2°§.- ]
D, 2 ufoyfh ,

A perﬁsal of Fig. I.A.1 indicates that in/ayf 2 0.33. The wind-speed ratio u,/u, has previously

been found to be 1/6.5, and h = 76.2. Therefore

D/D,=8.35x 10740, exp [+2903.22/02,] .- _

Values of D, following unit release have been plotted for the noble gas gamma dose and the internal ) L.

[4 IR N4 1

iodine dose, respectively, in Figs. II.1.1 and II.1.2. For comparison, the ‘‘worst average, most rep- -
resentative,”” and ‘‘mean’’ values previously computed and set forth in Part I have also been included.
in all casesv, the computations were performed for infinite exposure and rapid emission.

It is clear from these curves that the fumigation case produces essentially the same results as the
mean value at distances greater than the exclusion area boundary, but that the fumigation doses are
somewhat higher near the stack. Because of the high decontamination efficiency of the filters, this is
of little or no concern with respect to the internal iodine dose; however, in the highly unlikely event of
a south or southwest wind, the noble gas doses at the main portion of ORNL might be increased bya
factor of as much as 1.2. Whole-body doses near the stack base would, of course, be much higher.~ How-
ever, it is worth noting that, based upon the frequency of inversions in the ORNL area and the duration
of the fumigation conditions, the probability per unit time of a fission gas release occurring during a
period of fumigation is about two orders of magnitude less than the probability of such a release under

some other set of conditions.

2F. A. Gifford, Jr., Nucl: Safety 2(4), 47—51 (1961). ' -
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B. Evaluate the consequences of the MCA associated with leakage from the reactor build-

ing during high wind speed conditions.

Experience with the ORR containment system leads to the conclusion that the HFIR containment is
adequate to prevent leakage from the HFIR building even during periods of high wind. 7

The ORR is a mill-type structure and has a volume of approximately 800,000 ft3. The exhaust rate
from this building is approximately 6000 cfm under containment conditions, and all of this flow is due
to leakage at the negative pressure of about 0.3 in. of H,0. In over a year of constant monitoring of
the differential pressure at various poiqts on the building walls, no wind-induced decrease of external
pressure below the internal préssufe has ever been observed except when the containment system was
not in operation. .

The HFIR is a concrete structure much tighter than the ORR. . The reactor bay contains apprdxi-
mately 450,000 ft3, and the exhaust rate is approximately 12,500 cfm. Most of this flow énters the
reactor bay through the filtered fresh-air intake units, which regulate the flow so as to maintain a
nominal —0.3 in. H O in the reéctor bay. It may be inferred, therefore, that the probability of any

significant leakage concurrent with a massive fission product release is nil..

C. What is the estimated dose to the operators from the MCA?

-
0

The dose to the operators following the HFIR MCA will, of course, depend upon their location and

- actions during and immediately following the accident. The dose rates to be expected at the observa-

tion gallery windows, at the center of the reactor bay, and just outside the reactor building, have been
estimated and may be found on pp. 26-and 27. .

Prompt evacuation of the control room in the event of a major release of fission products to the re-
actor bay should require no more than 15 sec. The dose rate at the control-room windows is estimated
to be about 85 r/min for the maximum credible accident. Tﬁis would lead to a dose of about 25 r if the
operator were exposed for 15 sec. The dose rate should be at least a factor of 10 below this once the
operator leaves the control room, and it should not take him more than 15 sec more to leave the build-

ing by either of two routes. ] R

2A. Provide, if available, the jdint frequency data for wind speed and direction as-
sociated with the various stability types (A, B, C, D; E, F, and G).
Joint frequency data for the wind speeds and directions associated with the various stability con-

ditions are not available.

B. What are the atmospheric dilution factors used for estimating stack release rates *

for routine opérations and for accident situations utilizing the joint frequency data?

'
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“‘worst average’’ conditions

As stated in A, the joint frequency data are not available. However, the
include the assumption that the most unfavorabie wind speeds associated with each stability condition
occur at each point and that the wind direction is toward the receptor for the entire duration of the inci-
dent. Incorporation of weighting factors based on the joint frequencies would result in more realistic

but less conservative values of the doses than those presented.

. . .
C. State the wind speeds and associated effective stack heights that were used to

- calculate the ‘‘worst average’’ dilution factors.

As clearly set forth in Appendix A, p. 46, the ‘;worst average conditions’’ are computed at each
point downwind, for each stability condition, and for each group of isotopes using that unique value
of the wind speed which maximizes the dose for that point, that stability condition, and that group
of isotopes under consideration. Thus, in general, for each point x and each _group of isotopes,
five different wind speeds were used — one for each stability condition. Moreover, the wind speeds
used for the computation of the 2-hr exposures were different from those used to compute the infinite
exposures. The numerical value of these wind speeds is obtained by setting the partial derivative

with respect to u of the dose equation

- ~h%(u)/207

e 2 —A.x/u

_ D=————YAe |
Tuo. o j 7
y z

equal to zero and solving for u. The values of u so obtained were then used to compute D. In the actual
computations, over 500 different wind speeds were used for each stability condition. To give some idea
of the wind speeds used, the values of u which maximize the noble gas gamma dose for infinite exposure

and rapid emission are plotted in Fig. 11.2.1.
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The effective stack height corresponding to-each wind speed is obtained-as set forth in Appendix A,
p. 40. Itis _ v : -
h(u) =76.2 + 1063/u,

where u is the wind speed obtained as described above.

3A. Recent studies at Oak Ridge have shown that a relatively large portion of the iodine
evolving from a fuel meltdown is in an organic form and is poorly removed by wash-
out, by silvered-copper mesh, or by charcoal filters. Is the removal factor of 2000
claimed in the accident analysis consistent with these studies?* *

i

There have been no studies at Qak Ridge, recent or otherwise, which show that a relatively large

a

portion of the iodine evolving from the meltdown of HFIR fuel is in organic form. What has been ob-
served is that in some cases small fractions of the io.dine released from the meltdown of some types
of fuel have been found in an organic form tentatively identified as methyl iodide. It is thought that
the organic iodide may form during or immediately after its release due to reaction with contaminants
in or near the fuel or may form as a result of contact.with organic contaminants while it is adsorbed .
on the walls of the containment building. In the latter case, there appears to be a direct relation be-
tween the time permitted for reaction and the amount of organic iodide formed. '

The decontamination factor claimed for iodine is composed of two factors: (1) a decontamination
factor of 3 for washout as the iodine escapes through the pool and reactor water, and (2) a decon-
tamination factor of 666 due to the removal of iodine by the charcoal filters. It is believed that
the formation of methyl iodide during the actual release will be quite small and that its presence
will not affect the very conservative factor of 3. The subsequent formation of methyl iodide in the
building would likewise have no effect on this factor. These conclusions are reinforced by the
results of tests made following the ORR fuel meltdown of July 1, 1963. In this incident, fission gases
were released into the ORR pool water. The tests revealed the presence of the daughters .of noble -
gases on various building surfaces, but in ﬁo case was any iodine detected. ' This indicates that vir- -
tually all of the iodine indeed remained in the water. . . .

Because of the fact that both the SBHE and CHOG systems are designed to rapidly remove any
iodine released from the primary containment, there is little time for methyl iodide to form in the
building. It has been estimated that, at most, 5% of the iodine reaching the filters would be in the
form of methyl iodide. Thus, if the decontamination factor for CH I were only 10** and the decon-

tamination factor for molecular iodine were only 100, the total filter factor would be

0.95 0.05\"!
- —— =) =69,
\ 100 10

so that the overall decontamination factor would be 69 x 3 = 207. Despite the fact that this is lower

i}

*Further information is in answers 30 and 46.

**This result was derived prior to the investigation of CH3I described in ORNL-TM-1291. Later,‘more realistic
results are given in the answer to Question 30. -

~
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than that normally expected by a factor of 10, it is still higher by a factor of 10 than that required to
satlsfy the guldelmes of 10 CFR 100.

B. How and with what fréquency will these filters bg tested?

The filters will be tested following each installation and semiannually thereafter unless some unfor-
seen circumstances make more frequent or special testing desirable. The present technique is to add
iodine traced with radioactive iodine to the duct ubstream of the filters and by sampling before and after
the filters to measure the efficiency for removal of the iodine. Methods for measuring the decontamination‘
factor for organic iodides are being investigated, and when such a technique becomes available it will

\

be used. ;

The ORR has a similar filter system which has been in operation for about two years, and therefore a

considerable lead time is available in terms of information on filter p'efforrﬁance as a function of time.

4A. What experience is available on the manufacture of involute plates, particularly

" with regard to maintaining tolerances, proper curvatur(\e, and channel spacing?

No experience is yet available from the actual fuel element fabricator as to what tolerances will be
achieved. He has just started his plate product_ion and is in the final phase of the assembly and weld-
ing qualification. The elements are being fabricated under a cost-plus-type contract using procedures
developed by ORNL.

Considerable data are available, however, from the elements fabricated at ORNL during the develop-
ment period. Data on channel spacing from four elements are given in Table I1.4.1. " The variation in
channel spacing is a function of variations in both plate forming and aésembly. These data show that
it was possible to achieve channel spacing control well within the specified tolerances.

In addition, plates also were fabricated and formed for use in the critical experimeni. These plates
showed comparable control in plate forming to the other two but were not welded into assemblies, so .
plate spacing data are not available.

It is expected that once a smooth, uniform production operation is established, improved uniformity

should be realized.

B. What tests will be run to detect unbonding blisters and fuel inhomogenéities in the

fuel'plates?

The presence of any nonbonds or blisters in fuel plates will be revealed by two inspection tech-
niques. The first will be the technique normally used by industry for determining nonbonds in aluminum
plates, which is an anneal of the finished lplates at 500°C and a complete visual examination. In our
procedures, the plafes are annealed and inspected twice: once before cold working and again after the
long anneal to put them in the ‘0"’ condition. ’

As a second and more sophisticated check, every plate w111 be completely examined using an ultra-

sonic technique which has a demonstrated sensitivity for determining /16-1n.-d1am nonbonds.
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Table 11.4.1. Summary of Plate Spacing Measurements on HFIR Fuel Assemblies

Development Fuel First Reactor Fuel Design
Assembly Assembly . Require-
Inner Outer Inner Outer ments
Number of measure- 5643 12177 5643 12177
ments obtained
Maximum measure- 57 . 55 56 ' 52 50+ 10
ments, mils '
Minimum measure- 46 44 44 44 50—-:10
ments, mils )
Average channel 51.0 48.8 49.9 48.4 50
thickness, mils? ‘
Maximum average 53 52 52 51 . 50+ 6
channel cross
section, mils _
Minimum average . 48 47 47 - 46 50~ 6

channel cross

section, mils

“The average thickness of the channels was calculated at each of the 11 axial measuring positions for every
channel.

A special instrument which measures changes in x-ray attenuation of a very small (5/64-in‘. diam) area
has been developed by the HFIR Project for demonstrating that the uranium homogeneity of every plate
meets the specified tolerances. Every fuel plate will be scanned in its entirety, using one of these in-
struments. ~The effectiveness of these instruments has been confirmed by removing small analytical

samples.

"5A. What is the calculated coolant velocity to cause collapse of the involute fuel plate?

The calculated velocity is greater than 200 fps.

B. What is the maximum anticipated velocity in a fuel channel under the most adverse

combination of tolerances, flow maldistribution, etc.?

~

The maximum anticipated velocity is approximately 100 fps. This high velocity could occur only in

a localized region.

6A. Discuss the integrity of the fuel plates with respect to fission gas buildup and

burnup of the burnable poison.

In a joint HFIR-ATR irradiation program, miniature U308-A1 dispersion fuel-plate samples with and

without boron burnable poisén were irradiated in a special loop in the ETR. The range of variables
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"covered iqcluded >tests in which the maximum burnup and temperature values were in excess of those
expected in the HFIR. No blistering or other indication of failure was encountered with any of these
samples, although earlier tests indicated difficulty in terms of blistering. The températures in the
earlier tests were not well known, and it is believed that they were operated at inordinately high
temperatures. The tests in which satisfactory results were obtained were carefully monitored for

\ /
temperature. ‘ ' ’

B. Could plate growth due to fuel burnup cause excessive deflections and stresses?
“~N ‘ . i )
.Measurements on the fuel-plate sample indicat‘e_d no significant change in length or width; however,
" an increase in thickness of as much as 3% was meésured. On the basis of this information, no signifi- .
cant problem from this source is expected in terms of excessive deflections and stresses. As stated in
the answer to question 34D, there is, of coufse, no way to completely ensure that a new element desfgn

is satisfactory without operating the element at"design conditions.

C. Could this cause binding of the outer fuel element and the control cylinder?

The answer to question B indicated that no significant plate growth is anticipated; however, should
it occur, it is very unlikely that it could cause binding of the outer fuel element and the control cylinder.
The outer fuel plates are contained between twb cylinders, one of which is free to rotate. Growth of the
fuel-plate width would simply cause a small rotation and a siight departure from the involute shape.
Growth in the length would increase the plate buckling blit would not significantly affect the dimensions

of the outer cylindrical ‘‘side plate’” of the element.

7. Provide design details of the attachment between the drive tubes and the shim-~

safety elements, What are the design and expected stresses at this point?

The general arrangement of one of the shim-safety elements is shown in Fig. II.7.1. The attachment
member is located at the lower end of the clzon’trol elemeﬁt. Each shim-safety elemént is coupled to its
drive tube through an adapter fabricated of 6061 aluminum. The adapter is bolted to the control element
and is in contact with the control element over its full width to a depth of-3 1/4 in. Two rows of 1/4-in.—
diam machine screws serve as fasteners. These screws are staked in place to prevent loosening. A
4-in.-diam ring is welded to the adapter and serves as the connecting link to the drive tube. As can be

seen in the figuré, two gusset plates are incorporated to provide additional strength.
\ N .

N/ '

The design of this attachment niust be such that the attac};ment is sufficiently strong to withstand
repeated scramming of the rod in addition to the loads normally ap;;lied during steady-state operation.
The normal load is made up of the weight of the control element, approximately 35 b, plus the hydr/aulic
load, which is approximately the same. The maximum acceleration at the beginning of the scram stroke
is less than 6.5¢, aﬁd the maximum deceleration observed during tests was 7g; this value was reached

only for scrams of very short travel wherein the shock absorber had only limited stroke.
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The highest shear stress occurs in the welds connecting the ring to the adapter. The highest
bending stress is in the cantilevered portion of the ring. The maximum shear stress during steady-
state operation is approximately 80 psi. The maximum bending stress during normal operation is 700
psi. During a scram the stresses undergo a reversal és the control element is first accelerated and
then decelerated. The maximum shear stress under these conditions is about 400 psi. The maximum
bending stress under these same conditions is calculated to be about 7000 psi, even if it is assumed
that all of the load is applied to the outer end of the cantilevered portion of the ring. This is coﬁ-
servative, as any bending of the ring would relieve the bénding stress and the joint would revert to
the load being carried in shear. l

The attachment is a weldment that received a stabilizing heat treatment following welding. This

heat treatment should produce a minimum tensile strength in the weldment of 18,000 psi.

8. Provide details on the design of the hydraulic cylinder which limits the maximum

reactivity rate associated with any shim=plate failure to 0.0065 per second.

As described in ORNL-3572,3 Sect. 8.2.3, and Appendii C, Sect. 1.3.2, the hydraulic cylinder

"is provided only on the shim-regulating cylinder drive. This velocity-limiting feature is provided

for several reasons as set forth in the referenced material; however, the most significant feature

from a safety standpoint is the protection it offers against failure of the regulating and/or shim

drive gearing. Inasmuch as the shim-regulating cylinder moves downward to increase react,ivity,

the forces of gravity, water flow, and the reactor pressure acting on the area of the drive rod as

it passes through the seal in the lower head of the reactor vessel, all combine to apply force

in such a direction as to increase reactivity should the gearing fail in such a manner as to allow the
drive rod to move downward. For this reason, plus the severe;l others mentioned in the referenced ma-
terial, it seemed advisable to provide force-balancing and veloéity-limiting features. , —

The drive rod which extends throu‘gh the bottom head of the reactor is coupled to the Acme lead -
screw of the shim drive. This lead screw extends through the rotating nut of the shim drive and is
coupled to the upper end of the piston rod of the ﬁydraulic cyligder. Due to this method of attachment,
the piston rod and piston of the hydraulic cylinder move on a one-to-one basis with the shim-regulating
cylinder, with no backlash or loss of motion between the two units. The hydraulic cylinder is filled
with oil and is sealed at the bottom end. The piston rod passes through a seal at the top end to pre-
vent leakage of oil from the cylinder. An oil supply line is also connected to the top end of the
cylinder. The piston does not have piston or seal rings but is designed to provide a diametral clearance
of about 0.004 in. with the cylinder wall. In addition to this clearance, the piston h;as an orifice con-
necting its upper and lower faces. The orifice is 0.084 in. in diameter and 0.042 in. long. Because of
these interconnections between the top and bottom of the plston there is no pressure differential across

~

the piston when the shlm-regulatmg drive is not movmg

The oil supply line to the top of the cylinder is supplied from bladder-type hydraulic accumulators
which act as buffers between the reactor primaty coolant system and the oil-hydraulic cylinder system.

This type of interconnection pressurizes the hydraulic system to reactor pressure. In order to provide

3F. T. Binford and E. N. Cramer, The High Flux Isotope Reactot: A Functional Description, Volume I,
ORNL-3572 (May 1964; Rev., Mar. 1, 1965).
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complete buffering between the hydraulic and reactor water systems, two ac;:umulators are used with a
buffer water zone between the accumulators. An accumulator leak will therefore not contaminate the re-
actor system with oil or the hydraulic system with reactor water. Means are provided for routinely sam-
pling the buffer region for detection of contamination from reactor water or from hydraulic oil.

The fact that the hydraulic cylinder has an internal pressure equal to that in the reactor system pro-
vides for the force-balance feature due to the action of the pressure on the piston rod. As mentioned pre-
viously, the area of the piston rod was selected to be slightly smaller than that of the drive rod entering
the vessel. This was done in order to assure a small net downward force which will load the gears and
tend to remove backlash, thus resulting in better servo performance.

The force-balancing feature also reduces the load on the gearing and thus reduces the brobabilitonf
failure and assures longer life. It should be noted that the gearing is all designed for continuous duty on
- the basis that the force-balance feature is not present. .

If the gearing should fail so as to release the rod for down;vard motion, the net force is very little in
excess of friction, and the resulting velocity would only be about 12 in./min, that is, less than regulating
rod speed. If, in addition, it were assumed that the force-balance feature were also lost, such as by failure
of the oil supply line, the presstire in the cylinder would be atmospheric and the net downward force would
be about 10 times that available with force balance. The resulting velocity would be limited to something

less than 39 in./min. This maximum velocity is equivalent to about 0.0065 Ak/k per second.

Design Data — Pressure Balance Cylinder

Manufacturer’s Hamﬁfin hydraulic cylinder, model F2H18
designation )

Rating ) 3000 1b/in. 2 oberating pressure

Size 4-in.-ID cylinder X 32-in. stroke

Modifications Piston rings removed andlan 0.084-in.-diam x 0.042-

in.-thick orifice installed in piston.

9. Describe the test program for the inner and outer control elements and their drives to
ensure proper operation and to verify that no interference or binding can occur between

the inner control cylinder and the outer shim-safety plates.

The control rqd and control rod drive test facilities include a full-scale high-pressure test stand.
The test stand is of sufficient size to accept a mockup of one complete quadrant of the reactor control
region and is capable of 0 to 1000 psi pressure, 0 to 200°F temperature, and 0 to 500 gpm flow.

Although the test stand was originally fabricated primarily for control rod drive tests, it was modi-
fied to include six strain-gage bridges on the bearing mounting brackets at each comer of the outer
control rod and on the two preload bearing mounting brackets, three differential transformers to me>asure
vibration and deflection on the outer control rod, and a total of 23 pressure taps to measure differential
pressure between the various gaps, etc.

Data were taken with 0, 10, 100, and 130% full flow at numerous combinations of positions of thke

inner and outer rods, at various. pressures, and at 60, 150, and 200°F temperature. The control rods
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performed satisfactorily during these tests, as well as for approximately 1500 or more routine cycles
and scrams during the control rod drive development and certification tests."

A number of preliminary tests of pressure drops along the rods, thermal deflection tests, load de-
flection tests, rivet and bolted joint tests, etc., were also made on the control rods but will not be .
discussed in detail. ‘

In order to ensure that the proper gaps will be achieved between the inner and outer control rods.
and between the control rods and the fuel element and reflector, these gaps have been measured in/ the
reactor for a number of combinations of the critical components. A total of approximately 1500 gap
measurements have been taken and reported using two removable reflecter assemblies, two sets of
outer control rod track and bearing assemblies and three complete sets of control rods. These gaps
are within the ant1c1pated tolerance for all combinations.

A prototype outer control rod drive assembly was thoroughly developed and tested in the high-pressure
test stand under all condltlons of flow, pressure, and temperature. In addition, separate test facilities
were used to provide preliminary information and life tests on the magnet actuator and engagement mech-
anism assemblies, bearings, seals, and‘gear boxes.

After completion of fabrication of the reactor-grade assemblies and a number of preliminary tests to
check performance, a complete set of certification tests were performed on each assembly in the high- "
pressure test stand. These tests .included 112 scrams from various elevations, with and without flow,
and at 0, 600, and 900 psi pressure. Measurements of release time, response time, time of flight, con-
trol rod displacement, velocity and acceleration as a function of time, magnet armature displacement

as a function of time, and drop current were taken during these tests.

The complete inner control rod drive assembly was tested in a high-pressure autoclave. Both the

shim and regulating drives were run more than 200 cycles over their complete stroke. The pressure-

- balance system was developed and thoroughly tested in this facility.

After the reactor assembly and during the initial hydraulic tests on the components, differential pres-
sure taps were again used to measute flow and pressure drop through the control region. In addition, a

differential transformer was installed to measure the deflection and vibration on each outer control rod.

- The inlet orifice to the control region was modified during these tests ‘due to a flow streaming problem

from the orifice. ' After this modification the test data on pressure drop, flow, vibration, and deflection

v

were very 51mllar to test-stand data and well within acceptable limits.

The control rods and control rod drives performed satlsfactonly during all hydraulic tests. Over 200 °
scrams have been logged for each outer control rod drive assembly, with three sets of control rods having
been installed and under various conditions of flow and pressure. Each control rod drive-assembly has
been completely disassembled and inspected twice during this period. No abnormal characteristics or
wear have been discovered. \

~ Over 50 complete cycles of the inner control rod shim drive have been logged in testing both the
drive and the pressure-balance cylinder in the reactor. The inner control rod regulating drive has been
run in the reactor under simulated ser\;o control by means of a computer for several hours under various

simulated reactor conditions and simulated safety signals. Satis'factory results were obtained.
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The control plates and drives have been in use during the startup program, which has been in progress
since Aug. 25, 1965, and over 75 startups have been logged to date. Each startup has been preceded by
routine tests on the safety system and control element drives. The operation has been satisfactory at
all times during normal use with the exception of the necessity to provide vents between the fast in-
sertion air motors and the ge_ar boxes and one loose electrical connection on a terminal strip supplying

power to the air-motor control solenoids.

10. Quantitatively, how are the reactivity coefficients for the core expected to vary

during the operating cycle?

The fuel region moderator density coefficients are affected by control rod position because the con-
trol rods, to a large extent, control the return leakage of neutrons frorh the reflector. When the rods are
inserted, neutron leakage to the reflector has little chance of returning. With the rods out, the return
leakage is greater. Therefore, the moderator density coefficients become less ne€gative as the rods are
withdrawn. Calculations indicate that the coefficients decrease by a factor of 2 from the cleax} core

symmetrical rod position to. the fully withdrawn rod position.

11. What are the limits for reactivity.which can be added by experiments in the target

hole?

The limits for reactivity which can be added by experiments in the target hole are presently estab-
lished at those corresponding to the present design of target. The major concern and limitation are
based on the amount and rate of addition of reactivity that could be added by introducing the optimum
void into the target region with the target installed. The amount and rate of addition are discussed
in Sect. 1.3.3 of Appendix C. The worst case is the addition of 0.013 Ak/k on a 0.03-sec ramp plus
about 0.002 Ak/k on a 0.3-sec ramp. ’ h

Changes in target composition also affect reactivity as discussed in Sect. 7.3.5 of ORNL-3572 and
in Sect. 2.5 of Appendix C. This variation is primarily of concern in regard to shutdown margin;

however, the criteria set forth in Table I.C.8, Sect. 2.2.5,. of Appendix C, apply regardless of whether

the target adds or subtracts reactivity.
i

12. Discuss t‘he'possibility and consequences of a large reactivity overshoot with the
control plates being withdrawn past their critical position during xenon burnout in a

scram recovery.

The minimum rate at which the ganged safety rods or the regulating rod can change reactivity while
‘the rod drive motors are ruﬁning is 2 x 10~* Ak/sec. At full power, xenon burns up at an equivalent
rate of less than 1 x 10— * Ak/sec. Therefore, the control system has no trouble keeping up with xenon
transients. . R

~r

The question of xenon burnout during a transient is treated in the answer to question 38D.*

¥See also énswer 42A.
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13A. What is the maximum total delay time (including detector delay time) between the
onset of an unsafe condition and the initiation of rod drop during startup and full-

power operation?

The maximum total delay time is the sum of the individual component delays in the safety channel.
Assuming that safety action is required from an increase in flux, the components in the channel and their

respective total delay times are tabulated below:

Component v ) Delay Time

Ion chamber 300 usec
Flux amplifier (mode 1) 100 pusec
Trip comparator 150 ysec
OR gate 10 usec
Magnet control amplifier 100 psec
'Magnet \

(a) Two-out-of-three 4900 ftsec

(b) Three-out-of—{:hree 3200 pusec

Total (two-out-of-three) 5.56 msec

Total (three-out-of-three) : 3.86 msec

A mechanical actuator time, which represents the relaxation time of the push rod, must be added
to the above release times. The value of this delay time is approximately 3.5 msec for three-out-of-
three, and approximately 5 msec for two-out-of-three. .

Should the safe:ty action be required from reduction in flow, the same total delay times as those tabu-
lated above would apply with the following exceptions: .(1) The ion chamber and flux amplifier response
vtimes would be subtracted, and (2) a response time of approximately 250 msec should be added for the
flow sensing and transmitting system. ' ' -

It is extremely difficult to measure all of the deiays in a single test, or some of them at all. For
example, the diffusion time of the neutrons from the core to the chamber location and the chamber col-
lection time can only be ﬁxeasured under laboratory conditions. However, periodic checks of the time
response of certain grdups of the equipmevnt will bg made. The grouping will be made on the basis of
practical consideratiohs. The tests will overlap on the channel to assure complete coverage.

B. Has the total system been tested or will it be tested to measure this time with all

three and with only two of the coincident circuits tripping?

The following tests have been run. A simulated step in ion-chamber current was injected at the
chamber signal terminals. The time required for the test signal to reduce the magnet current.to 10%

of its original value was recorded. For mode 1 the time was approximately 300 psec. .

Routine tests involving more than one channel and including some of the components tested above

are performed as follows. A scram test signal is applied to either two- or three-channel OR gates.
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Application of t}':é test signal starts three timers which record: (1) the time the latch push rod has .
moved 0.015 in., which is somewhat more distance than is required to start shim-rod motion, (2) push-
rod time of flight, and (3) shim-rod time of flight. Typical numbers for these time increments are: 13,

29, and 328 msec respectively for two-out-of-three; and 9.6, 25.2, and 324 msec for three-out-of-three.

It should be noted that measurements obtained in the latter test are not intended to give precise
absolute times, since the time increment is composed of electronic, magnetic, and mechanical delays. R
Therefore, part of the timing sequence is obtained from mechanical motion by a switch which has in-
herent delays. However, the actual times can be deduced from the timer data. More importantly,
changes in the behavior of the release system can be quickly detected.

rd

14. How was the time response of the neutron flux amplifier determined? What was the

magnitude of the input steps?

The time response of the flux amplifier was measured by applying a step function in current to its

input terminals and observing the output on an oscilloscope. The magnitude of the input step was ap-

proximately 20% above the trip level. The récorded time is the time required for the oﬁtput to reach the

trip level rather than the 63% value.

15. What is the accuracy of the heat-power calculator and what are the error contributions

of the temperature and flow inputs?

There are six heat-power calculators as described in ORNL-3572, Sects. 8.6.2 and 8.6.3. Three of
these are associated with the safety system and are electronic. The other three are associated with the .
servo control system and are pneumatic.

' The éccuracy of the heat-power calculators has been guarantee& to be i21/2% at full scale (full scale
is 150 Mw). Calibrations of the equipment have shown that the accuracy is somewhat better than 21/2%.

The overall accuracy of both flow and differential temperature channels is approximately +1%. The full

scale for flow is 17,000 gpm, and the full scale for AT is 72°F.

16. . What control problems are anticipated from the photoneutrons from the beryllium
reflector? How will they affect startup immediately after scram? What magnitude

flux is expected at the detector positions from the photoneutrons after shutdown?

Photoneutrons from the beryllium reflector will create no control problems in the HFIR. During a
startup immediately after scram, the beryllium photoneutrons will act as a very large source of neutrons
to the core and very few directly to the fiss.ion chamber, a desirable §ituétion. Of more concern are the
D,0 photoneutrons. For example, 1 min after scram from 100 Mw the fission power will be about three
decades down, or approximately 100 kw. When the fission counter is withdrawn from the core by 95 cm,
which is the approximate position it would be in for this condition, the combination of neutrons leaking
from the core and those produced by D,0 photoneutrons at the fission counter location will produce a -

2

flux of 5 x 105 neutrons cm~2 sec™?, which is the flux necessary to provide the desired 10* counts/sec.

At this time the ratio of'D2O neutrons to core neutrons is 0.30, that is, only 30% of the counts are from
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the D,0. This situation will improve with time since the chamber will be moved closer to the\core to"
obtain 10* counts. Ten minutes later the D,0 contribution will be down to 15%.

The neutron current in the ion chamber locations due to beryllium photoneutrons is estimated to be
approximately 3% of the total current at 100 Mw (a negligible 0.1% is due to D,O photoneutrons). One
minute after scram from 100 Mw, assuming equilibrium gamma in the core, the current produced by be-

2 of the 100-Mw value or the equivalent of approxi-

ryllium photoneutrons will be approximately 5 x 10;
mately 150 kw power level. Ten minutes after scram, the current due to beryllium photoneutrons will be
equivalent to a power of approximately 30 kw. These .photoneutron éurrents tend to bias the safety sys-
tem in the direction of producing a scram before it would otherwise occur, but only a negligible amount.

17A. What consideration has been given to the use of scram or setback actions initiated
by a loss of power to the facility or to the pumps?

Setback and/or scram action is taken on actual flow reduction as indicated by the flow sensors
rather than loss of power, since flow reductions may occur from other causes than loss of power. As
described in ORNL-3572, the control system is designed so as to attempt to avoid the necessity for a
scram during a power outage in order to minimize the probability of losing a core due to xenon buildup. 7
Most power outages in this area are only of a few seconds duration, and, therefgre, if a scram can be
avoided, the reactor can be taken back up to power almost immediately without the necessity for re-

covery from the scram with its attendant control and operational problems.

B. Provide curves showing primary coolant flow vs time following loss 'of pumping
power and reactor power level vs time due to the associated cutback. -

Figure I1.17.1 shows the variation in flow as a function of time after loss of power to all pumps
(curve a). Curve b shows a typical servo-controlled power reduction as a result of the flow reduction.
Curve ¢ shows the safety trip setting as a result of the flbw reduction; this includes the time delays »
of the flow-measuring system. . _

As described in ORNL-3572, Sect. 8.3.2a, the regulating servo requires help \from the shim rods in
taking the reactor power level down so as to avoid a scram. The variations from a smooth curve which
can be observed in curve b, starting a little below'S(j Mw, are the.résult_of the intefmittent action of
these motors. )

The allowable power level based on calculations does not deprease linearly with flow a'lthough the
safety-system trip setting is reduced on this basis. This situation leads to a larger margin at lower

flows. The calculated power level for the onset of nucleate boiling is greater than 20 Mw at 10% flow,

as can be seen in Fig. 8.1.1 of ORNL-3572.

18. What is the relieving capacity of the high-pressure relief valves, and what was the

basis, or criterion, which determined this capacity?

The criterion for sizing of the primary system relief valves.is that the ‘‘Code’’ be satisfied in terms

of overpressure with the sole source of overpressure being the capacity of the pressurizer pumps.
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Fig. 11.17.1. HFIR Flow Coastdown Studies.

Article 9 of Sect. III of the ASME Boiler and Pressure Vessel Code requires that the relieving de-
vices installed to protect the system be of sufficient capacity to prevent a pressure rise in the system
of greater than 10% above the design pressure. In addifion, at least one valve must relieve at a pressure
not greéter than design pressure., while all others must relieve at pressures not greater than 105% of de-

sign pressure. For the primary system the limits are:

Maximum pressure 1100 psig
Maximum set pressure (one valve) 1000 psig
A Maximum set pressure (remaining valves) 1050 psig

Other high-préSsure relief valves are located at the discharge of the emergency pressurizer pump and
must relieve the full capacity of that pump, and on the hot water injection system to‘relieve the primary
side in the event of heating steam causing expansion of the water when the system is isolated by valving
from the primary system.

‘The arrangement of-primary system relief valves is as follows:

Set » ‘ . ' Approximate
Valve No. Pressure Location Orifice Capacity at 10%
(psig) ) Overpressure (gpm)
PSV 150 1025 Reactor vessel inlet H > 400
PSV 154 975 | ©pe G > 200
{
PSV 155 900 . Discharge of PU-11 G > 200
PSV 1125 1150 . Hot water injection system G > 200

" Primary system tests have indicated that with the G orifice valve set at 975 psig and the H orifice
valye set at 1025 psig, the pressure as measured at PT 127 did not exceed 1060 psig with circulating
pumps.PU-1A, -1B, and -1C and both main pressurizer pumps, PU-4A and -4B, in operation. It should
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be noted that under these conditions 1100 psig is not excee@ed anywhere in thé prin{ary system dox}& -
stream of V-1198, which is the discharge check valve in the pressurizer pump line. It can 'be shown
that éhe same is true for other combinations of primary pumps in operétion. The piping, flanges,
valves, etc., between V-1198 and the pressurizer pump will also be adequatély p}otek:ted since the
shutoff head of the pressurizer pump is insufficient to cause a rise in pressure exceeding 110% of the
maximum allowable pressure for this section.

A power outage test with the radiation letdown block valves closed indicated that PSV-155 set at
900 psig was adequate to carry the :capacity of PU-11 and would limit system pressure to below the set
point of PSV-154 when the primary circulating pumps were not in operation. This provided both adequate
safety and adequate containment in the event of a simultaneous power failure and fuel-element cladding
failure. - ‘

A question was asked at 6ne of the HFIR review meetings r\egarding the effect on pressure in the
primary system of temperature changes in the primary system such as might be caused by loss of sec-
ondary codlant to the heat exchangers, changes in reactor power level, etc. This situation was in-
vestigated early in the project, and it was found that the most conservative approach is to assume
a step change in reactor power level, as this could be more nearly realized than any other change
affecting the temperature. A step increase in power level of 100 Mw is equivaleﬁt to adding 200
gpm of water. The measured amount of water which must be added to the system to increase the pres-
sure by 900 psi is approximately 50 gal. The addition of 200 gpm or the equivalent step change in
power of 100 Mw would therefore change p~ressure at the rate of 3600 psi/min. If it is assumed that
the pressure control system did not work, the pressure would rise until the pressure relief valve,
PSV-154, opened. This valVe alone can handle a flow greater than 200 gpm. Should this valve fail
to open, PSV-150 would open at a slightly higher pressure and is capable of handling more than-

400 gpm. ) -

19. What peak power and plate temperatures would result if scram actio;l is initiated by
the 130-Mw 'overpower scram instead of the rate scram for an addition of 0.013 Ak/k
(Table 1.C.4)?

As demonstrated in the transient analysis of the HFIR, tﬁe rate scram will terminate a fast transient
sooner than the level scram will, and that is one of the reasons for incorporating a rate scram. Since the
rate scram instrumentation has safety-system reliability, there is, in principle, no need to be conéerned
abovut the results that would be obtained if the rate scram were to fail. The question is even more of
academic interest if considered in light of the discussiori regarding the comparison between the SPERT
core and the HFIR core, in which it is concluded that the HFIR core could quite probably stand a rapid
insertion of 0.013 Ak/k without damage even with the safety system being required only for shutdown of
the reactor following the transient. _

We do not have data to show the peak power and plate temperature calculated by the analog model
for this set of conditions. However, it is possible to make several statements regarding the performance
which would be observed under this condition, Test case No. 4 of Table I.C.4 is a typical full-

power case in which 0.013 Ak/k was ramped in on a 0.03-sec ramp. This case was run with
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an initial safety rod worth of 0.0035 Ak/k per inch of travel, which corresponds to about 11/2 days before

the end of a fuel cycle. Figure I1.C.1 shows the power and temperature behavior for this case.

Measurements made on the analog model indicate that the rate-trip actuation occurred at a power level
of about 110 Mw. From the power curve of Fig.1.C.1, it can be seen that this corresponds to a time of
about 6.3 msec after start of the reactivity ramp. The power level would reach the 130-Mw power trip at
about 11 msec after start of the ramp. This time difference can be ponsidered as an equivalent delay in-
start of control rod motion of 4.7 msec. Figure 8.8.2 of ORNL-3572 presents the results of analyses run
to investigate the relationship between initial control element acceleration, safety-system delay time,

and the amount of Ak/k which could be inserted without exceeding a given criterion for fuel-plate hot-

bl b

spot damage: The curves of interest are those labeled ‘‘damage criteria.”’ ‘‘Damage criterion’’ is some-
what of a misnomer; however, it is defined as the point at which the hot spot reaches the melting tem-
‘perature and also contains sufficient heat to overcome the heat of fusion. If we look at the curve labeled
6 g (typical of the measured HFIR response) and consider the Ak/k inserted for safety-system delay times
of 10 and 14.7 msec (10 + 4.7), we find an allowable insertion of 0.0147 Ak/k on a 0.03-sec ramp for the
first case ‘ax'1d an allowable insertion of 0.0137 Ak/k for the second case. The values taken from the 4 g
curve are 0.0136 Ak/k and 0.0128 Ak/k for the rate and level trip respectively. The differences are in-
dicative of the difference in performance to be e};pected between the rate trip and the level trip with a
0.03-éec ramp in reactivity starting at full power. If one considers the probable accuracy of such a cal-
culation on an absolute basis, it could be said that there is no significant difference. The relative dif-

ferences are probably real.

20. In Table I.C.8 in Appendix C, why was only the ‘‘no void®® condition

- considered in Case IV?

The discussion of shutdown margin criteria (Sect. 2, Appendix C/) is not sufficiently clear. It
is not considered credible that two ‘‘accidents’’ will occur simultaneously, and in this sense the
failure of one of the four safety rods to scram is not considered to be an accident. For all cases in ‘
which a scram takes place, it is assumed that only three of the safety rods scram. Thus, for case I the
accident is the optimum void in the flux trap without the target. For cases II and III the accident is the
optimum void in the flux trap with the target; and for case IV the accident is runaway control elements,

that is, the “‘startup’’ accident.

21. Would any fuel melting occur if an irradiated core were to fall to the bottom of the
pool? . -

The fuel elements are designed so that if one or both (assembled) elements are in an upright position -
in the pool a satisfactory return flow passage will be provided and no melting will occur. If the element
should fall on its‘sid‘e, natural circulation in the channel would be impaired. A conservative calculation
indicates that at least one day of cooling would be required after shutdown before the elements could be

| positioned horizontally without melting. Partially for this reason, the elements will be stored in the re-

actor pool for at least one day before being moved to the clean pool. Furthermore, the fuel element han-
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dling tools have of course been designed so as to minimize the possibility of dropping a fuel element or

positioning the element horizontally with the tool attached.

22A. Discuss the reasons that a backup system for reactivity control has not been in-

corporated into the design of the HFIR.*

Several situations have been considered in whicﬁ a backup system for reactivity control would be de-
sirable. One of these situations is set forth on page 22; another situation is described
on page 89. The first situation mentioned, that of the two fuel elements sticking together, is as-
sociated with fuel handling and reqﬁires a method of reducing the reactivity of the fuel elements
while removing them from the reactor to the storage racks. The second situation is that in which
one or more of the control eleménts becomes stuck or jammed, and a method of reducing reactivity
of the system is required in order not to violate the shutdown margin criteria while unloading the
reactor. As noted on page 89, two auxiliary methods of reducing the reactivity were considered.
The first method was that of inserting poison strips into the fuel elemenyt, tﬁe second was that of
adding a poison to the reactor coolant water. The first method was chosen as it met the require-
ments for fuel handling as well as the situation involv;ng stuck control elements. This technique
was investigated during tests at the Critical Experiment Facility and in a mechanical mockup of
the system. In addition, the program for investigation of the HFIR characteristics during the startup . -
period includes demonstration of this technique, not only for the purpose of providing additional re-
activity control, but also as a method-of poisoning the core in order to measure control rod differential
worth when desirable in the future. .

. The second mefhod,.’that of poisoning the water, was decided against on the basis of the fact that,

'e;periments run in our Critical Experiment Facility and in the HFIR showed a considerable retention
of the poison (boron solution) in the core region. These particular experiments' were so designed-that
the poison solution was confined to the HFIR Critical Experiment No. 3 (HFIRCE-3) fuel element, and
provisions were made for flushing of the element with acid and/or caustic'to rémove the retained poison.
In the HFIR it would be nece-ssary to poison the entire primary coolant system, and therefore it would
appear that the target, control, and reflector regions would also retain some of the poison. Flushing of
the entire coolant system with acids and caustic of adequate strength to remove the poison would be a A
highly undesirable technique due to the corrosion problem brought on by the action of the chemicals on
the many dissimilar metal contact points. Inasmuch as a reduction of flux in the experiment facilities
could seriously impair the ability of the facility to meet its objectives, it was decided that use of a
¢‘soluble’’ poison would not be acceptable. This situation is someéwhat different from that in a power
reactor, where the poison may be maintained or burned out while the reactor is producing power.

In additionvt.o the poison-strip method provided for reducing reactivity; it should be recognized that

insertion of either the shim-regulating cylinder or all four shim-safety plates is adequate to keep the

*Further discussed in answers 42 and/ 60.
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reactor shut down. The shim-safety plates are provided with three different methods of insertion:
scram insertion by gravity and spring force, electric motor insertion, and air motor insertion. The -
shim-regulating cylinder has only the electric motor for normal operation; however, provision has been
made for élow insertion (approximately 30 min for full travel) by using a manually held unidirectional
" air motor, should difficulty be encountered with the electric motor drivé. '

It is believed that the above provisions, when considered together with the criteria for shutdown
margin set forth in Table I.C.8, page 90, constitute an adequate system for ensuring that the re~ j

activity can be reduced when necessary.

B. What are the consequences of two or three quadrants of the control system sticking

in the full-out position under various accident or abnormal conditions?

Normally there are only three conditions during the lifetime of each fuel loading when a shim-safety

quadrant is permitted to be fully withdrawn:

1. During checkout of the control and safety system, prior to startup with a new fuel loading, one
control element at a time will be withdrawn to check for free motion and to measure the saféty release
time and the time o_f flight of the éhim-safety elements. Operating procedures require that a target or
its equivalent be in position during th:ese tests in order to limit the increase in reactivity which would
result from an optimum void insertion. If the control element being tested were to becbme stuck so that
it could not be inserted, special operating procedures would be used to ensure safe removal of the target

and fuel.

2. At the end of core life, all control elements would be fully withdrawn. The reactivity
excursion analysis described in Appendix C included this case. The analysis for this case
was based on a minimum initial safety rod worth of 0.00059 Ak/k per inch, which corresponds to the end , o’
of codtrpl-element lifetime and assumes that only three of the four safety elements respond to the scram
signal. The consequence of more than one of the safety elements failing to respond to the scram signal
would be an increase in the calculated fuel-plate temperatures. Based on tlie comparison between the
SPERT case and the HFIR case set forth in the above referer_lce, it appears that the HFIR would not
suffer serious damage from such an incident. At this time in core life, insertion of any one of the con-
trol elements would provide adequate reduction in reactivity to maintain the reactor shutdown. It does
not appear reasonable to us to assume the coincidence of such a reactivity excursion concurrent with

multiple failures of’'the safety system.

3. It is conceivable that all control elements might be almost fully withdrawn due to the buildup of
xenon poisoning during recovery from a scheduled or unscheduled scram at some time other than at the
end of core lifetime. The situation here would be similar to.that described in the preceding paragraph
B2.

/

I

C. ‘Could a pressure surge in the core damage all control elements sufficiently to prevent
their motion? 1If so, what are the possible sources of such pulses? What kind of re-

activity transients could lead to this event? i -
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The only mechanism which appears to have the capability of producing a pressure surge sufficiently
N 'large to give concern is that whichi was observed in the SPERT I destructive tests on the D-12/25 core
for a rapid reactivity insertion of 0.024 Ak/k. No damage was observed in earlier tests at somewhat
smaller reactivity aéditions. It appearé from the information at hand that no pressure surge of sufficient
magnitude to cause significant damage would occur in the HFIR for the reactivity accidents considered.
Based on the comparison between the SPERT case and the HFIR, it would appear that a rapid reactivity

transient larger than 0.024 Ak/k would be required to initiate such a pressure surge. -
D. Under what circumstances would a slower-acting backup control system be of real
value?

) ! As set forth in the answer to question 22A, there are several situations in which a backup control
system is of some benefit. It should again be noted that insertion of either the shim-regulating cylinder

or the four shim-safety quadrants is adequate to maintain the reactor in a shutdown condition.

23. Provide information regarding the following aspects of the adequacy of the core cooling

-

system:

A. A discussion of the reason that a core spray system or other emergency cooling system '

is undesirable or unnecessary.

In order to prevent partial melting of nearly expired HFIR fuel elements immediately after shutdown
from 100-Mw operation, it is riecessary that the coolant flow rate be about 7% of normal full fiow. ’I_‘he
HFIR is equipped with a dc-powered emergency cooling system that will provide at least this much flow,
provided that any one of the main circulation pumps is free from mechanical damage.which would prevent

its rotation by the integral dc motor. It is believed that this constitutes an adequate emergency cooling

- system. A description of this system is given in ORNL-3572.
. As set forth above, it is not only necessary that the core be flooded but that circulation be maintained
. for about an hour following shutdown, and a core spréy system would not in itself be adequate to prevent

melting. In order to ensure that makeup water is available to keep the primary system full even in the

event of failure of the diesel generators following a power outage, two interconnections are provided be-
" tween the p091 and the reactor system. One of the connections is through a check val\'}e which auto-

matically ensures that makeup water will be added if the reactor inlet pressure drops below pool pres-

sure, and the other connection is through a manual valve.

B—C. An analysis of the thermal effects on the core resulting from a rapid depressurization
of the primary system or a complete loss of coolant flow. An analysis of the extent and
1 .
consequences of metal-water* reactions which might occur as a result of a loss of flow,

a loss of coolant, a rapid primary system depressurization, or other credible accidents.

*Appendix [ further considers energy releases from aluminum-water reactions.
1Y%
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A brief discussion of the depressurization accident was presented in Sect. 4.2, and in ORNL-3572,
Sect. 8.8.5. However, in that analysis it was assumed that the pressure loss was due to a leak
equivalent to an open 3-in. valve. Under those conditions, the reactor woﬁld continue to operate
at full power for approximately 1/2 sec while the pressure fell to 300 psi, at which point the reactor would
be shut down by a pressure scram. It was concluded that the temperature at the hot spots might exceed the
burnout point for a short period of time (approximately 1/2 sec) starting about 2 sec after the initiation of
the pressure loss. The present scram pressure setting is 375 psi, which would provide a small additional
margin. '

A quantitative analysis of a sudden or step decrease in pressure is difficult because of the virtual
impossibility of predicting the exact sequence of events in the core following such an event. The number
and magnitude of local hot spots and the physical behavior of the fuel in these regions could have a sig-
nificant effect on the heat-removal characteristics of the rest of the core. For example, if the fuel melted
and drippéd out of the fuel plates,' it might rearrange itself into a configuration better suited for removing
heat. On the other hand, if several plates melted or buckled and came in close contact with one another,
the heat-transfer mechanism could be inhibited to some extent.

Nevertheless, it is possible to take a semiquantitative look at the overall situation from an integral
point of view and to draw some conclusions based upon this examination.

The model* utilized for this is as follows. It will be assumed that with the reactor operating at 100
Mw (9.48 x 10* Btu/sec), a step decrease in pressure occurs in which the pressure is instantly decreased
from 40 atm to 1 atm. It is further assumed that, following this pressure reduction, the average rate of
heat removal will be proportional to the differencé between the fuel temperature and the temperature of
the surroundings. The latter is assumed to remain unchanged during the preséure loss. In developing

this model, the following nomenclature is used:

G(¢t) Total heat-generation rate (Btu/sec)

T(¢) Fuel temperature minus temperature of surroundings ( °F)
T, Initial value of T(t) (°F)

T, Temperature of surroundings CF)

Tm(t) Fuel temperature (°F)

C Specific heat of fuel (Btu 1! oF"l)

M Total fuel weight (Ib)

S Heat-transfer area (ft 2y

t Time (sec)

K Heat-removal constant (Btu,oF_1 sec_l)

h Heat-transfer coefficient (Btu ft™2 el oF_l)
K Conductivity of steam (Btu ft— hr?! oF_l)

The chémge in the value of T(f) with time may then be expressed as

MC T(f) = G(H) = K T(§), T(0) = T, ,

*Answer 43 gives time sequence of events in case the assumed heat transfer did not take place.

»

]
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whence
¢ eH7.G(7)

T(H) = et T+ dr.|,

‘ ' [" fo MC
so that N

wT
- —ut ¢ e G(7)
T ()=T_ +¢€ K |:T0+j; TdT ,

where here

u=K/MC .

The total heat-generation function G(f) is obtained from analog studies of the system response fol-

lowing a loss of pressure. For convenience it is represented as a stairstep function having the form:

G(f) = 9.48 x 10* Btu/sec, 0<t<0.05sec,
G(H = 6.21 x 10* Btu/sec , 0.05 < t<0.15sec,
‘ ' G(H) = 2.51 x 10* Btu/sec, 0.15 < ¢t <0.25 sec
' G(f) = 1.42 x 10* Btu/sec,. 0.25< t <0.35 sec ,
G(f) = 9.48 x 10° Btu/sec, t>0.35sec.

{Actually G(f) decreases proportional to.F0-2 after a few seconds but this is neglected here.]

Also, M =150 1b, S =430 ft?, C = 0.25 Btu Ib~! °F~!. Now K is an overall heat-removal constant .
such that K = hS/3600. The appropriate value of h is obtained by assuming that a film of steam 1.5
mils thick blankets the fuel. The conductivity, «, .of steam* increases almost linearly with tempera-
ture from 0.014 Btu ft—! hr—! °F—! at 200°F to 0.051 Btu ft=* hr=! °F~! &t 1600°F. We have h =
12«/0.0015 so that K = 955.5« Btu op—1 sec™!, u =255k sec™!. In the temperature equation both
K and p are'taken to be constants; however, fhey are adjusted to appropriate avérage values for each
of the temperature regimes.

. Values of the average core temperature were found by using the average water temperature T, =
150°F and the initial fuel temperature T _(0) = 202°F. These are plotted in Fig. 11.23.1. The equi-
librium temperature of 648°F is well below the melting point.

The hotespot fuel temperature was also estimated using a water temperature of 461°F and an initial
metal temperature of 480°F. The power density may be as high as 2.5 times the average, and the values
of G(f) were aajusted accordingly. Under these assumptions, the hot spots would, as shown in Fig.
11.23.1, reach a temperature of 1210°F, which is very close to the melting point. An additional 167
Btu/1b would be necessary to supply the required heat of fusion. Thus a complete reaction of the U.0,
fuel with aluminum, which could supply adiabatically a maximum of 109 Btu per pound of aluminum,
would not be sufficient to cause meltin’g. Hence there seems to be little possibility of a metal-water

reaction, which requires an ignition temperature of 2140°F.

4A.‘ W. Lemmon, Jr., et al., Empiricél Evaluation of the Properties of Steam at Elevated Temperatures and
Pressures, BMI-858 (Aug. 25, 1963).
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Fig. 11.23.1. Variation of Reactor Power and Core Temperature with Time

Following a Step Loss in Pressure.

It must be recognized that the validity of the heat~removal assumptions used above are open to
question. and that various physical occurrences in the core may alter them either for the better or for the
worse. It is believed, however, that the témperatureé deduced from this model are fairly realistic. -
This is reinforced by the fact that implicit in the hot-spot model is the assumption that only about
25% of the nucleér heat is removed during the transient immediately following the pressure loss, and

that only 15% is removed in the average case. It seems reasonable to believe that at the temperatures

involved, there is sufficient thermal driving force to accomplish this. .
An analysis of the loss-of-coolant-flow accident is not quite so difficult as the sudden-depres- .
surization accident, and it may be approached in several different ways. The results show that the core .

will start to melt at some time between 10 and 100 sec following the start of flow coastdown. The rate of
temperature rise of the core, considered on the average, will fall between 75 and 40°F/sec at this timé.
Prediction of the sequence of events following melting is virtually impossible. The significant point is
that the rate of temperature rise is not very rapid, and, therefore, if dispersal of the material occurs by
dripping or running out of the core, it is probable that cooling will take place and little, if any, metal-
water reaction would be expected. ' On the other har;d, the material may stay together until the tempera-
ture is considerably in excess of the HZO-AI reaction temperature and then be suddenly dispersed by a

steam explosion, in which case there would almost certainly be some reaction.

The foregoing may not appear to be complete answers to the questions; however, it is our opinion
that insufficient data exist for us to quantitatively answer these questions. It would serve little pur-
pose for us to supply a sophisticated analysis for situations in which the basic assumptions would be ) .
guesses at best. If such information existed, it would certainly not be necessary to run tests such as

the LOFT being undertaken at the NRTS. v -
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It is our position that the design of the facility is adequate to reduce the probability of such failures
to such a low level that they are not expected to occur during the life of the facility. If such an event
should occur, despite our precautions, the containment features would be-expected to be adequate to

limit the exposure to a tolerable level.

24A. Discuss the adequacy of the beam-tube design.*

The HFIR horiz'ontall beam tubes and experimental facility tubes which penetrate the reactor vessel
have been designed for 1000 psig external pressure at 150°F with stress values not exceeding those
permissible under Sect. VIII, Unfired Pressure Vessels, of the ASME Boiler and Pressure Vessel Code.
The materials used in construction have a quality control in accordance with HFIR Procurement Notes
\SST-2 and AL-2 to ensure that the materials are of the highest quality commercially available and hiéher
than specified in the ASME Code. Dimensional tolerances and welding have been maintained at a stan-
dard consistent with the high standards of the materials. ‘ V

The desi‘-gn is based on a nominal lifetime of ten years. The actual life of the tubes will be de-
termined by the corrosion rate and any detrimental effects of radiation damage as evidenced by sur-
veillance specimens. The corrosion allowance is l/32 in. and is considered to be more than adequate
for the ten-year lifetime, based on existing out-of-pile data.

All pieces of equipment exposed to reactor pressure have been hydr.ostatically tested to 11/2 times
the design pressure. In addition, typical high-pressure bellows and beam-tube flanged.joints have been
tested to a hydrostatic pressure in excess of 4000 psig without failure. An investigation of the collapse
resistance of the horizontal beam tubes was made by the Stress Analysis Laboratory of OPNL. The col-
lépse predictions for the cylindrical portions of the tubes were obtained from the class'ical instability .
formula for cylindrical shells subjected to external pressure. For the instantaneous collapse predic-
tions, the tangent modulus method was used in conjunction with the short-time ‘stress-strain curve for
the tube material. The creep collapse pressures were obtained by using the tangent modulus method in
- conjunction with the ten-year isochronous stress-strain curve for the tube material. The instantaneous
. , collapse predictions obtained by the témgent ﬁmodulus method agree well with experimental results.

The creep collapse predictions are, however, dnly approximations that are probably conservative. The
. factors of safety against vcollapse at 1000 psig external pressure were calculated to be 6 and 3 for the
instantaneous and ten-year creep conditions respectively. -
Based on the above information and on' the available information on the effects of radiation, which
will be covered in a later section of this answer, we believe that the design of the horizontal beam and
‘\exp‘érimental facility tubes is adequate for the proposed service,
The horizqntal beam tube extensions, which are welded to the beam tubes outside of the reactor pres-
sure.vessel and which extend through the concrete shielding, are designed to withstand an internal vacuum
plus the head of water equal to the dePth of the pool. They are also designed to withstand an internal

pressure adequate to handle any normal pressure due to coolant which might be used either in the tube or

- *Further discussed in answer 44,

)
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in the shielding plugs. This is nominally 150 psig. As a practical matter, mechanical and fabrication
considerations were overriding, and therefore the design is such that the weak point in the cylindrical L
extension tubes is the large-diameter (~7-in.-ID) outer end of the tube, which will meet Code require-
ments for a working pressure of about 500 psig. The outer ends of the horizontal beam tube extensions
are provided with O-ripg—séaled caps which are held in place by shear rings. The present design of the
bolting for the end caps is adequate for a Code working pressure of 273 psig.
The outer end of each of the beam tubes is also provided with a rupture disk that discharges into the

pool to relieve any overpressure which might result from small leaks from the reactor vessel, the plug

coolant system, or from misoperation of the system provided for filling the beam tubes with dry air or .
helium.
The experimental facility tubes are designed to withstand 1000 psig internal pressure over their full .

length and are provided with a bolted flange outer closure which meets Code requirements for 1000-psig

service. -

B. In particular, discuss the desirability and feasibility of incorporating‘an additional
closure or seal at the outer ends of the beam tubes to limit loss of coolant from the .
main coolant system should the beam tubes fail at a point within the reactor pressure

vessel.

The present beam-tube design’ includes'closures at the outer ends of the tubes. The two types of
tubes, EF and HB, have different types of closures, however, due to differences in the intended use.

The EF tubes have been provided on the basis that they may be useful for irradiation-type experi-
ments at some future time. In view of the fact that it is not intended to bring a beam out of these tubes,
they are provided with a conventional flanged closure designed for 1000-psig service, and no further
discussion of these tubes will be presented, as a failure inside the reactor vessel would not lead to
any significant loss of water from the system. '

The ‘horizontal beam tube design incorporates an O-ring-sealed cap at- the outer end. The bolting
for the end cap is adequate to meet a Code working pressure of 273 psig for the present design. This
pressure is well in excess of any anticipated pressure in the beam tubes. As stated previously, the .
outer ends of the beam tubes are connected into the pool via lines contaihing rupture disks set to re-
lieve if the pressure exceeds that allowable.

In the event of a catastrophic failure of a horizontal beam tube inside the reactor vessel, the maxi-
mum preséure‘in the tube could rise to the maximum inlet pressure of the reactor. Although the nominal
inlet pressure is presently 600 psi, the design will be discussed in terms of the 1000-psi design which
applies to the primary coolant system. An evaluation of the present design was made in order to deter-
mine the limitations in regard to internal pressure. As set forth above, it was determined that the limiting
factor is the bolting at one point on the outer cap. It was further determined that if these bolts were
changed to high-strength bolts, the limitation would be shifted to the cylindrical outer section of the
beam tube extension. As previously stated, this section has a Code allowable working pressure of about
500 psig. This allowable pressure is based on a Cocie allowable stress for the 6061 material of 5900

psi. This allowable stress is related to a minimum tensile stress set forth in the Code of 24,000 psi. . -
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Tests made on welded joints of the actual beam tube material showed a tensi\le strength greater than
29,000 psi with failure occurring in the heat-affected zone. The maximum stress in the aluminum ma-
terial at 1000 psig internal pressure in the beam tube would be about 12,000 psi. Although this is in
excess of the Code allowable stress, it appears that the design is adequate to contain the reactor inlet

pressure under this abnormal, once-in-a-lifetime, load application.

Several additional points may be considered relevant. The ~7-in.-ID section is surrounded by a
close-fitting stainless steel shield, which would prevent rupture of this section even if it should yield.
The next weakest link is the inner portion of the extension tube, which is adequate for a Code rating of
~ about 600 psig. In view of the fact that the nominal inlet pressure is only 600 psig with a maximum of
1000 psig, it is believed that the design is adequate to prevent any significant loss of water from the

system should the inner end of the tube rupture.

As a result of the review, it has been decided to change the present bolting to a higher-strength ma~
terial which will give assurance that the beam tubes can dontain the maximum desigh pressure of 1000

7
7

psig should the inner end fail catastrophically.

C. Discuss the course of accidents involving various modes of beam tube failure.

It appears that there are only three modes of failure which are of interest: (1) a small leak inside
the reactor vessel; (2) a gross rupture inside the reactor vessel; and (3) failure of the flanged joint which’
connects the beam tube to the reactor vessel. Case 1 would result in a slow rise in pressure in the beam
tube until the relief pressure of the rupture disk is reached. After operation of the rupture disk, the leak-
age water would leak into the pool. The installed rupture disk system can handle approximately 15 gpm
with a pressure at the beam tube seal cap of 500 psig, which is the Code allowable pressure for the beam
tube extension. The increase in radioactivity in the pool water would bring this situation to the operator’s
attention even if the experiment were not in operation. Case 2 was discussed in part B of this answer.
Case 3 assumes complete failure of the flanged -coupling between the beam tube and the reactor vessel.
This coupling normally restrains the beam tube from outward movement in addition to preventing water
from leaking from the reactor vessel to the surrounding pool. Failure of the flanged joi_nt’"\gvould result
in a maximum outward movement of the beam tube of about 2%, in. if the experimenter’s barrel shutter
were not in place. If the barrel shutter were in place, the movement would t;e limited to approximately,
3‘/8 in. The leakage from the reactor vessel through the failed flange coupling is calculated to not exceed
1930 gpm at 1000 psig for either case; leakage would be into the reactor pool. A leak of this magnitude
would result in a shutdown of the reactor; however, this would be done in an orderly fashion By the low- .
pressure scram, with no damage resulting other than the mechanical damage already done to the beam
tube and associated parté. This type of failure is not considered sufficientlly'probable as to constitute

a significant hazard even if the consequences were significant.

D. Could modifications of the provisions for emergency cooling help minimize the

consequences of any of these?
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Inasmuch as the consequences of the accidents discussed in 24C are only such as to require repair
of the mechanicdl damage, it is not seen how modifications to the provisions for emergency cooling would

have any effect on such accidents.

E. Discuss the extent of knowledge of long=-term irradiation effects on the beam tubes,
the adequacy of the surveillance program, and the probability of beam tube failure

with the proposed procedures.

There is very little quantitative information on long-term irradiation effects on this type of material.
Some information was obtained from the ETR site in August 1963. One of their control rod guide tubes,
which was fabricated from type 6061-T6 aluminum, had been exposed to an integrated fast-neutron (>1

Mev) dose of 2.6 x 1022 neutrons/cm?

. This occurred during ~ 15,000 hr at a calculated temperature of
153°F. Twelve hardness measurements were made after irradiation. The measurements ranged from

R, 69.5t0o R 75.5 with an average hardness of R_ 72. This indicates that there was probably no sig-
nificant change in the strength of the material. The fast-neutron (> 0.8 Mev) dose in the HFIR beam tubes
will be about 2.4 x 1022 in a ten-year exposure. Surveillance specimens in the HFIR will be exposed in
a higher flux than the beam tubes, and these specimens will be evaluated periodically to determine if

there is any significant change in mechanical properties.

In regard to the mechanical properties, we plan to use tensile specimens to demonstrate the absence

of any adverse effects of irradiation. The use of tensile specimens was questioned by Mr. N. J. Palladino .

during a meeting of the HFIR staff and the ACRS Subcommittee on HFIR. A letter on this subject was pre-
pared and forwarded to him; it is included in this report as Appendix G as a matter of record. -
On the basisof the foregoing information, it is concluded that the probability of beam tube failure is

sufficiently srlnall.

25. State the evacuation alarm set point and indicate what action is to be taken if it is

, reached. Also indicate the approximate radiation levels which will require evacuation

of the facility by the reactor operators, and discuss the need for radiation shiélding at

the reactor control room.

The radiation alarm set point for the general operating area is 23 mr/hr as monitored by selected
monitrons. However, two of the selected monitrons must indicate simultaneously a radiation level 223
mr/hr to automatically sound the evacuation alarm. A similar system is provided for monitoring particu-
late or gaseous activity in the general operating areas of the building. As is the case with the monitrons,
two of the selected constant air monitors must indicate a level significantly above tolerance in order to
automatically sound the evacuation alarm.

The control room is located outside the conltainment area, and a separate ventilation system is pro-
vided to minimize the probability of exposing the operator to particulate or gaseous activity; however, a
monitron and constant air monitor are located in the control-room area for operator information.  In addi-
tion, a wide-range, gamma-sensitive detector is located just outside the control room, in the high-bay
reactor operating level. . This instrument covers the range 0.1 to 105 r/hr on a logarithmic scale and

provides a readout and alarm in the control room and in the HFIR Office and Maintenance Building,
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which also has telephone, intercom, and public address system communication with the overall HFIR
area. The reactor operators are required to evacuate the control room if the radiation level is in excess

of 5 r/hr.

The HFIR control room is partially shielded by the 8-in.-thick concrete reactor buildi{ng; however,
this wall is penetrated by the observation gallery windows, which can be seen in Figs. 3.2.5 and 3.2.6

of ORNL-3572. There appears to be no significant advantage to having the operator remain in the con-

trol room following a serious accident, and it is not intended that he do so. For this reason it appears

unnecessary to further shield the control room. N

26. Provide an analysis of the reactivity effects resulting from possible fuel movement
(e.g., effects of fuel melting and transport during an accident or relative movement of
the two elements). Analyze appropriate accidents which could involve significant re=

activity insertions or insertion rates from this source.

The HFIR core is undermoderated within the confines of the side plates but has positive void co-
efficients in the island and control region and nearly a zero coefficient between the two elements. As
a result of the undermoderation within the fuel elements, removal of fuel plates (plus the associated fuel
and burnable poison) increases reactivity. Calculations indicate that uniform removal of fuel plates from
the core results in a maximum reactivity increase of 0.025 Ak; the corresponding fraction of fuel plate
removal is about 30% (one experimental point at about 3% fuel plate removal checks the calculations sat-
isfactorily). If a complete loss o}‘flow and/or sudden loss of pressure accident were to occur in which
fuel plate melting resulted, it is perhaps possible that there would be some increase in reactivity due to
molten fuel plate material dripping out the bottom of the core. (However, the safety rods, which would
have scrammed as a result of the initiatory accident, would be capable of maintaining the reactor sub-

critical even if the full 0.025 Ak addition were'achieved, which, of course, is very unlikely.

The amount of reactivity associated with longitudinal displacement of one fuel element relative to
the other has not as yet been determined experimentally. However, since the water regions adjacent to
the fuel elements already are overmoderated, or nearly so in the case of the water gap between the ele-
ments, it is not likély that longitudinal movement of one elemént relative to the other would increase re-

activity. Experiments of this type will be' conducted in the near future.

Relative movement of the two elements is normally prevented by the fact that the outer element is
held in position by the inner shroud and the inner element is held in position by the target tower (see

ORNL-3572, Figs. 5:1.2 and 5.1.4).

27. Discuss the possible effects of a fire in the control room.

The effects of a fire in the \contrbl room would depend upon many factors, such as the point of origin
of the fire and its severity. The control room is not provided with a sprinkler system due to concern over
a possible malfunction causing instrument damage; however, heat sensors are provided which sound local
alarms as well as alarms at the fire department headquarters. Portable extinguishers are provided for use

of the operating personnel.
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The control room may not be left unattended while the reactor is in operation.. This is an administra=
tive rule which is strictly enforced. The operator has several means of shutting down the reactor from .
the control desk. Operation of a single switch is adequate to initiate a shutdown, and the system is so
designed that the reactor requires no further attention once a shutdown is initiated. l

In order to pursue this question further, it could be assumed that the fire originated with an explo-
sion which disabled the operator. In this event the operator could not shut down the reactor, and the
)regulating system would continue to control the reactor until shimming of the control plates is required.
At this time the regulating rod would be fully withdrawn, and the reactor p'ower would start to decrease
due to lack of ability to withdraw the control elements. Shutdown would follow almost immediately due to .
buildup of fission product poison. The safety system may be presumed to be operative during this se-
quence of events. The time required to reach the end of thelregulatjn'g rod stroke will vary depending .
on the position at the time of the accident, but it would generally be a ﬁumber of hours. Inasmuch as
other personnel in the area, the fire department, and the emergency squad would arrive in a matter of .
minutes, ‘the above discussion is somewhat academic.

If it‘is assumed that the operator is driven from the control room without shutting déwn the reactor,
or if ‘access cannot be gained to the control room, there are still many ways of shutting the reactor down.
Oné of the easiest would be to open the manual breakers in the instrument battery room, which is located
 on the floor below, adjacent to the amplifier and relay room. This would remove the source of power for
the instruments and safety plate magnets and would result in a scram. Removal of the power would re-
sult in a scram no matter whether the instruments were damaged or not. If access to the amplifier and
relay room was also blocked, the shutdown could easily be initiated from the subpile room by unplugging
the safety magnets. This action Would also be independent of instrument condition. As noted in.the
answer to question 22, the shim-regulating cylinder could also be inserted from this location.

Even under conditions where the operator takes no action, selective failure would be required to
bring about a dangerous condition. It would be necessary that the safety system be disabled first and
that it fail in such a manner that it did not and could not shut the reactor down. Following failure of
the safety system, it would be necessary to further postulate that the regulating system fails in such
a manner that the regulating rod is withdrawn. Even in this case it would be necessary that the control
system interlocks fail to produce a control element insertion (reverse). Note that in assuming failure

of the safety system and the regulating system, two channels of each must fail.

28A. Furnish further information regarding the reliability and fail-safe characteristics

of the reactor control and instrumentation system.

The safety system is maintained physically and functionally independent of the system of controls,
interlocks, annunciators, startup instrumentation, and the like. In ordexl- to facilitate this separation be-
tween safety-related and non-safety-related equipment, the two systemé have been referred to as safety
and nonsafety systems.

The following steps have been taken to achieve the required reliability of the safety system:

1. Three independent safety channels are provided and arranged so that proper operation of any two will
initiate a scram when required. - : . ‘ -
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2. Built-in testing capabilities have been included so that each safety channel can be tested periodically
on a schedule that makes the probability of the existence of two undetected random failures vanish- .
ingly small. V :

3. Where there exist credible mechanisms for nonrandom failures to disable more than one safety charnel,
fail-safe techniques have been used. The principal example of this is the continuity circuit which
trips a channel when a vital module is removed from its drawer.

4: The safety channels have been clearly identified as to their safety functions, and strong administra-
tive controls are exercised to prevent unauthorized modifications. The use of these channels for
purposes other than protection is prohibited. '

B. Indicate how the system has functioned in testing to date.

One channel of the safety system and one wide-range counting channel have been under continuous
test in the ORR for approximately one year. During that time the systems have ‘been subjected to extreme
~ temperature cycling and hiéh and low supply voltage variations as well as long-term routine operation.
Two isolated electronic component failures occurred during this phase of the testing.

The systems in the HFIR have I?een largely operable for from three to six months. During the initial
checkout phase, several faih‘xres occurred which were directly attributable to excessive handling. Since
completion of initial checkout and calibration of the instrumentation, one transistor failure has occurred.

The cause of this failure could not be established.

The performance of the instrumentation has been well within the design specifications and has been:
essentially noise and interference free. Those parts of the on-line testing system which are operable at _
low power all perform satisfactorily. The sensitivity and operability of the safetsl system have been
checked by raising the reactor power level until safety action was initiated. All systems responded

normally. *

C. What are the most crucial segments of the instrumentation system?

The most crucial segment of the instrumentation system is that part which we refer to as the safety '
system. As described in ORNL-3572 and in part A of this question, the safety system is made up of
three independent channels. Eéch of these channels receives information regarding various important
parameters which reflect the status of the system. The function of this system is to prevent overheat-
ing of the reactor fuel due to any of these parameters getting outside their normal range. The arrange-
ment of this system is described in ORNL-3572 in considerable detail. Any component in a channel
which can prevent that channel from providing protection against improper values of any parameter is
considered crucial for that channel. A built-in testing system is provided to detect such failures in
any part of any of the three channels. Failure of any single channel does not prevent the safety sys-
tem from providiﬁg protection. As is the casé with all coincidence systems, common elements exist.
In the cése of the HFIR safety system these elements are the four safety release magnets, in which
the magnetic circuit provides the meeting ground for the three safety channels. No attempt has been
made to identify each component of a given safety channel which could prevent that channel from per~

forming its function. As in any system, there are many such components which are equally important.
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D. What are possible modes of failure and their consequences?

As set forth in part C of this question, there are many components in each safety channel which can
fail in such a manner that the channel cannot perform its function. An undetected failure in one channel, .
if it be such as to block the entire channel rather than a single parameter in one channel, would require
coincidence of the other two channels to initiate corrective action. If the failure is detected either at the
time of the test or by observation of the instruments during operation, the operating procedures require that
the defective channel be manually tripped so that either of the other two channels may take action should
an unsafe condition arise. ' »

If faults are detected in two of the safety channels, the reactor must be shut down. Undetected faults -
in two of the safety channels which are such as to block the entire channel would render the safety system
inoperative. The test interval has been chosen such that the probability of occurrence of the latter case
is acceptably small. The present maximum testing interval of 25 hr between tests is based on a conser-
vative estimate of four failures per year per channel. It is judged that the resuitin»g system failure rate
potential of 10~* per hour or 1 hr/year unprotected is acceptable; however, a shorter interval between
tests is judged desirable until additional expérience is gained regarding component failure rates. The . .
test interval presently being used is 8 hr.

E. What could result from failure to detect fuel element failure promptly?

The most serious result of failure to detect fuel element failure promptly is the probability that the
failure might become progressively worse. If this should happen, a relatively small incident might
propagate into a iarger one, and it is for this reason that the reactor is shut down via the safety sys-

tem if a failure bad enough. to set off the failed fuel element detector occurs.

In addition to shutdown of the reactor, the failed fuel element detectors also call for closure of the ' .
cleanup-system block valves. The intent is to confine any activity release to the primary coolant system
until such time as an orderly cleanup procedure can be initiated. Any gaseous activity which escapes
into the cleanup system would be carried off by the hot off-gas system, filtered, and discharged from the
stack. The cleanup system has a flow which is only about 1.5% of the primary coolant flow, so even if

the block valves fail to close. the rate of exhaust of activity is relatively small.

Several other monitors for coolant-water activity and exhaust-gas activity are provided as described
in ORNL-3572, and information from these sources would be presented to the operator starting about 20

sec after the accident.

F. Discuss accidents in which the instrumentation reacts improperly, or fails to function
as intended, including that time when reactivity is being inserted at its maximum de-

sign rate.

There are a multitude of situations which could be discussed under this topic; however, it appears
that these can be summarized by consideration of single or multiple failure of three elements: (1) the

safety system, (2) the instrument and control system exclusive of the safety system, and (3) the op- .
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erator. As described in other parts of this answer, the safety system is designed to protect the reactor
against failures which occur in other parts of the syste‘m, and,’therefore, the only combinations of in-
terest are those in which the safety system itself has failed. In support of this and as an example of
the consequences of failure involving the -addition of reactivity at its maximum rate, let us consider a
s.tartup accident. ‘

’I:he HFIR safety and control system design is consistent with a principle originally established by
Newson® for the MTR and which has been applied to all ORNL reactors. This principle assumes a
startup accident, originating at soutce level, brought about by the catastrophic failure of the startup
-instrumentation, the control system including interlocks, and manual operation. This failure leaves
the reactor S‘upercritiéal'with the shim-safety plates withidrawing simultaneously at their maximum rate.
The reactor safety system remains the only means of stopping the reactivity addition and of turning the
excursion by releasing the shim-safety plates. One criterion for minimum required performance of the
safety system is therefore the protection of the reactor core from catastrophic failure of the startup
instrumentation and control system. v

As indicated above, the safety system response determines the maximum allowable reactivity in-

" sertion rate by the shim plates. In the HFIR the maximum allowable rate is greater than a factor of
‘2 times the rate actual/ly used. The choice of the slower rate was made on the basis of operating re-
quirements, since this choice was well within safe limits. ’

The possible modes of failure include random as well as s'strt‘emat'ic failures of various compo-
nents. The ORNAI_/,Vapp-roach has been to design a system which is tolerant of random failures and to

_reduce the probability of systematic failure to the lowest practical limit. It is our opinion that the
probability of safety system failure, as a result of multiple component or systematic failures, is ac-
ceptable. However, the possibility of complete failure of the safety system is conceded. If this
failure occurred at a time concurrent with failure of all the rest of the instrumentation and control
system and if the operator took no corrective action, the situation is such that damage to the reactor
would almost certdinly result. In this case, the containment system would- become-the remaining bar-
rier against release of radioactivity. Recognizing this dependence on the containment system in the

. event of total control failure, we have designed the containment system as an independent system.

G. Discuss this choice of maximum reactivity insertion rate.

Part F of this question discussed one limitation on the maximum reactivity insertion rate, that is,
that the safety system response be adequate to handle an accident in which all control elements are
increasing reactivity at their maximum speed. As was 'pointed out, this limitation did not offer a problem
in the HFIR, as other operational considerations dictated a lesser rate. As a matter of interest, the re-
sults of the‘analog studies are summarized in ORNL-3572, Se‘ct. 8.8.3, and presented in somewhat

greater detail in Appendix C.

5H. W. Newson, The Control Problem in Piles Capable of Very Short Periods, MonP-271 (Apr. 21, 1947).
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~ The actual rate selected was a_compromise of several factors. For normal operation of the reactor,

both during startup and steady-state operation, there is no parficular need for rapid changes in reactivity, .
and in fact a rather slow rate is desirable from the standpoint of observing instrument behavior during
startup and from the standpoint of ease of adjustment of the rods to desired positions. This latter point
is particularly of interest during the initial startup and approach-to-power tests, where many measure-
ments are made in which the ability to accurately and easily position the control elements is of con-
siderable interest. On the other hand, it is necessary that the rate of motion be sufficiently fast that
recovery from unscheduled scrams or shutdowns can be made in the short period of time available be-
fore the reactor is poisoned out by xenon.- It is also necessary that the rate be sufficiently fast that .
changes in xenon poisoning after recovery from the scram be at a rate small compared with the rate
produced by rod motion, so that there is no question as to loss of control during this phase of opera-
tions.

Superimposed on the above considerations are certain points of design philosophy and practical ex- : -
perience which we have applied to ORNL reactors and which we believe are important. The first point
assumes that regardless'of any programming of rod motion all rods can increase reactivity at their maxi-
mum rate and that the rate must be such that the safety system can handle the ensuing transient. This
consideration rules out dual- or variable-speed motors unless the maximum rate is consistent with the
above. As a practical consideration, we prefer to ﬁse single-speed motors, which lead to the simplest

- and most trouble-free system. This imposes a penalty in recovery from a single rod scram inasmuch as

the maximum rod speed is the same as if all rods were moving; however, we believe that this system is
inherently safer than one which allows a rod speed based on individual rod movement.

Without belaboring this point any further, we chose a maximum rate of increase of k which would
give us the desirable fine degree of control based on experience with the MTR and ORR, and which
would also allow us to regain criticality after an unscheduled scram in a little over 5 min, providing
that the scram was clearly false. Under these conditions we should be able to recover from a scram
in all but the last three days of operation. This is not too good considering that the fuel life is 6n1y
10 to 15 déys and that a core lost due to xenon in the last two or three days cannot be restarted due
to the growth of samarium while the xenon is decaying. The selected rate is less than desired from -
this Starxdpoint but is about as fast as we wanted to go from the standpoint‘of providing the desired ‘
fineness of control. ‘

During routine startup, when there is no need for fast action, the withdrawal rate is reduced by

about a factor of 5 through action of a timer which applies power to the drive motors intermittently.

29A. Discuss alternate ways* of limiting any irradiation of the public or of personnel
at the Oak Ridge National Laboratory in the unlikely event of a serious accident,
such as by isolation of the buildingl and recirculation of building air through filters
rather than by releasing of radioactivity through the facility stack.

*Further discussed in answer 46.
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Before discussing various alternatives, it is necessary to emphasize that only in the extremely un-
likely event that the primary containment system is breached would any significant activity be released
from the primary coolant system. Fhe main purpose of the SBHE system is to provide secondary con-
tainment should fission ga}ses>escape from the primary system. As is explained in detail in ORNL-3572, .
Chap; 4, andJin Sects. 4 and 6 of this report, this is accomplished by removing the contaminated air
from the building at a rate sufficient to guarantee inleakage at ground level. The contaminated air is
then passed through filters, which effectively remove the halogens, and discharged from the 250-ft -
HFIR stack. As shown in Part I, the radiation doses which result from disposal of the MCA release

in this way fall within the guidelines of 10 CFR 100. .

The simplest alternative to the system described above-is to merely shut off the SBHE fans, isolate
the building, and consider the consequences of the fission gases leaking out at ground level. Because
of the type of secondary containment selected and originally reviewed by the ACRS, the building was
not designed to be leak-tight. It is therefore difficult to estimate what leak rate would be expected
under no-flow and various atmospheric conditions and to assess how much improvement could be ex-
pected by reasonable modifications to the building. To get some feel for the problem, the downwind
doses following the MCA have been calculated under the assumption that the leak rate from the build-
ing is approximately 4.17% per hour or 330 cfm from the reactor bay. It is believed that a leakage rate
of this order could be achieved with appropriate changes to the doors and with the addition of auto-
matic closures on the various penetrations. The results for iodine and for the whole-body gamma dose

due to noble gases and iodines were computed for the 2-hr exposure case using ‘‘most representative’’

.meteorological conditions. Estimates were also made for the infinite exposure case. They are shown

for 2-hr and infinite exposure, respectively, in Figs. 11.29.1 and 11.29.2. For comparison, the MCA

doses as for the case of a stack release are plotted on the same graphs.
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It is bbvious from these results that, while the ground-level external dose values are smaller than
the stack release values at some distance downwind from the site, they are considerably worse near
the reactor building. The internal dose values are greater than for the stack release case for both the
2-hr exposure case and infinite exposure case for all distances of interest. This is not unexpected,
as the iodine is presumed to leak from the building without filtration. Some improvement could be ob-
tained in the 2-hr doses by relatively small decreases i}’l the leak rate; however, to substantially re-
duce the infinite doses would require a very large reduction in the leak rate. It therefore appears that
any decision to use this broéedure would require a complete change in the containment philosophy and
make it necessary to éoﬁvErt the HFIR building into a conventional containment vessel with very low
leakage.

A second basic altemative is to continue to utilize the stack for the purpose of disposing of'the
fission gases, but to reduce the rate of discharge of contaminated air. This would have two beneficial
effects: (1) It would increase the time for decay in the building and thus 1;educe the total amount of
activity available for release. (2) It would decrease the rate at which activity reaches the environment
and thus provide more time before a given dose is delivered at a given place.

This plan, however, has certain shortcomings. In the first place, the rate at which air is being
exhausted from the stack has, in general, a relatively minor effect on the rate at which fission products
from the MCA reach the stack. Despite the fact that the analysis presented in Appendix A
was based in part upon uniform mixing of the fission products in the building, the fact is
that, in all likelihood, any fission gases released into the pool from the reactor will be conveyed di-
rectly to the filters through the registers located along the pool perimeter. This is particularly true

if the pool cover remains in place. In fact, the system was designed with this purpose in mind; and

m
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it was for this reason that ﬁheexhaust rates used in computing the consequences of the MCA were
chosen as they were: 25% at a very ngh rate (@ = 0.5 min—!) and 75% at a rate jt\xdged to represeht
a somewhat slower rate of release from the fuel (o = 0.015 min—1!) as it cooled down.

The purpose of the high exhaust rate through the filters is twofold: (1) to guarantee inleakage; and
(2) to handle the normal air exhaust from the building so that the system requires no change in mode of
operation between normal conditions and emergency conditions. Thus, reduction of this exhaust rate
alone, during an accident, would serve to decrease the protection against outleakage while increasing
the probability of malfunction dﬁring the change in mode of operation. It would have little, if any,
beneficial effect on the rate of fission product release. In addition, reduction of the air flow would
reduce ‘the effective stack height and thus everywhere slightly inctease the doses delivered for a
given release. . ¢

One method of accomplishing a reduction of the rate of transport of fission products to the stack
would be to cut off the pool-side inlet registers and remove the pool cover, thus allowing the fission
gases to be released into the building, where mixing and dispersion would occur. Then a reduction in
the rate of exhaust through the SBHE filters would indeed reduce the rate of fission product release if
it were to be released in the pool. However, unless the building were modified into a conventional
containment structure, it is safe to assume that some significant rate of -exhaust will be required in
order to guaranteé inleakage. To get some idea of the reduction in the downwind doses which could
be attained by this procedure, the peak 2-hr MCA doses which occur at 800 to 1000 m downwind and
the infinite MCA doses at the low population boundary for both the internal iodine and the whole-body
gamma dose have been computed under the foregoing conditions and under the assumption that the flow
is reduced by a factor of 5 to about 2500 cfm. These are listed in Table I1.29.1 together with the cor-
responding MCA doses originally presented. '

Thus it can be seen that under these conditions it is péssible to achieve a reduction in the peak
downwind doses by a factor somewhat greater than 2, although there is little effect on the dose at the
low population boundafy. This reduction, however, is obtained under the assumption of a release to
the reactor bay, which thérefore increases greatly the hazard to personnel in the reactor building.
Although modification of the system as syuggested abové would reduce the environmgntal consequences
of an exfremely unlikely major fission product release, any minor fission product release, a much more
probably occurrence, would result in.a potentially dangeroué spread of contamination throughout the

reactor building. Not only is the reactor building occupied during many operations which could result

Table 11.29.1. Internal lodine Doses and Whole-Body Gamma Doses Following the HFIR MCA

Peak Low Population Boundary
2-hr Iodine 2-hr Noble Gas Infinite Iodine Infinite Noble Gas -
(rems) Gamma (rads) (rems) Gamma (rads)
Original MCA dose 5.2 38 1.5 7.2

Reduced flow MCA dose 2.5 17 ' 1.3 © 5.05
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‘in such minor releases, but the necessity for cleanup and decontamination following these releases
could represent a considerable loss of time and money, as well as an additional hazard to personnel.
engaged in this activity. The present system is specifically designed to channel any radioactive
effluent originating in the reactor pool directly to the SBHE system and to minimize the spread of

contamination in the reactor building itself.

It is clear from the foregoing that a ground-level release under the postulated conditions reduces
the whole-bE)dy dose due to noble gases at distances from the stack greater than about 500 m. How-
ever, because there is no filtration under these conditions, the 2-hr iodine dose is increased by a
factor of 30 at the ORNL site, and by a factor of 15 at the exclusion area radiuﬁ. It follows that
some improvement could be gained by releasing the noble gases at’ground level, but at the same
time filtering the iodine. Conceivably this could be done by utilizing a combination of the first and

second alternatives discussed above. This combination requires that the aitr-handling system remain

in operation and that the building air be recitculated through the filters with no net exhaust rate

through the stack. Incorporation of the features required to accomplish this would require all of the
changes necessary to isolate the building as in the first alternative and would also require redesign
and rebuilding of the building ventilation system. The exteral doses would remain essentially the
same as for the simple isolation case; however, the internal dose would be reduced by virtue of the
filter factor for iodine removal, provided that no iodine escapes directly into the building. If a filter
factor of 666 is assumed, in order to make the results comparable with the stack release MCA, and
applied to the curves in Figs. 11.29.1 and I1.29.2, it can be seen that the intemal dose is less than
that for the MCA case for distances greater than about 0.45 km for the 2-hr case and about 0.8 km
for the infinite case. This change appears to reduce the 2-hr internal and external doses at ORNL
by factors of approximately 10. The infinite external dose is reduced by about a factor of 7 and the

infinite internal dose is reduced by about a factor of 3 at ORNL.

There are several points which should be noted regarding this isolation and recirculation system.
In order to obtain the above results, it was assumed that no iodine escaped into the building without
first passing through the filter system. It is not clear that the assumption can be justified, and, there-
fore, let us examine the consequences should the accident be such as to allow the iodine to pass into
the building before filtration. It is clear that the internal dose resulting will fall somewhere between
that obtained with no filtration and that obtained with filtration. The effective half-life of any iodine,
released in the reactor bay, due to removal by the air-handling system, assuming perfect filtration, is
about 30 min. ‘The amount of iodine which would leak from the building in 2 hr is therefore approxi-
mately one-third of that which would escape without recirculation. Inspection of the curves shows
that this would result in a 2-hr internal dose at ORNL about 10 times that from the stack release MCA.
The infinite release case would not be greatly different inasmuch as most of the iodine which would
éscape would already have done so by the end of 2 hr; therefore, the infinite intemal dose at ORNL

would also be about 10 times that given for the stack release MCA.

It appears from the foregoing that the major problem area for this and the first alternative is that of

building leakage. This is not at all surprising, inasmuch as these alternatives may really be considered
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as evaluations of the HFIR building as a conventional containment structure and it is not designed for
this purpose. Provided that the leakage is not gréater than assumed (i.e., no breach of the containment
occurs), the doses from this last alternative would be within acceptable limits at ORNL; the internal
doses would.be greater than those resulting from the stack release, and the external doses would be
smaller. The doses for distances closer to the HFIR building than ORNL would be much higher than
those resulting from the stack release, and the building itself would be thoroughly contaminated, even
in the case of a release which v;as of minor propo}tions compared with the MCA. The increase in hazard
to the operating personnel and the necessity for cleanup and decontamination could present a consider-
able loss as Well as a hazard. In summary, it appears that not only would the advantages of the HFIR
containment system be lost, but there would be an increase in internal dose. The only advantage would
be a reduction in external dose for distances greater than about 0.5 km. As the external dose is cal-
culated to be adequately low for the present HFIR system, such a change does not appear desirable;.

It is concluded, therefore, that all things considered, the present system of containment is superior
to any that could be devised by other than a major change in containmc;nt philosophy and very sub-

stantial modifications to the building.
\

B. Also discuss the need for additional radiation monitoring instl:umentation for the
stack exhaust in order to provide information regarding the rate and quantity of ra-

dioactivity released during potential accidents.

The radiation monitoring instrumentation presently installed is designed to provide information on
the amount and kind of activity released during normal operation and during situations in which the
amounts released are oﬁly a small factor above that for normal operation. An in-stack monitor is pro-
vided as described in ORNL-3572, Sect..8.7.3, which can be used to assess particulate and iodine
releases over a wide range; however, this device must be removed and analyzed after an aécident and
therefore does not provide information during the course of an accident. It seems clear that information
in addition to that provided by the presently installed équipment would be needed to evaluate the mag-
nitude of an acéident in order to make intelligent decisions regarding'evacuation of the Laboratory or
other nearby in’stallations. ORNL has an area monitoring system consisting of many airborne activity
particulate and fallout monitors, and this system would provide information on the magnitude and di-
rection of movement of the activity from a significant release. The Radiation-Monitoring and -Warning
System at ORNL is briefly described by L. F. Lieber in Nuclear Safety.®

In view of the fact that the gaseous waste monitoring and the emergency control center are opera-
tions conducted on a laboratory-wide. basis, this quéstion on monitoring the HFIR stack under potential
accident conditions was referred to ORNL management in order to have a study made which would in-
clude these factors. This study resulted in a recommendation that a system be provided for monitoring
the stack effluent under pc‘>tentia1 accident conditions. The system is to monitor the-noble gas activity
an'd the iodine activity. The detector and instrumentation requirements are currently under study, and

the system will be installed as soon as the design and procurement are completed.

6L. F. Lieber, Nucl. Safety 6(4), 414=21 (1965).



150 _ | -

30. Provide the latest information available relative to the effectiveness of the in-
stalled filters to remove radioactive iodine from the exhaust in the event of a -

fission product release accident.

As a result of the question raised concerning the efficiency of the filters with respect to the removal
of methyl iodide from the _effiuent air stream, an inveStigation was initiated for the purpose of collecting
and. clarifying available information concerning the behavior of methyl iodide. Theresults of this in-
vestigation are summarized in ORNL-TM-1291.7 ’

. An analysis of the HFIR MCA utilizing the data obtained in this investigation leads to the conclu-
sion that the SBHE system as presently installed provides iodine decontamination factors more than ' =
adequate to satisfy the guidelines of 10 CFR 100, but that by inco.rporating minor modifications it can
be made to handle iodine containing the maximum amount of CH,I with a decontamination factor sub- .
stantially the same as that originally claimed.

These mc\)difications, which are now being studied, include (1) an increase in the thickness of each .
of the two charcoal beds from 1/2 in. to 1 in., and (2) replacement of the charcoal with specially treated
MSA charcoal identified as MSA 85851 charcoal. Based upon information obtained by G. W. Parker and
contained in ORNL-TM-1291, it has been determined that 2 in. of this charcoal will retain about 99.5%
“of the methyl iodide for as long as 5 days during which air flow at the normal SBHE rate is maintained,
and that over shorter periods of time (2 to 3 hr), the efficiency is greater than 99.7%.*

A conservative estimate of the maximum amount of iodine which could be present in the form of
CH,I following the HFIR MCA is 5%. Consequently, based on the above informatior, if the 95% of
the iodine which remains as molecular iodine behaves as previously described, the 2-hr iodine V
doses within the exclusion area following the HFIR MCA would, because of the presence of
CH31, be increased by about 1.7%, and the infinite doses by about 11.7%, above those given in
Table 1.6.1 on page 26. -

It is assumed, of course, that the air flow to the filters would be shut off within a few days after
the accident and that the filters would be bagged, removéd, disposed of, and replaced by new filters.
This procedure is facilitated by the characteristics of the containment system, which is designed to
dispose of the noble gases by dilution and atmospheric dispersion, trap the iodine on the shielded
filters, and then quickly reduce the radiation field in and near the building to tolerable levels.

It appears, therefore, that the HFIR filters with the suggested modifications will indeed provide

the protection against iodine originally claimed. _ /

31A. State the NDT of the pressure-yessel material and indicate how this is expected to

vary during the reactor lifetime.
During procurement of the reactor vessel, samples of the actual heat-treated materials used in the
fabrication of the carbon-steel components of the pressure vessel were subjected by the vendor to

Charpy V-notch impact tests. The results are shbwn in Table I1.31.1.

’R. E. Adams et al,, The Release and Adsorption of Methyl Iodide in the HFIR Maximum Credible Accident,
ORNL-TM-1291 (Oct. 1, 1965).

“*Answer 46 gives latest information and effects of moisture on iodine and on filters. ' -
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Tob!e 11.31.1. Results of Charpy V-Notch Impact Tests on Actual Carbon Steel Pressure Vessel Specimens

Integrated 20-year Nil Ductility Average Charpy

Test

Component Material Fast-Neutron Dose Temperature o Impact Value
(neutrons /cm?) Shift (°F) Temperature ("F) (ft-1b)
Shell cylinder A212 GrB . <1018 0 " 410 17
Hemispherical A212 GrB <10'8 0 +10 17
head !
Top head A105 GrlI <1018 0 +10 23
Top flange A105 Grll <1018 0 +10 94
Nozzle forgings: : R
RH A105 Grll <1018 0 +10 28
EF A105 GrlI <1018 0 +10 40
IC A105 GrII <1018 0 +10 42
Coolant water A105 GrlI <1018 0 - +10 48
inlet
Vessel lower A105 Grll <108 ‘ 0 +10 39
extension
transition
HB 1 " A105 GrlI 1.1x 1018 37 —20 51
HB 2 A350 GrLF3 2.9x 108 80 —80 49
HB 3 A350 GrLF3 2.3x 1018 67 =65 .38
HB 4 A105 Grll 1.1x 1018 37 ~20 51

i
As part of the ORNL vessel surveillance program, Charpy V nil ductility temperature curves were
determined on actual heat-treated vessel materials. From these curves, the following nil duétilify

temperatures for the various significant vessel parts were found:

Sample ' Material Impact Energy Ni! Ductility (
: (f+-1b) Temperature (°F)
HB 1 & 4 A105 GrlI 15 ; -65
HB 2 A350 GrLF3 30 ~115
HB 3 A350 GrLF3 30 -85
Shell A212 GrB 15 0 -

/
Welding procedure qﬁalification tests included impact tests of the welds and heat-affected zones
of the base metal. In no case were the impact values indicative of an NDT of more than 10°F.

It is predicted that there will be no shift in the NDT of vessel materials other than the HB nozzle

- materials, which are expected to experience power operation shifts over 2000-Mw years as follows:
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NDT After 20 Years of

Initial NDT 20-Year Shift
(°F) . 100-Mw Operation (°F) :
HB1 & 4 —65 37 . ~28
HB 2 . -115" 80 -~35 -
HB 3 - -85 ’ 67 . . -~18
Shell 0 None 0
All other parts <0 None : So

B. I-iow well is the flux known? '

The estimated integrated 20-year fast-neutron dose was based on combined experimental"_‘ and
analytical results which were corrected for difference in the neutron spectrum. It is believed that the -
dose rates used in the analysis are a maximum. To supplement the analysis, surveillance specimens
will be used to control operation of critical areas (such as the HB nozzles aﬁd the shell girth at the :

reactor horizontal midplane) to maintain an NDT consistent with safe operation of the system.

C. Are there other important reactor structural members subject to considerable
neutron irradiation? If so, what are the consequences of their failure?**

-

All other important reactor structural members are sufficiently removed from the reactor that there
is no concermn over radiation damage. The reactor core region support members might fall into the
classification of important structural mewmbers, and they are listed in the event you wish to consider
them in'this category. None of these members are called on to contain high pressure, and the loads

are predominanily compressive.

1. Fuel and reflector support and sleeve assembly. This item forms the connecting link between the
core structure and the reactor tank. The assembly is fabricated from 304L stainless steel and is .
sufficiently removed from the core that there is no concern from radiation damage.

2. Reflector container and, pedestal assembly. This eylindrical member is fabricated from 6061-T6
aluminum and is the supporting member for the beryllium reflector. It is bolted to the top flange
» of item 1 above. Although it supports the beryllium, the fast-neutron flux is quite low, as the
diameter of the support is equal to or greater than the beryllium reflector. No concern over ra-
diation'damage is warranted; however, surveillance specimens for beam-tube monitoring will pro-
vide an indication of possible future damage, as they are exposed to a flux many times greater
than that to which this assembly is exposed.

3. Fuel-grid support pedestal. This member provides the support for the fuel grid and fuel elements.
It is in turn supported by item 1 above. The material is 304L stainless steel. No concem is war-
ranted over radiation damage, as adequate separation from the fuel region reduces the fast-neutron
flux to a relatively low level.

In addition to the above, the inner control drive bfacket, while not exactly a structural member, is

a crucial member. This_ bracket is fabricated from 304L stainless steel. The location c_)f the bracket

is sufficiently below the reactor that the neutron dose is not of concern. In addition, this bracket is

~ *Experimental error and safety factor discussed in answer 47.

**Failures further discussed in answer 47. ) . -

\
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considered a part of the control element and as such is replaced each time the control element is

‘

changed.

32. State the criteria to be used in evaluating experiments which may be performed

in or near the reactor.

It is standard procedure at ORNL that all experiments which are to be performed in the reactors pass
a safety and operability review. This procedure will be fdlloﬁed in approving experimehlts which are con-
ducted at the HFIR. Each experiment is reviewed by two separate groups, first by the Operation.s Di-
vision’s Technical Assistance Department and second by ORNL’s Experiment Review Committee. Each
experiment is reviewed with respect to safety and operability and includes, but is not limited to, the

following items:

1. Reactivity effects
2. Heat generation and dissipation
3. Radiation control
4. Containment
5. Instrumentation and control
6. Safeguard action
7. Shielding . !
8. Installation and removal
9. Operating procedures
10. Maintenance procedures
11. Emergency procedures
12. Harmful chemicals
13. Explosive gas mixtures
14. Floor loading
15. Fire hazards ) X
16. Vibration : .
17. Effects on reactor c;pefation (re-

actor shutdowns)

The criteria used in reviewing and approving experiments proposed for ORNL reactors,' including the
HFIR, are presented in two reports, ORNL-TM-2818 and ORNL-TM-745.°

!

33. Indicate whether nearby facilities can be safely shut down and evacuated in the event of

a severe accident at the HFIR.

All of the facilities* of the Oak Ridge National Laboratory can be safely ehut down and evacuated
in the event of a severe accid‘ent at the HFIR. The only nearby facility for which this might not be true
is the Experimental Gas-Cooled Reactor, which will be operated for the AEC by the Tennessee Valley.
Authority.** The EGCR is located on the shore of Melton Hill Lake approximately 3.26 km northeast of

8C. D. Cagle, General Standards Guide for Expenments in ORNL Research Reactors, ORNL-TM-281
(Aug. 20, 1962).

9%c. D. Cagle, Considerations InvoIved in the Safety Revxew of Experiments to Be Operated in Nuclear
Reactors, ORNL-TM-745 (July 10, 1964).

*Answer 48 provides specific information for MSRE.
**The EGCR project was later terminated for other reasons.
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the HFIR site. Under normal conditions, it would be necessary for the control room of the EGCR to be
manned for periods of up to an hour following shutdown. ‘

Previous calculations shown in Part I indicate that the maximu‘m doses received in the
vicinity of the EGCR following an HFIR MCA would not exceed 2.5 rems to the thyroid, 15 rads whole-
body gamma, and 13 rads whole-body beta. Because the EGCR control r_bom is located inside, is par-
t‘ially shielded, and is equipped with a self-contained air supply, the actual doses received by personnel
remaining in this control room would be considerably lower than those quoted above.

It is planned to tie the EGCR ﬁlant into the ORNL.emergency warning system so that they may be
quickly informed of any incidents which may conceivably give rise to a hazardous condition. Under
MCA conditions, the time required for the HFIR plume to reach the EGCR is approximately 1 hr, which

giveé time for emergency action to be taken.

34A. Describe how the design of future HFIR cére _loédings may vary from the initial

core design.

The only new core design being contemplated is one which will permit a longer fuel cycle time.*
This is to be accomplished by increasing the fuel loading per p‘late. The reactivity of the system will
be maintained essentially the same as at present by adding more burnable poison. As with the present
co;e design, every core will have a reactivityvcheck made in a critical experiment facility prior to use
in the reactor. No dimensional or mechanical changes are anticipated for the near future. However,
some consideération is being given to the possibility of using different types of fuel (such as dispersed
U-Al intermetallic fuel rather than U 0,), the use of nickel piating to reduce oxide buildup, and fuel
plate reinforcement (longitudinal spacers) with the present general fuel element design. Such changes

might allow even further increases in fuel cycle time.

B. By what criteria will changes in core design or operating conditions be measured

for safety?

The two major criteria** by which changes in core design will be judged are the criteria for shutdown

margin and the calculated power level for onset of nucleate boiling.

C. When will regulatory review be deemed appropriate?

Review by the USAEC would be deemed appropriate if any significant departure from the criteria set
forth in B were proposed which would reduce the margins set forth in the descriptive report, ORNL-3572,

or the operating limits.

"~ D. Discuss steps taken in operating new core designs (including first) which will .

minimize the chance of fuel failure.

131

*Answer 49 discusses increased cycle-time effect on I inventory and on after-heat removal.

**Detailed subordinate criteria discussed in answer 50. -
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To determine the adequacy of any new core design, including the present design, a program of gradual
power increases involving several fuel elements will be used. Provision is being made for future iﬁspec-
tion of the cooling channels after shutdown by means of remote inspection gages; analysis of nuclear noise
for indications of nucleate bbiling will also provide information ‘concerning adequacy. There is, of course,
no way to completely ensure that a new element design is satisfactory without operating the element at
design conditions. Thus, there is a possibility that the very high-performance HFIR elements will ex-
perience some difficulty by the end of a full power cycle. Of course, we consider the probability of any
difficulty to be small; however, in order to approach the design power in a conservative manner, it is our
intention to operate the first core forla full cycle at about 50 Mw, the second at 75 Mw, and the third at

87.5 Mw, and thus demonstrate successful operation at successively higher power levels before going to

full power.

35. Discuss the possbibility that thermal expansion or damage to the beryllium reflector

could affect control rod motion.

Differential thermal expansion of all core components was considered when selecting the width of
the coolant channels in the control fegion, and therefore no problem is anticipated due to this cause.
Swelling of the beryllium due' to radiation damage tends to make the beryllium cylinders larger in di-
ameter, which will increase véry slightly the cleérance between the control elements and the reflector.
After the innermost beryllium cylinde'r uses up the available outward radial expénsion clearance pro-
vided, the inside diameter will tend to decrease, thus decreasing the clearance between the control
elements and the reflector. An analysis of MTR and ORR beryllium radiation damage data indicates
that these dimensional changes occur very slowly, thus introducing no problem in the HFIR for at .
least six months. In addition to the routine testing of the rco_ntrol elements for freedbm of motion and
absence of friction at the beginning of every fuel cycle, a program of periodically checking control
plate and beryllium dimensions without removing them from the core is planned, and a remote mea- -
suring device 1s being constructed for this purpose. A further precaution has been taken by placing
an aluminum liner on the inner surface of the innermost beryllium cylinder, its purpose being to pre-

vent beryllium chips, should they form, from entering the control region.

36A. Provide information as to the maximum value of the overpower scram set point and

the reason that this value was chosen,

The maximum value of the overpower scram set point is 120 Mw for the heat-power scrams and
130 Mw for the ¢/F scrams. The values were chosen on the basis of past experience, which showed
that appioximately this margin was needed between the operating power and scram set points if in-
~advertent or fal‘se scrams dieto noise spikes and instrument fluctuations were to be essentially
eliminated. These values limit the steady-state power level so as to prevent the onset of nucleate
boiling at any time during the fuel cycle. (In this context, power transients which occur with periods
no faster than 1 sec can be considered as steady-state.) The heat-power calculator response is in-
herently slower than the flux instrumentation and thérefore less subject to spurious variations. Con-

sequently, the heat-power trip point may be set at a lower value to take advantage of its higher aécuracy
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to limit the maximum value of the steady-state power. One additional factor which entered into the
selection of the scram level was the fact that the HFIR system is designed to control the reactor power

level during an ac power outage. The transient resulting from pump coastdown requires that some margin

be allowed for the fact that the reduction in power level lags slightly behind the reduction in scram level.

Figure I1.17.1 shows the reduction in flow, safety trip setting, and power level during a flow coastdown.

B. Provide analyses of accidents in which this setting plays an important role.

As described in A, the scram set points limit the steady-state power level to a value below that at
which the onset of nucleate boiling might occur. These settings are also adequate to prevent the onset
of boiling during relatively slow transients. If one considers the behavior of a range of full-power tran-
sients starting with very slow transients and ranging to very fast transients, it will be found that dif-
ferent scram parameters are effective. For slow increases in power level (period >10 sec), the heat-
power scrams will limit the power to the range between 120 and 130 Mw. For rates of increase between
periods of about 10 sec and about 1 sec, the level scram originating from neutron flux will be the first
to act, while for very short periods the rate trips will be the first to act and the level at which the scram
is initiated will be decreased. The actual setting of the maximum value of the overpower scram is there-
fore most important for slow transients, such as might be caused by failures in the rod control system
while at full power. An analysis of this type of accident is preseéted in Appendix C, in which it

is shown that an increase of 0.05 Ak/k per second results in a negligible transient.

37. Present a description and analysis of the hazards associated with the type of
targets which may be used which are not described in the documents submitted.

At the present time, it is not contemplated to utilize targets substantially different from those de-
scribed in previous submissions. Should it become necessary or desirable to make changes in the targets
" in the future, these changes will receive the regular internal review and, if they in any way constitute a
significant change affecting safety or involve an unresolved safety question, will be submitted to ORO

for approval and processing through the normal regulatory channels.

It is perhaps worth noting that the heat fluxes, reactivity worths, and potential health hazards chosen
for the estimation of the consequences of an accident involving the target represent the most pessimistic
values expected both for the original and for recycle targets. In addition, target rods of the HFIR de-

sign have been undergoing irradiation since early 1965 in the Savannah River high flux program.

38A. Provide results of analyses of reactivity transients considerably more severe than
those previously treated, considering possible sources of such transients as control
system failure, larger than expected reactivity effects associated with a central void,

unexpected locally positive void effects in the core, fuel movement, etc.

L

The selection of reactivity accidents to be analyzed for the HFIR was based on reactivity quantities
and addition rates that are accurately known as a result of conducting many experiments and as a result

of intrinsic limitations. For instance, the maximum change in reactivity associated with the central tar-

»
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get region has been measured numeroué times in critical experiments, rod drive motors .can move the
control elements only so fast, etc. Thus, if one considers the types of accidents investigated* to be
teasonable upper bounds based on the experimental data, then iit follows that the proposed reactivities
and their rate of insertion are also upper limits. As set fort in Part I, the analog analysis and com-
parison with SPERT results indicate that the HFIR can withstand the reactivity accidents which
represent upper bounds with no damage. The determination of ‘‘limiting’’ accidents would be a
monumental task which, in our opinion, would serve little purpose. In order to extrapolate from the
SPERT results, it is necessary to use what we consider to be -a very conservative analog model;
which in the unnormalized condition predicts a small amount of melting for the most severe HFIR
transient. To extend the analysis to more severe accidents would require a refinement in the ‘
analog model in order for the results to be meaningful; that is, void formation would have to be
included. Since there is no initial high-power, high-pressure, high-flow-rate SPERT-type data from
which to base a model on void feedback, the results from such a calculation could not be considered
very reliable, ) .

It has been suggested that we investigate the use of a model which takes void formation into acéo‘unt.
If a satisfactory model could be found, this approach would allow us to reduce the amount of conservatism
in our transient analyses and therefore obtain a better understanding of the behavior under accident con-
ditions. As set forfh befprc_e, the lack of data applicable to the HFIR operating conditions leads us to
question whether we could justify the results of such calculations as being conservative. Techniques —
are available for incorporating void effects into analog or ciigital pr(;grams; however, the detailed*mecha-
nisms for void_generation do not appear to be well understood. The digital analysis program which has
been developed at Brookhaven National Laboratory takes into account the spatial distribution of forma-
tion and the spatial effects o‘f the voids; however, to make calculations without being able to conclude
that the results are conservative would serve little purpose. It is our opinion that a considerable effort.
would be required before we could assert that the results would be conservative in terms of HFIR be-
havior. We believe that a program should be initiated with the goal being to gain a better understanding »
of HFIR transient behavior; however, iit appears that this will havé to be done as a relatively long-range

program.

B. What role do metal-water reactions play herein?**’ '

As indicated in the answer to the first part of this question, it is not expécted that fuel-plate melting
or a metal-water reacti\on could be initiated by the reactivity accidents considered. However, if one or
the other were initiated, it is possible that a portion of the fuel would be rearranged to form a more re-
active configuration. It has been determined on the basis of experiments and calculations that the max-
imum increase in reactivity associated with uniform removal of fuel-plate material from the core is 0.025

Ak/k, which requires removal of about 30% of the core material. It seems very unlikely that this amount

*Answer 51 discusses reactivity values associated with other occurrences.  More details provided in answer
55. i

**More details provided in answer 55.
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of material could be removed very rapidly from the core unless the transient causing the melting of the
plates were much more severe than anticipated. If melting of the plates led to a metal-water reaction, -
the resulting expulsion of water from the core would more than cancel the reactivity effect of the ex-
pulsion of fuel-plate material. Thus, it does not appear that rearrangement of fuel by fuel-plate melt-
ing and a metal-water reaction could add significantly to an already improbable transient that would

result in fuel-plate melting in the first place.

C. What is the latest information on chemical reactions involving this fuel?

The latest information* on chemical reactions involving fuel of the HFIR type is contained in ANL-
7090.'° In summary, this report on TREAT tests states:
The HFIR samplevsy retained their platelike shape at fission energies as high as 425 cal/g, whereas
~ the aluminum-uranium alloy fuel plates had fused into single globules at energies between ~200 and )
530 cal/g. Large hemispherical cavities were apparent in the surface of the HFIR plates at energies
above that sufficient to cause melting of the cladding (~200 cal/g). The appearance of the éavities .
suggested gas evolution. ‘ ' .
At energies above 645 cal/g, the HFIR samples completely lost their shape. The HFIR cermet fuel
samples at these energieé formed one large globule that contained mostly uranium oxides, several smaller
fragmenfs of partially oxidized aluminum, and fine particulate that consisted mainly of aluminum oxide.
(Prev1ous analytical studies indicated that the aluminum oxide was mainly a-Al O .) On the other hand,
the alloy plate fuel at these energies was generally found, in previous studies, to form several small
fragments of aluminum, uranium, and oxides, and fine particulate oxides. In 30°C water, the amount of
fine particulate formed increased as the extent of reaction of either fuel increased. In high-temperature

water, each of the two types of fuel formed a single large globule that reacted extensively at high en-

ergies.
The extents of reaction of the HFIR fuel plates (as contrasted to the differences in physical behavior \ N
noted above) were quite similar to those of the alloy plates (ANL~6904).1! In 30°C water, at low en- v -

ergies, only a few tenths of a percent of a plate reacted when the cladding was only partially melted,
and reaction did not exceed 2.5% when the cladding was fully melted, but still retained its shape (at
425 cal/g). At higher energies, mote extensive reactions occurred: at 645 cal/g, the extent of reaction
was 74.6%; at 1062 cal/g, the extent of reaction was 28.4%.

In high-temperature water (285°C), more extensive reaction occurred than in the runs in 30°C water.
At 413 cal/g, 11.8% of a plate reacted; while in room-temperature water, only 2.5% reaction occurred at
425 cal/g. Similarly at 658 cal/g, 91.3% of a plate reacted in the hot water, while in 30°C water, 74. 6%
reacted at an energy input of 645 cal/g

*See also Appendix I. !

1OArgonne National Laboratory, Reactor Development Program Progress Report, August 1965, ANL-7090,
pp. 76-78.

1 lArgorme National Laboratory, Reactor Development Program Progress Report, May. 1964, ANL-6904.
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It is postulated that at low energies where breakup'does not occur or the plates do not lose their
shape, the plates cannot react extensively, that is, the nature of the reaction is to form a protective
oxide film, and cooling rates are sufficient to prevent ignition. The subcooled water causes an even
greater suppression of the rqgction as a result of a more rapid cooling rate than in the heated water.
Above a threshold energy (previously determined to be 530 cal/g for the alloy plate fuel and some-
where between 425 and 645 cal/g for-y the HFIR fuel), flow, breakup, and ignition of the samples occur.

At 'these higher energies, the extent of reaction is governed by the duration of burning, which in turn
depends on several factors, such as particle size, depletion of the reacting fuel, and the rate of energy
loss by the particles to the surroﬁndings. Here again, the subcooled water tends to decrease the extent
of reaction by providing more efficient cooling.

In addition to the test information set forth above, ANL will run four additional tests. Three of these
will be run with the autoclave at 120°C gnd with 600 psia pressure, as being more representative of HFIR
conditions. The fourth is being run in a room-temperature assembly to complete the daté discussed in h

ANL-7090.1° ANL also proposes to photograph samples of HFIR fuel in TREAT in the hope of obtaining

additional information.

D. Is xenon burnout ever important .in any possible accidents? Can the boron in the

_fuel ever contribute adversely to an accident? :

During the most severe rapid transient studied, the duration of the transient is about 0.03 sec and the

~2 —1, Thus the maximum decrease in

peak thermal neutron flux in the fuel is about 10!® neutrons cm™? sec

xenon concentration is about
3x10%x 10724 x 1016 x 0.03~ 1073 = 0.1% . -

The greatest possible worth of the xenon during a transient is equal to the total worth of the fuel in
terms of excess reactivity; this is about 0.12 Ak/k. A conservative estimate of the change in reactivity
worth of the xenon during the transient yields 0.00012 Ak/k. Burnup of the boron poison would be sev-

eral orders of magnitude less.*

N '
E. Please document the spatial distribution of local void effects and provide esti-

mates of uncertainties therein.

Average void coefficients for the inner and outer fuel elements were determined experimentally, and
the radial spatial distribution was calculated. The experimentai and calculated average values check
very closely. A plot of the calculated radial variation is shown in Fig. I1.38.1. At the beginning of a
fuel cycle the radial power distribution is quite flat, except in the fuel region closest to the control
region. Therefore the average coefficient sho.uld.be used. Later in the fuel cycle the power density in
the regions where the void coefficient tends to be less negative is less than the average due to non- \

uniform fuel burnup. Therefore the effective overall void coefficient would tend to be more negative,

*Discussed in answer 42A,
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Fig. 11.38.1. Void Coefficient in the HFIR for Uniform Local Void Distribution.

The void coefficient for the water gap between elements is also negative and as set forth in ORNL-~
3572, Sect. 7.3.4, is —0.046 in terms of.Ehe void fraction or in terms of Ak per (cubic centimeter of

"void is —1.24.x 10~5. A
" Figure 7.3.6 of ORNL-3572 shows the relationship between void fractions in the island and re-
activity, with ‘and without a target. This region has a positive coefficient for small void fractions;
however, as has been indicated, there is an optimum void fraction, and the coefficient becomes nega-
tive for addition of voids in excess of the optimum. The void coefficient for the control region is also ,

positive but quite small, being only about one-third of that in the target region.

F. Have reactivity accident studies allowed for the possibility of the return of

water to-the core?*

In the analog analyses the expulsion of water from the core, except by thermal expansion, was not
considered. The return of water to the core follows the incident as the temperature is reduced and thus
after the safety rods have been inserted.

'

39. What procedures will be followed if a normal removal of irradiated fuel is ime-

possible due to fuel damage or sticking?

It has been assumed that a fuel assembly might become damaged, thus preventing normal removal of
the elements, that is, one element at a time. If this should occur, it would be necessary to remove both
elements simultaneously as a fuel assembly. Priér to remo§ing a fuel assembly, it would be poisoned
fay inserting enriched !°B steel strips into the fuel region. At least 20 such strips, 10 each in the inner

and the outer element, would be inserted prior to removal. ** Approxirﬁately 50 of these strips are presently
\ . i .

L

*Further discussed in answer 55G.

**Further discussed in answer 42B.
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on hand. Part of the scheduled tests during the startup program was an investigation and verification of *
the number of strips required to remove any doubt about the fuel assembly being subcritical in any credible

arrangement in the HFIR facility.

40. Discuss the reliability of the emergency air supply to the control rod drives.

~Air is supplied to the rod drive motors from the main instrument air receiver. - The receiver is capable
of driving all four shim-safety rods through their full stroke with sufficient pressure remaining to operate

" the instrumentation. The receiver is supplied with air from either of two compressors. Each compressor
is supplied from a normal emergency bus. )

The primary purpose for incorporating fast insert air motors on the four shim-safety rods was to ex-
pedite a fast recovery of the rods following a scram. Another use for the fast insert is that of aiding the
servo, whose available reactivity is limited, in reducing reactor power when ac power to the facility is
interrupted. , '

For the first case, the lack of suffi;:ient air would increase the probability that the reactor could not
be restarted in time to override xenon. In the latter case, the lack of sufficient air could result in a

scram due to failure of the air motors to insert the shim rods in response to the signal from the servo

system. The reactor safety would not be compromised by loss of air to the fast insert air motors.

41A. Are there possibilities of shielding the control room so that the probability of

evacuation of reactor operators can be reduced?

The HFIR control room is partially shielded by the 8-in.-thick concrete reactor building; however,
this wall is penetrated by the observation gallery windows, which can be seen in Figs. 3.2.5 and 3.2.6
of 0RNL-3572. The only simple way to provide additional shielding would be to block off these windows,
which would prevent the operator and supervisor from having a view of the reactor bay area and which
would eliminate the advantage of having a visitor gallery isolated from the containment building.

There is no advantage to Having the.operator remain in the control/room following a serious accident,
and it is not intended that he do so. For this reason it appears unnecessary to further shield the control

room.

B. Are there any significant safety advantages that could be achieved with an

alternate emergency control area?

There do not appear to be any significant safety advantages to having an altémate emergency control
area for reactor control functions. There is a need for an emergency control center removed from the HFIR
site for use during an accident, aﬁd the ORNL complex has such a center. Reference to this overall sys-
tem is made in _thé answer to question '298,' and a brief description of the Radiation-Monitoring and -Warning

System at ORNL is given in Nuclear ISafety.5
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" APPENDIX G

USE OF TENSILE SPECIMENS

-

OAK R»IDGE NATIONAL LABORATORY

OPERATED BY
UNION CARBIDE CORPORATION .
NUCLEAR DIVISION

=2

POST OFFICE BOX X
OAK RIDGE, TENNESSEE 37831

"~ July 2, 1965

Mr. N. J. Palladino v .
333 West Park Avenue . N
State College, Pennsylvania 16801 :

Dear Sir:

We have had some difficulty in obtaining a direct answer to the questions you raised on impact properties
and any impact transition of the HFIR aluminum and the use of tensile specimens to demonstrate the ab-
sence of any adverse effects by irradiation. :

Aluminum, having a face-centered cubic structure, is in a group of materials which are considered as not
possessing a ductile-to-brittle transition temperature. Since impact values are not commonly used with
aluminum technology, there is almost a complete absence of impact data available in the literature. This
even applies to the aircraft industry where impact loadings are prevalent.

In The Properties of Metallic Materials at Low Temperatures (Johﬁ Wiley and Sons, 1950), P. Litherland
Teed does present impact values of several of the complex aircraft-type alloys, none of which show any
temperature effect. The alloy composition which most closely resembles type 6061 used in HFIR would
be pure aluminum, the data from which are tabulated below. '

lzod Impact Values Pure Aluminum® . -
Temperature . Impact Value .
(°C) (ft-1b)
Room 19
-40 19
-80 20
’ - =120 21
~180 27

abne—inch—diameter rod rolled and an-
nealed.

As additional evidence for the lack of a transition temperature, I am listing two sets of tensile data
covering a very wide temperature region. ' '
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Tensile Properties of Heat-Treatable Wrought Aluminum Alloys at Low Temperatures®

Commercial ~ : Tensile ‘ Yield Elongation Reduction
Alloy and ASTM Strength Strength in 2 in. of ‘Area
11 .. ;
Temper Alloy (psi) (psi) @) @)
75°F
61S-0 ) GS11A 17,700 6,800 34.8 73
-T4 40,300 21,800 . 30.5 57
-T6 45,100 38,800 20.6 53
—18°F
618-0 GS11A° 18,500 7,100 - 36.4 ' 73 ’
-T4 41,700 - 22,500 31.5 56
-T6 47,100 39,300 20.2 52
- - 112°F
61S-0 GS11A 20,000 7,600 40.8 74
-T4 44,100 23,200 32.5 54
<T6 49,200 41,000 21.2 52
- 320°F
61S-0 GS11A 33,200 9,200 49.2 - . 67
-T4 -, 57,900 29,400 - © 36.6 41

-T6 60,200 © 45,500 : 25.6- 46

v @F, M. Howell (Alcoa), ‘*‘*Lows-Temperature Properties and Applications of Aluminum Alloys,’’ Conference on Ma-
terials and Design for Low-Temperature Service, PB~121009, pp. 253-66.

)

{

Typic.ul Tensile Properties (606])4‘3

O Condition - - T«6 Condition
. oF UTs Ys EL UTS YS EL
500 5.5 4 70 . 1o 7 50
400 9 6.5 55 18 15 28
300 16 8 30 34 31 20
75 18 8, . 30 45 40 17
—18 19 8.5 32 47 42 17
—112 20 9 36 48 43 18

-320 .,. 34 . 11 45 61 48.5 23

2 Aluminum Data Book, Reynolds_ Metal Company, 1961, pp. 43 and 47.

The Kaiser Aluminum Rod, Bar, and Wire Product Information Handbook, 2nd ed., p. 4, makes the follow-
ing statement: ‘‘At sub-zero temperatures, aluminum is especially valuable as it increases in strength
without loss of ductility. Low temperatures make no adverse changes in other properties of aluminum.
Notch sensitivity is not affected adversely and modulus of €lasticity, hardness, and fatigue strength

gain at low temperatures.”’
. . |



On page 6: ‘‘In impact strength, aluminum alloys exceed many heavier metals, weight for weight. For
instance, aluminum has the ability to absorb several times as much energy, before breaking, than equi-

valent steel specimens.’’

As a more. exact answer to your question, we have oroken Charpy V specimens from 6061-T6. Typical
broken specimens areenclosed along with a room-temperature tensile specimen. All samples show
ductile-type breaks with a cup and cone fracture and reduction in area at the sides. The fracture values

are shown in the following table:
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Charpy V-Notch Impact Energies
6061.T6 Aluminum

Temperature Notch?® Ft-Lb
\ - (°F) . Orientation
76 LH 20
76 LH 22
—40 - LH 19
~320 "LH 23
-40 LV 13
) —320 LV 14

“Longitudinal specimen with horizontal or

vertical notch.

While the impact values on standard specimens appear to be low, they bear a direct relationship with
the relative low values of the stress-strain curve and tensile strength of the material. They are not
low because of a change in fracture mechanism as is the case with steels. In all cases, the fracture
would be classed as a ductile fracture. For example, lead, which without question would be considered
ductile at room temperature, would show an even lower value, but again one which would be related to

the tensile strength.

In summary, since with type 6061 aluminum no change in deformation mechanism occurs with either test-
ing temperature or type of test, the use of tensile specimens and tensile data would appear to be reason-

~

able. The irradiation thimbles which are the only aluminum in the system which must sustain the system
pressure were designed with the use of very conservative tensile data. R

’

Very truly yours,

Original signed by

G. M. Adamson, ]Jr.

Metals and Ceramics Division
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Part llb. Safety Review Questions and Answers 42—53

ABSTRACT-

Following a January 1966 ‘meeting with the USAEC Division of Reactor Licensing to
discuss the HFIR Safety Analysis, a request for additional information was made to ORNL
by the USAEC. The table of contents comprises a list of the questions, with answers

given in the body of this report.

Originally published as ORNL-CF-65-11-29, Supplement No. 1 (Feb, 1, 1966).
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CONTENTS

A backup system for reactivity control has not been incorporated into the design of

- HFIR. Additional information, beyond that given in responses 22A and 22B, is

required in the following areas:’

Discuss the reactivity status of the reactor as a function of time after an attempted
scram in which only a small fraction of the negative reactivity available in the
control-rods is capable of being inserted. Various initial conditions as to core
lifetime, and xenon and samarium concentrations should be taken into account.

The discussion should point out the amount of negative reactivity required to
compensate for the temperature defect, the effect of xenon and samarium poisoning,
and the times available for other action to be taken to insert additional negative

reactivity into the core assuming the rods remain incapable of further insertion. .................

In the event the proposed insertion of poison strips into the core is, for some reason,
impossible, the preparation of a liquid poison solution with subsequent injection
into the core could be an alternative method of maintaining the reactor core in a
shutdown status. In an emergency, how could this be done in.the HFIR facility? In
particular, what methods of injection ate available in the present design? Would it
be in the interest of safety to have written emergency procedures, available to the
HFIR operating staff, which would outline steps to be taken to obtain the required
poison, to prepare an adequate solution, and to inject the solution into the core in

the event other methods of poisoning the core are unavailable? ................ocoecviieei i,

Response 23B—C provided an analysis which estimated the core temperature following

a step loss in pressure. The analysis assumed a mechanism for heat transfer from

the core to the coolant, and the results indicated no fuel melting and no metal-water
reaction. Provide an estimate of the time seéquence of events which would occur in
the event the assumed heat transfer mechanism were not available. In particular, at

what rates might the resultant metal-water reaction proceed? How might the hydrogen

generated by the reaction get to the reactor bay area? What potential is there for
getting steam into the filter system following a loss-of-coolant accident with a

subsequent metal-water reaction involving the Core? ..........cccoooiriiiiiiiieiiiic e

With respect to response 24, provide the following additional information:

Describe the new end cap DOLES. ........ccooiiiiiiii i e

If the beam tube were to fail inside the reactor vessel and, subsequently, the end
cap failed, what would be the maximum loss-of-coolant flow through the beam tube?
What makeup flows into the reactor vessel would be available? Discuss the
design and operating requirements for components to be inserted into the beam
tubes, and which could limit flow through the beam tube ir the event of the

postulated double failure. ............ S OO U PP PPTP SRR PRRPPPRO e e

The probability of maintaining the integrity of the beam tube extension in the event
of a beam tube failure within the reactor vessel is greater if the reactor operating
pressure is not permitted to exceed the proposed operating level of 600 psi, even
though the reactor coolant system has been designed for 1000 psi. Has this

restriction on pressure level been considered? ... e

If release of 100% of the noble gas inventory from the core is assumed and if
fumigation meteorological conditions exist, the ptesent method of ventilating the
HFIR building could lead to doses at the site boundary in excess of standard
guidelines. The alternate ways of limiting the dose considered in response 29A
do not appear to provide the necessary reduction in doses. What other ways have

been considered? What would be the effect on the doses? ..........ccccocieeiiiiiiiiiien e,
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With reference to response 30, it appears that the discussion is in conflict with
the evidence given in the referenced document, ORNL-TM-1291. We have been
advised that ORNL-TM-1291 did not contain the latest information available on
the subject it covered. Provide the additional information necessary to support

"the diSCUSSION 1N QUESTION. .ccoiiiiiiiii e e ettt b et e r e aete s

With reference to response 31B, provide an estimate of the error associated with the
assumed neutron flux. With reference to response 31C, provide a discussion of the

consequences of failure of the structural members mentioned in the response. ...............

With reference to response 33, provide a discussion of the shutdown and evacuation
potential at MSRE, including a summatry of results of evacuation tests that may

have been conduCted. .............coo i et

With reference to response 34A, what is the maximum increase in core fission product
inventory associated with the increase in fuel cycle time that could result from use
of different fuels or increased loadings?

With reference to responses 34B and 34C, we have been advised by ORNL that there
are many other criteria than the two mentioned which would be used to measure the -
safety involved in core changes and the appropriateness of regulatory review,

Provide an expanded discussion of these other criteria. ............cccooiiviiiiiiiiiiieie e

Response 38A does not provide the results requested for reactivity transients
considerably more severe than those previously treated. Provide the results of

the analyses.previously tequested. ...

" Provide 4 discussion of the results of operation of HFIR at power levels up to 20 Mwt.

Provide a summary of significant changes made to the facility since commencement of

operation................... e J OO

............... 180

.............. 183

.............. 184

............... 185

.............. 185
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QUESTIONS ‘AND INFORMATION REQUESTS ON THE HFIR

42. A backup system for reactivity control* has not been incorporated into the design of
HFIR. Additional information, beyond that given in responses 22A and 22B, is re-

quired in the following areas:

A. Discuss the reactivity status of the reactor as a function of time after an attempted
scram in which only a small fraction of the negative reactivity available in the con-
‘trol rods is capable of being inserted. Various initial conditions as to core lifetime,
and xenon and samarium concentrations should be taken into account. The discus- .
sion should point out the amount of negative reactivity required to compensate for
the temperature defect, the effect of xenon and samarium poisoning, and the times
available for other action to be taken to insert additional negative reactivity into the

core assuming the rods remain incapable of further insertion,
~

The reactivity status as a function of time has been considered for several cases of interest under
the assumption that the control rods become stuck at an appropriate time to cause concern.

The first case is one in which it is desired to shut down the reactor from full power immediately fol-
lowing startup with fresh fuel, and the control rods only respond by reducing k a very small amount.

For this case the core is essentially clean, and fuel depletion plus the buildup of xenon will reduce
the pdwer level over the period of time required to reduce the reactivity sufficiently to compensate for
the change in coolant and moderator temperatures. This amount of reacti{zity is about 0.003 Ak/k
(assuming no change in inlet water temperature). The number of megawat-t-days‘ required to burn up this
amount of reactivity by fuel debletion alone is about 120 Mwd. Since a considerable amount of iodine
and xenon would be generated during this time the number of megawatt-days would be less, and instead
of just remaining critical at essentially zero power, as would be the case if only fuel depletion were con-
sidered, the decay of iodine to xenon would make the reactor subcritical. Howevér, the eventual decay
of the xenon would permit the reactor to go critical again but at a power level less than the initial power,
For this case the minimum amount of negative reactivity required by control rod movement to shut the re-
actor down immediately would be equal to the temperature deficit, which is 0.003 Ak/k; if the reactor
inlet temperature were reduced to room temperature from normal inlet temperature, a small amount of addi-
tional negative reactivity would be introduced as about 0.04% Ak/k is removed on cooling from 120 to
80°F. Under the above conditions (clean core), the differential worth of a single safety rod is 0.0022
Ak/k per inch. Thus, in order to reduce tﬁe power level of aclean core from 100-Mw normal operation to
zero at room temperature, it would be necessary to insert a single safety rod only about 1.2 in.

" The second case considered is the situation in which the reactor has run sufficiéntly long to have
established equilibrium iodine and xenon. If a very small amount’of negative reactivity is introduced,
such as postulated by an attempted scram in which only @ small movement is achieved, the reactor would
promptly shut down due to xenon buildup. If the rods remained in this position and no other action were
taken, the xenon would decay sufficiently in about 21/2 days to allow the reactor to regain criticélity and
proceed to a supercritical condition in which core damage would result. Two of the safety rods would
have to be almost fully inserted to compensate for full xenon decay and the temperature deficit, if this

situation occurred just after xenon equilibrium was reached. 'Later in the cycle buildup of samarium

*Further discussed in answer 60.
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during the shutdown would reduce the amount of rod insertion required to keep the reactor subcritical.
However, as indicated, about 21/2 day's are available for insérting rods, adding other poison, and/or re-

moving the core before criticality would be achieved as a result of xenon decay.

Late in the fuel cycle (after about 8 days for a 14-day core), the promethium concentration would be
large enough so that once the reactor is shut down it could not be made critical again without withdraw-
ing the rods beyond their position just prior to shutdown. This results from the fact that the stable sa-

marium at that time and thereafter would be worth more than the equilibrium xenon.

Another case of interest is that in which the reactor has just been restarted after recovering from a
sc-ram. The xenon under this condition could have a worth no greater than about 0.12 Ak/k as this is ap-
proximately the maximum excess k of a clean core. The xenon concentration would be in‘creasing due to
decay of its precursors and would continue to increase until the rate of destruction due to reactor power
was equal to the xenon birth rate. This point would be reached at a power level of. about 30 Mw for the
case under consideration. For further increases in reactor power level the xenon concentration would
begin to decrease and the control rods would have to be inserted to compensate for the increase in reac-
tivity. The control elements normally have more than enough speed to maintain control; however, if all -
rods became immobile while xenon was being burned out, the reactor would become supercritical, and re-
activity would be added at a rate proportional to the excess of power above 30 Mw. If no action were
taken the reactor power level_would increase until core damage resulted. If the power leve,1 were to be.
taken to 100 Mw, the rate of xenon burnup would be equivalent to a reactivity increase rate of ~0.015%
Ak/k per-second, which indicates that if all control elements were frozen in position only a few seconds
would be available to take action before the power level increased to 130 Mw, which is the level at
which safety action would normally tai(e place. This situation is not greatly different (less than a factor

of 2 in rate) from that .in other high-flux reactors such as the MTR or ORR.

For this case we have always assumed that at least one method of rod insertion would be effective
on at least one of the control elements. Even partial insertion of any one of the five rods would be suf-
ficient to reduce the power level to the point where xenon buildup would complete the shutdown, thus
allowing adéqﬁate time for other methods such as poison strip insertion and/or core removal to be em-
ployed. If none of the rods will move under scram conditions, force, can be applied by either the normal
electric drives or the fast-insert air motors. In addition, the shim regulating cylinder can be moved
under electric motor drive or by a manually held air motor. If it is postulated that not any of these
methods are effective and all rods are totally immovable, then the time scale is such that attempts to
restart following a scram must be ruled out by administrative control or a secondary shutdown system
must be provided. In our judgment it is manifestly impractical to consider ruling out any attempt to re-
start the reactor before the xenon has decayed, and it is also our judgment that the probability of having
all control elements totally immovable is so small as to not constitute a significant risk. We do recog-
nize the probability that at some time in the lifetime of the reactor one or more, but not all, of the con-
trol elements may become incapable of complete insertion, and for this reason and for fuel handling pur-
poses we have provided equipm_ent and procedures for inserting poison strips into the core. As dis-

cussed above, this technique would not be effective if all control elements became immobilized during a
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recovery from a scram. The probability of having all control elements become immobilized under these

conditions is quite small inasmuch as at least one of them had just demonstrated its ability to function.

B. In the event the proposed insertion of poison strips into the core is, for some reason,
impossible, the preparation of a liquid poison solution with subsequent injection into
the core could be an alternative method of maintaining the reactor core in a shutdown
status. In an emergency, how could this be done in the HFIR facility? In particular,
what methods of injection are ayailable in the present design? Would it be in the in-
terest of safety to have written emergency procedures, available to the HFIR oper-
ating staff, which would outline steps to be taken to obtain the required poison, to. .
prepare an adequate solution, and to inject the solution into the core in the event

other methods of poisoning the core are unavailable?

A liquid poison could easily be injected into the HFIR primary coolant system by introducing it into
the suction side of the pressurizer pumps. The pressurizer system consists of two main pumps supplied

with normal ac power and an emergency pump which can be supplied from either the normal power or

" diesel generator power. Normally one pressurizer pump is in operation with the other main pressurizer

pump on standby. The emergency pump starts on failure of the normal pumps. The normal pressurizer
pump flow rate is between 100 and 200 gpm, and the emergency pump will maintain a flow of 6 gpm. i
These pumps take their suction from a common header supplied from a 2500-gal gravity-feed head tank on
the floor above. In the simplest concept, poison could be dumped into the head tank and the pressurizer -
pumps would inject it into the primary system. Following injection the cleanup system would be shut
down to prgvenf removal of the poison. The primary system circulation would achieve almost complete
mixing in about 2 min following injection. The above is an oversimplified description of how a system

of this type could be incorporated in the HFIR; however, it would be an adequate system to prevent re-
start if the core were poisoned by xenon and it was only necessary to take action before the reactor

could regain criticality some 2 to 21/2 days later.

The second part of this question regarded the possibility of preparing written procedures outlining
the necessary steps to be taken to poison the core during the approx'imat‘ely 21/2 days a{railable while the
reactor is poisoned out by xenon. This approach does not seem to' be particularly valuable in view of the
time scale of reactivity changes during a recovery from an unscheduled scram. A very simple procedure .
of the type éet forth would suffice to keep the reactor shut down; however, it is our opinion that if com-
plete immobilization of tﬁe rods is postulated during xenon transients, then it follows that a secondary
shutdown system must be ihstalled, and appropriate operating procedures must be prepared that are con-

sistent with the time behavior of the reactor system and the secondary shutdown system.

While it is our opinion that such a system is not necessary, we recognize the concern expressed by

members of DRL and the ACRS in this area. In addition, we are aware of the efforts to incorporate the

requirement for a secondary control means in criteria currently being reviewed for power reactors. These

N

factors plus the expectation that such requirements may be imposed on new and existing research re-
actors lead us to propose that the HFIR be equipped with a liquid-poison injection system, and that op-

erating procedures governing recovery from power reductions be established Which‘provide adequate time
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for the poison injection should the control rods become immobilized or should control of the reactor be
lost in such a way as to be equivalent to immobilized control rods.

It is our intention to proceed with the design of such a system and to prepare written procedures gov-
eming recovery from power reductions which will provide reasonable assurance that the system could be
effective. A program is presently being prepared for calculation of the kinetic behavior of the combined
reactor and poison injection system in order to investigate the necessary programming of reactor power
during restart conditions. The operating procedures will be based on this information..

We should like to point out again that we consider such a secondary shutdown system to be unneces-
sary in the sense that it is our opinion that the accidents in which the system might be of use are suffi-

ciently improbable as to constitute no significant risk in operation.

43. Response 23B—C provided an analysis which estimated the core temperature follow-
ing a step loss in pressure. The analysis assumed a mechanism for heat transfer
from the core to the coolant, and the results indicated no fuel melting and no metal-
water réaction. Provide an estimate of the time sequence of events which would
occur in.the event the assumed heat transfer mechanism were not available. In par-
ticular, at what rates might the resultant metal-water reaction proceed? How might
the hydrogen generated by the reaction get to the reactor bay area? What potential is
there for getting steam into the filter system following a loss-of-coolant accident

with a subsequent metal-water reaction involving the core?

The fuel plates of an HFIR core contain approximately 85.5 kg of aluminum. Of this, 52.7 is adjacent
to the fuel region and is considered available for the Al-H,0 reaction. The remaining 32.8 kg is located
either in the fuel core, where it is assumed to be consumed in the U,0,-Al reaction, or is sufficiently re-
mote from the fuel core so that its heating rate is significantly lowered.

The increase in heat content of the HFIR fuel due to nuclear heating has been obtained by an integra-
tion of the power decay data presented in response 23B~C. In computing the specific heat content as a
function of time, illustrated in Fig. [1.43.1, it has been assumed. that heat transfer does take place for
the first 50 msec, but that thereafter the nuclear heat is absorbed adiabatically. Moreover, it is assumed
that the heat is absorbed by the entire 85.5 kg. Values of thé integral are given for both the core average
and the hot spot situations. ' ‘

It is perfectly clear that under the assumption of adiabatic conditions the core temperatﬁre will con-
tinue to rise indefinitely. Obviously, this cannot really océur, and, at some point, the temperature rise
will in fact be limited by one or more of several possible modes of heat transfer. In response 23B—C,
using a conservative but rational approach, it was shown that it is extremely unlikely that a sudden pres-
sure loss -could result in the reaction of any of the core with water. If, however, one neglects the.ob-
vious contradictions involved and assumes that tﬁe conditions following the loss of pressure are indeed
adiabatic and that under these conditions the metal can come in contact with sufficient water, it is pos-
sible to postulate a complete metal-water reaction.

Within 500 msec after fhe step loss in pressure, the primary source of heat is the decay of the fission
products. This heat source will, after about two or three seconds, raise the temperature of the fuel to the

melting point, at which time the volatile fission gases will start to escape from the fuel. Also, at about

w
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Fig. 11.43.1. Energy Absorption as a Function of Time Following Pressure

Loss.

this time, the reaction between ‘U308 and aluminum is assumed to begin. This will make available an
additional 61 cal per gram of aluminum. Not all of ‘the fission product heat is absorbed by the fuel; a
fracfion, estimated to be about 15%, will escape in the form of gamma radiation. Consequently, the two
effects — loss due to gamma radiation and loss of volatile fission products ~ are assumed to counter-
balance the increase in heating due to the U 0 -Al reaction; and all 'three of these secondary effects

have been neglected.

The extent and rate of the metal-water reaction are difficult to detvermine because they depend not
only upon the temperature but also upon the availability of steam. As previously stated, however, it will -
be assumed that sufficient steam is available. One method of estiméting the extent of the reaction is to
attempt to apply one or more of the various isothermal rate laws to this nonisothermal situation. A
second method, that utilized here, is to consider the adiabatic temperature excursion as if it were a
power excursion and to apply the data obtained from excursion-type experiments. The main difference
between the present case and the excursion experiments is related to the time scale of the heat-up
period. Most TREAT and SL-1 data are based on periods of from 40 to 500 msec, whereas the situation
under cqnsideration here is characterized by a period of several seconds. Data! exist which give the
extent of reaction as a function of specific heat input. On the basis of these data, it appears that for an
energy input of less than 350 cal/g no signifiéant reaction will occur. The extent of the reaction ap-
pears to increase linearly from zero at 350 cal/g to about 15% at 530 cal/g and then lineatly, but with a
different slope, to about 30% at 920 cal/g. Direct extrapolation would lead to the assumption of a 100%
reaction at approxifnately 2850 cal/g. This relation is shown in Fig. 11.43.2.

L. Baker, Jr., Nucl. Safety (1), pp. 25—34 (Fall 1965).
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Fig. 11.43.2. " Extent of Metal-Water Reaction as a Function of Energy Input.

By utilizing the fact that the hot spots comprise less than 5% of the core, and by combining the infor-
mation in Figs. I.43.1 and I1.43.2, it is possible to deduce, based upon the foregoing assumptions, the
rate at which the metal-water reaction proceeds. The results are shown in Fig. I1.43.3.

The total energy available from the reaction is approximately 925 Mwsec. ‘According to this model,
about 350 Mwsec would be released in a time between 10 and 50 sec after the pressure loss. The re-
maining 575 Mwsec would be released over a 130-sec period at a constant rate of about 4.4 Mw. These
power.levels are sufficiently low so that no catastrophic damage would be anticipated. _

The complete reaction could release about 2300 STP ft> of H,. Approximately 875 ft* of this would
be generated in the 10-to-50-sec interval, and the rest would be generated at a rate of about 11 cfs. In
order to escape into the building the hydrogen would have to pass through several feet of water, either in
the reactor pool or in the primary pipirig, and it would therefore be cooled. Moreover, because of the
building exhaust system it would be conveyed rapidly from the building, thus reducing the possibility of
ignition.

The total energy involved during the 180-sec interval — nuclear heat plus heat of reaction — is ap-
proximately 1.8 x 10® Btu. The reactor pool alone contains 6.67 x 10° 1b of water. Hence this energy,
if absorbed adiabatically, would increase the average water temperature by only 2.7°F. Thus there
seems little possibility of any appreciable release of steam.

It would appear, therefore, that despite the absurdly conservative assumptions used to estimate the
consequences, the pressure-loss accident would not result in any consequences which would materially
change the previously calculated estimates of radiation doses following a 100% meltdown. Moreover, it
is our contention that the foregoing analysis overestimates the fuel meltdown by at least an order of mag-
nitude, and that our original calculations are much more representative of what could actually be ex-

pected.



175

ORNL-DWG 66-2124 A

100 ]/ i

80 — -

-

PERCENT REACTION
\

20

0 20 40 60 80 100 120 140 160 180
TIME SINGE PRESSURE LOSS (sec)

Fig. 11.43.3. Metal-Water Reaction as a Function of Time.

44. With respect to response 24, provide the following additional information:

A. Describe the new end cap bolts.

The material for th.e new end cap bolts is ASTM-A193-62T-B7. This material has a specified minimum
tensile strength of 125,000 psi and a specified minimum yield strength of 105,000 psi. Test results on
the bolts we are using were obtained from Midwest Testing Laboratory by the supplier. These tests
showed a minim’um tensile strength of 151,000 psi and a minimum yield strength of 135,800 psi. Addi- -

» _tional tests were performed at ORNL, and the results showed somewhat higher tensile and yield strengths
than those obtained at Midwest Testing Laboratory. The operating stress in the bolts at 1000 psig in-
ternal pressure in the beam tube would be 43,750 psi.

In order to remove any question regarding our estimates that the beam tube would not be damaged and
that the end caps and bolting were adequate to withstand 1000 psig internal pressure, we have hydrostat-

ically tested one of the beam tubes, end caps, and bolts to 1500 psig. No leakage and no damage re-

sulted.

B. If the beam tube were to fail inside the reactor vessel and, subsequently, the end cap -
failed, what would be the maximum loss-of-coolant flow through the beam tube? What
makeup flows into the reactor vessel would be available? Discuss the design and
operating requirements for components to be inserted into the beam tubes, and which

could limit flow through the beam tube in the event of the postulated double failure.

As set forth in the answer to question 24, we believe that tﬁe beam tube can contain the internal
pressure resulting from a' rupture of the inner end even if the reactor inlet pressure were 1000 psig. In
order to demonstrate that our contention was cortect, we have tested a beam tube assembly to 1500 psig
internal pressure without damage as described in part A of this question.

If the double failure postulated should occur, the rate. of coolant loss would be limited by the in-
ternal collimatdr and shield plug, which would be held in place by.the beam tube shutter assembly fol-

lowing an outward movement of about 3/,3 in. .Calculations made of the rate of coolant flow under these
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conditions and under the assumption that the collimator and shield plug were located eccentrically re-
sulted in a flow rate of about 100 gpm at 1000 psi reactor inlet pressure. If the pressure were equal to
the head of water in the pool, as would be the case after shutting down the reactor and stopping the
pressurizer pump, the flow rate would be less than 10 gpm. ‘ .

The design of the collimator and shield plug has been reviewed to verify that it would remain intact
under conditions postulated for this accident. Like the beam tube extension, the shield plug was not de-
signed for operation at 1000 psig; however, as was the case with the beam tube extension, the design
was based on considerations other than pressure. As a result, examination of this container> (plug) for
external pressure application using the same ASME-type charts utilized for the beam tube design shows
the allowable external operating pressure to be 360 psi. These charts are made up to include a factor of
safety of 4 based on average materials, and therefore result in a minimum collapse pressure of 1440 psi.
The same higher factor.of §afety of 6 found in examination of the beam tube design would be expected to
pertain here also. Inasmuch as this vessel\is not normally subjected to external pressure ahd is in fact
at essentially zero stress, the derating of its capacity due to creep is not applicable. With the minimum
expected collapse pressure beingmore than 500 psi greater than the maximum expected applied pressure
resulting from the postulated leak from the primary system into the beam tube, the internal plug would be
expected to remain intact. '

Even if some buckling of the wall of the plug should occur, the/cap at the inner end of the plug,
which is designed to withstand 1200 psi external pressure, will remain intact and the leakage would still
be limited to a rate which would only result in a reactor shutdown.

A review of the ability of the beam tube shutter to hold the beam tube collimator and shield plug in
place was also made. While the results indicated that the design was adequate to accomplish this, there
was essentially no safety factor. As a result of the concern expressed over this particular accident, it
has been decided that a minor modification will be made to'an access plug above the shutter, which will
ensure a large safety factor in the ability of the shutter to restrain the collimator and shield plug should
the pbstulated accident occur, This modification requires that an extension be welded or otherwise fas-
tened to the énd of the access, plug so that the shutter will be restrained from any tendency to lift from
its dowels shpuld the collimator and shield plug exert force against it.

If a leak should occur in a beam tube, or at any other location in the primary system, the pressure-
control system would sense the loss of pressure and would act to close the letddwn valves which control
the pressure. The normal letdown flow rate is between 100 and 200 gpm, and therefore a leak of 100 gpm
would only result in a minor pressure transient while the pressure-control system readjusted to maintain
pressure, If the pressure-control system did not respond,sufficiently fast to prevent the pressure from
dropping more than about 50 psi, the block valves would be closed by a different pressure-sensing |
system. These valves can shut off flow in about 0.2 sec. The pressurizer pump would continue to
supply water to the reactor system at a rate dependent on the reduction in pressure below the normal

pressure. Inspection of the pressurizer pump head curve, Fig. 6.2.9 in ORNL-3572,2 shows that under

2F. T. Binford and E. N. Cramer (eds.), The High Flux Isotope Reactor: A Functional Description, Volume I,
ORNL-3572 (May 1964; rev. Mar. 1, 1965). :
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typical operating conditions, that is, 600 psi inlet pressure and a letdown flow of about 150 gpm, a (irop
in reactor system pressure to below the scram point of 375 psi would result in a makeup flow of about
400 gpm. |

For abnormal pressure reductions the standby pressurizer pump starts, and therefore a somewhat
larger flow is available than indicated above.. This large flow rate could not be maintained very long, as
the pressurizer pump head tank is only of 2500 gal capacity and the makeup flow to lthis tank is only
about 100 gpm from the plant process water system via the plant demineralizer and demineralized water
storage tank. This is of no great consequence, as the reactor would be promptly shut down and the

system depressurized to reduce the leak rate. Under depressurized conditions the pressurizer pumps

would continue to supply water until stopped or until the head tank ran dry. 'When the pressure at.the re-

actor inlet started to drop below a pressure equal to that in the surrounding pool, a check valve connect-
ing the reacfor tank to the pool would open and admit pool water to the primary system. In addition to
the check valve, a manual valve is provided in parallel with the check valve. If it is assumed that the
pressure at the reactor inlet drops to atmospheric pressure (15 psia), the 27-ft head -.of H,0 in the pool
would provide a makeup flow rate of abbut 170 gpm through the check valve, If the manual valve were
opened an additional 160 gpm would be available. The rea{ctor pool contains about 30,000 gal above the
inlet to these valves, and water can be added to the reactor pool at about 800 gpm from adjacent pools,

should this be necessary.

The design and operating requirement for components to be inserted in the beam tubes may be sum-
marized by stating that the design must be adequate to prevent overheating; they must be able to with--
stand, without leakage, the normal maximum coolant pressures (150 psig) and\aggcuum for drying com-

ponents; they must be made of a material which is compatible in the presence of 'water\wi'th the aluminum

beam tubes without causing corrosion. In addition, the shielding they provide must be adequate when

considered together with such external shields as are provided. All insertions into the beam tubes, in-
cluding the present beam tube collimator and shield plugs, are considered to be experiments and must be
reviewed by the Opérations Division technical staff as set forth in the answer to question 32 and follow-
ing the criteria used in reviewing and approving experiments proposed for ORNL reactors in ORNL-TM-

2813 and ORNL-TM-745,* copies of which have been supplied in connection with the answer.

It is not presently required that components inserted in the beam tubes be so designed to limit the
flow in the event of the postulated accident; however, it is required that the design of any experiment be
such that an internal pressure of 1000 psig could be applied to the interior of the beam tube without sig-

nificant leakage.

,3C. D. Cagle, General Standards Guide for Experiments in ORNL Research Reactors, ORNL-TM-281 (Aug. 20,
1962). |

‘c. p. Cagle, Considerations Involved in the Safety Review of Experiments to Be Operated in Nuclear Reactors,
ORNL-TM-745 (July 10, 1964),
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C. The probability of maintaining the integrity of the beam tube extension in the event
of a beam tube failurée within the reactor vessel is greater if the reactor operating
pressure is not permitted to exceed the proposed operating level of 600 psi, even
though the reactor coolant system has been designed for 1000 psi, Has this restric-

tion on pressure level been considered? . /

We have not considered such a restriction on pressure inasmuch as the pressure level, along with re-
actor inlet temperature, is one of the parameter§ which can easily be varied as may be desired to main-
tain the margin between operating power level and the power level at which incipient boiling would take
place. \ ] .

In view of the test results set forth in the answer to part A of this question, it appears that an ade-

quate safety factor is available even if the reactor primary system were to be operated at 1000 psig.

45, If release of 100% of the noble gas inventory from the core is assumed and if fumiga-
tion meteorological conditions exist, the present method of ventilating the HFIR
building could lead to doses at the site boundary in excess of standard guidelines.
The alternate ways of limiting the dose considered in response 29A do not appear to
provide the necessary reduction in doses. What other ways have been considered?
What would be the effect on the doses?

The whole body gamma-ray dose at the HFIR site boundary under fumigation conditions was origi-
nally estimated based upon a 50% core meltdown. Because it appeared that a release of this magnitude
would not present any problem, certain extremely conservative assumptions were utilized in order to
make it possible to use data already developed. These included the assumption of a 10-m/min wind
speed during the inversion which precedes the fumigation condition, extremely rapid r\elease from the
stack, and an effective height of 76.2 m (the actual stack height). Moreover, because the 10-m/min
wind speed is insufficient to permit the plume to reach the site boundary within 2 hr, the doses were

computed for infinite exposure.

In view of the requirement to consider a 100% release, the whole body gamma doses have beén recal-
culated using somewhat more realistic assumptions. Distussions with F. A. Gifford, Jr., and W. M.
Culkowski of the Environmental Services Administration, which are summarized in a letter from Gifford to
I. Speckler dated January 14, 1966, established that the model previously employed to compute the dose
(response 29A) is adequate; and it has been used to obtain the information presented below. A study of
wind distribution data indicates that during an inversion prior to the fumigation condition the wind speed
can be expected to be no greater than l/2 to 1 mph, and that dﬁring the fumigation which may accompany
the breakup of the inversion it will increase to 4 or 5 mph. This has also been confirmed by observa-
tions at ORNL.

Consequently the method previously presented in answer 1 has again been utilized. The
use of F-type stability (moderately stable) for the inversion condition and C-type stability (slightly un-
stable) for the fumigation condition has been retained, as has the assumption of a fixed stack height
h =76.2 m and a rapid emission rate. The wind speed during the inversion .has been chosen to be 25

m/min, which is the.lowest value which will permit the plume to reach the site boundary within the 2-hr

)

)
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period. (In general the dose decreases with increasing wind speed.) The wind speed during fumigation
is taken to be 120 m/min, so that "inv/"fum is 0.208 rather than the less conservative 0,154 used in the

previous calculation. Upon putting these values in the dose equation:

/ u,oc .o h /2(72
— Zl Z Zi

’

<ua h :

' it is found that at 2.82 km

—

D,/D, =2.716 .

The 2-hr inve;rsion dose at the site boundéry for a 100% release was found to be
D, = 10.9'rad§ ,

so that the fumigation dose at the site boundary becomes

D, =10.9 x 2.716 = 29.6 rads .

It should be pointed out that this represents an extremely unlikely situation, not only .because a 100%
meltdown of the cbre is considered incredible, but also because the site boundary in questioﬁ lies in a
direction toward whicH, during inversion conditions, the wind blows less than 1% of the time. Perhaps of
more interest is-the 2-hf dose at the nearest site boundary which lies in the direction of the prevailing
wind. This is approximately 4 km southwest of the reactor site. A calculation similar to that given
above yields a whole body gamma dose due to noble gases of approximately 19.4 rads.

From this analysis it appears that it is unnecessary to consider alternaté ways of limiting the
ground-level radiation doses. However, these doses could be reduced if it were possible to devise a
method which would decrease the rate at which the noble gases are emitted from the stack.

For many of the possible accident cases, a reduction in the total air flow through the SBHE system
would not accomplish this because the escaping gases are drawn direcfly into the SBHE ducts under the’
pool cover and, instead of mixing in the building, are co.nveyed directly to the exhaust system. The con-
trolling factor is not, therefore, the total air flow rate, but the rate at which the noble gases escape from
the primary containment.

It appears that the only way to reduce the rate of noble gas emission from the stack is to provide
some mechanism for thoroughly mixing the gases with the building air as they escape from the primary
cor;tainment and concurrently to reduce the air flow from the building to some lower rate which is still
sufficient to guarantee inleakage. In this way a reduction of perhaps a factor of 2 to 4 might be attained.
This scheme has two distinct disadvantages. In the first blace, it will magnify the effect of a minor ac-
cident by distributing the escaped fission products into the reactor building. The poolside SBHE ducts
and the pool cover were conceived and designed specifically to prevent such an occurrence and to protect
the operating personnel from radiation-exposure due to such mishaps. Secondly, in theevent of an
' Al-H,O reaction it would pemmit hydrogen, which would otherwise be quickly, disposed of to the atmo-
sphere, to collect in the building. A

One possible method of ovércoming the first disadve;ntage would be to provide a second mode of ex-
haust which would divert the escaping gas into the reactor bay and simultaneously reduce the rate of ex-

" haust to the stack. This mode would be attained through the use of high-level radiation instruments
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which would actuate the appropriate equipment only when radiation levels approaching those to be ex-
pected following the MCA are present. Whether such a system could b'(e designed and built to operate
with the required degree of reliability would have to be determined. This approach would represent a
major change in philosophy, as pointed out earlier, and would require a complete reexamination of the
entire containment system to determine whether or not such a change would seriously compromise the
overall safety of the system in order to gain a small factor in one particular area. In any case, it would
not overcome the second disadvantage and would certainly serve to lower the level of operating safety

presently incorporated in the design,

With respect to the CHOG system, the presence of the block valves on the pressure letdown lines
already serves to contain the activity in the primary system. These valves close automatically on re-
ceiving a signal indicating a high level of radiation in the primary coolant system, and this isolates the

activity within that system.

46. With reference to response 30, it appears that the discussion is in conflict with the
evidence given in the referenced document, ORNL-TM-1291. We have been advised
that ORNL-TM-1291 did not contain the latest information available on the subject it
covered. Provide the additional information necessary to support the discussion in

question.

It is our understanding that the conflict mentioned is in regard to the statement in response 30 that 2
in. of MSA 85851 charcoal will retain about 99.5% of the methyl iodide for as long as five days, during
which the air flow is maintained at normal SBHE rate. ORNL-TM-1291,% Table 4, shows a much lower re-
tention; however, Table 4 refers to charcoal of the type originally purchased for the HFIR. As set forth
in ORNL-TM-1291 and in response 30, the charcoal is being changed from the original design to 2 in. of
MSA 85851, and therefore Table 4 does not apply. Figure 2 of ORNL-TM-1291 shows the efficiency for
2-in. bed depth of MSA 85851 charcoal under HFIR accident conditions, and it was from this figure that
the statement regarding 99.5% efficiency for five days was taken. ‘

In addition to the above, several questions were asked regarding the statement on page 3 of ORNL-
TM-1291 regarding the solubility of iodine in water, the effect of relative humidity on methyl iodide re-
moval, and availability of information in addition to that contained in ORNL-TM-1291. The following in-

formation was prepared by G. W. Parker in response to these questions.

1. Solubility of lodine in Water at 25°C

In order to reemphasize the very low order of expected release of radioiodine from the HFIR pool
water, it is of most interest to refer to a paper by Diffey et al.® These authors report in summary that
“‘when the total volume of air is the same as the volume of water through which it has passed, decon-

tamination factors are about 100 for elemental iodine at concentrations greater than 10~5 g-mole/liter;

’

5R. E. Adams et al., The Release and Adsorption of Me'thyl lodide in the HFIR Maximum Credible Accident,
ORNL-TM-1291 (Oct. 1, 1965).

%Y. R. Diffey et al., lodine Clean-Up in a Steam Suppression System, CONF-650407, vol. 2, p. 776, Oak léidge
(April 1965). o . .

-

L.

[
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1000 or more for elemental iodine at low concentrations-and when sodium thiosulfate has been added to
the water; 2 for methyl iodfde; 100 for hydrogen iodide; and 50 for 0.06 micron diameter particles.”’ A
large increase in the partition coefficient is noted for iodine coricentrations below 10~ 6 g-mole/liter of
water. The above values are determined at 25°C. Slightly reducing conditions in the water such as may
be contributed by a metal-water reaction or foreign impurities serve to enhance the retention in water to

an extent approaching that for sodium thiosulfate solution. The data are shown in Fig. II.46.i.
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Fig. 11.46.1. Effect of lodine Concentration on the Equilibrium Partition
Coefficient for lodine at.25°C,

2. Solubility of lodine at 100°C

, At elevated temperatures, according to Griffiths,” two effects are noted. The first, at high iodine
concentrations, is a significant reduction in the retention of iodine such that at 100°C the partition is
only 10 to 1 in favor of the water when an equal volume of air is passed through. At lower iodine con-
centrations or in the presence of reducing impurities, the reduction of iodine and hénce the decontamina-
tion coefficient will increase to values higher than those at room temperature corresponding to the in-

crease in reduction rate.

3. Experience in Reactor Accidents lllustrating lodine Retention in the Coolant Water

Some actual experience with this water-retention process is reported by Edwards® in a review of the

1952 NRX accident, in which no !3!] release was observed. In this case it was postulated that absorp-

7y. Griffiths, The Removal of lodine vfrom the Atmosphere by Sprays, British Report AHSB(S) R45 (Jan. 9, 1963).

8w. J. Edwards, Fission Product Release from the NRX 1952 Accident, Canadian Report CRDC 1177 (December
1963). .
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tion by the aqueous coolant appeared to have been a major factor in limiting the seriousness of fission
product dispersal.

The meltdown of an ORR fuel plate in July 1963 resulted in a significant release to the water but no
apparent release to the atmosphere, WTR in April 1960 also expérienced a meltdown of aluminum alloy

fuel under limited water flow with no reported iodine in the vapor form.

4, Retention of Methyl lodide by Impregnated Carbons Under HFIR Conditions

Since the development of the highly efficient impregnated carbons, the removal of mefhyl iodide from
off-gas streams by adsorption in relatively shallow beds has become routine. In Fig. 11.46.2, most of the
pertinent data are reflected for conditions especially pertinent to HFIR. These are an air flow of 40 fpm
and 70% relative humidity. In the graph a residence time of 0.25 sec would correspond to a depth of 2 in.
The indicated penetration rate is about 0.1% for the test sample of MSA carbon 85851. Other carbons and

other impreénants give lower values to less than 0.0001%.
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5. Effect of 100% Relative Humidity

Reference to difficulty of removal of methyl iodide at very high humidiiy approaching 100% is pres-
ently regarded as meaning that only a slightly longer residence time is required. In TRG 2986, Taylor
and Taylor,? it is feported that only a'25% increase in residence time will accommodate the maximum in-
crease in humidity and afford the same decontamination factor. ‘ ,

Applying this information to the MSA 85851 impregnated carbon filters, it can be seen from Fig.
I1.46.2 that an increase in the relative humidity from 70% to 100% would ohly increase the percent pene-

tration from 0.09 to 0.31.

47. With reference to response 31B, provide an estimate of the error associated with the
assumed neutron flux. With reference to response 31C, provide a discussion of the

.
consequences of failure.of the structural members mentioned in the response.

In order to obtain reasonably good estimates of thé neutron fluxes for the purpose of calculating neu-
tron damage to the reactor vessel, an experiment was/conducted with a simulated HFIR core and beam
tube arrangement in the ORNL Bulk Shielding Facility (Swimming Pool Reactor). Of particular interest
was an investigation to determine the fast neutron fluxes at the location of the beam tube nozzles. This
information was used to help determine the size of the nozzles and the material to be used.

Various detectors were used to measure the fast neutron spectrum. The accuracy associated with the
measurement of the fluxes was estimated to be +25%. However, in order to compensate for possible
future contingencies, the nominal experimental fluxes were multiplied by a factor of 2 for design pur-
- poses, and as yet no further contingencies have develbped. .

The other structural components referred to in the answer to question 31CI are far enough from the
_core that there is no concern about radiation damage. Furthermore, the materials are quite ductile, have
been thoroughly inspected for manufacturing defects, and are subjected to very low stress levels, most of
which are compressive. For these reasons the probability of failure is nil. Thus it is essentially im-
possible to sensibly predict a mode of féilure and subsequent consequences. Perhaps it is sufficient to
say that in the case of the three support assemblies mentioned, breakage ‘and/or warpage of these com-
ponents could lead to dimensional changes in the control region and thus would be a threat to satisfac-
tory operation of the control rods, although it is very unlikely that all rods could be immobilized. If the
- relative radial movement took place slowly with respect to fuel cycle time, it is possible that significant
-dimensional changes would be detected during routine in situ inspection of core dimensions and/or during
rod movement checks following each refueling, o _ o
In the case of the shim-regulating rod drive bracket (attachment between control rod and drive rod) a
mode of failure and consequences are somewhat more definitive, although the probability of failure is not

significantly different than that for the other cases. If the web joining the hub and the ring were to break

- R, Taylor and L. Taylor, Progress Report on the Trapping of Methyl Iodide at High' Relative Humidity, TRG
" _Memorandum 2986(W), not for publication.



184

on each side of the hub, it is possible, depending on the nature of the break, that the shim-regulating rod
would fall out of the core with an acceleration of about 2 g. During normal operation, the most severe ’ :
transient would occur with a ciean core, since the differential rod worth would be large. This case has

been analyzed and was found to be less severe than ‘the flux trap void accident.

L 3]

48, With reference to response 33, provide a discussion of the shutdown and evacuation
potential at MSRE, including a summary of results of evacuation tests that may have

been conducted. N

The following information was supplied by the MSRE staff: o
In the event of an emergency at a neighboring facility, such as the HFIR, requiring shutdown and

evacuation of the MSRE area, and assuming the MSRE to be operating at power, normal action would be:

1. HFIR alerts Laboratory Emérgency Director (LED) of emergency condition.

2. LED notifies MSRE to evacuate. ' : ‘
3. The MSRE local emergency director initiates evacuation plan for nonoperating personnel,!?

4

The control room supervisor makes operating changes necessary to effectuate shutdown of the reactor.

The amount of time devoted to this phase will depend on the time available. The minimum steps .
would be operation of the ‘‘rod scram’’ and ‘‘load scram’’ switches on the main console (about 3 sec

operating time).

5. All remaining personnel evacuate from the area.

Evacuation drills have been made .to check the emergency procedures. The results indicate that per-
sonnel may be evacuated from the MSRE buildings to Melton Valley Drive in about 2 min. It is estimated
that evacuation of personnel from the valley to a more distant site could be effected in about 10 min by

use of private vehicles.

49, With reference to response 34A, what is the maximum increase in core fission product
.inventory associated with the increase in fuel cycle time that could result from use of

different fuels or increased loadings?

The inventory of long-lived fission products would, of course, increase with increased fuel lifetime.
However, the fission products of interest, namely the noble gases and iodines, afe, with the‘excebtion of i a
131], essentially at.their saturation value after 15 days’ operation. Accordingly, the saturation’ values
for these isotopes were in the dose calculations presented in Part L.
An increase in the fuel lifetime could, at most, increase the 13'1 inventory from 16.2 curies/kw to its
saturation value of 22,3 curies/kw. - This would increase the estimated internal doses due to iodine by a
factor of 1.16. ‘
The increase in heat generation due to fission product decay immedi§tgly after shutdown would, re-

gardless of the fuel lifetime, exceed that to be expected following a 15-day lifetime by less than 5%.

104, N. Smith, MSRE Design and Operations Report, Part IX, Safety Procedures and Emergency Plans, ORNL-~ .
TM-909 (June 1965). ‘ . '



185

50. With reference to responses 34B and 34C, we have been advised by ORNL that there
are many other criteria than the two mentioned which would be used to measure the
safety'invoilved in core changes and the appropriateness of regulatory review. Pro-

vide an expanded discussion of these other criteria.

The criteria by which any new fuel element design will be judged safe will be essentially the same
as has been used for the present fuel element design. Of course it is quite possible that lsome details of
the criteria may change as operating experience is obtained. As pointed out in response 34, only minor
changes in design are postulated for the foreseeable future. These changes will be for the purpose of
extending the average life of the fuel elements to about 15 days, which was the original goal and the de-
sign basis for the HFIR. The above memo also stated that from a safety point of view the general cri-
teria that had to be satisfied were associgted with demonstrating adequate shutdown margin, and con-
cluding on the basis of a thorough heat-transfer analysis that the incipient-boiling power level during
steady-state operating conditions was equal to or greater than the scram set point. These basic géneral
criteria can of course be broken down into numerous and perhqps more fundamental criteria such as con- '
cem: radiation damage to the fuel plates; segregation, distribution, and loading of the fuel and burnable
poison; fuel plate and coolant channel dimensional tolerances; fuel plate cladding integrity (nonbonds) .
and surface condition (roughness, scratches, cleanliness); quality control of material; quality of as-
sembly welds; ahd side pléte dimensional tolerances. All of tflese criteria are a part of the HFIR fuel
element specifications, which in principle will cover all fuel elements ﬁsed in the HFIR. Wherever ap-
propriate, the above detailed ‘‘criteria’’ have been included in the heat-transfer analysis and thus are
considered, as indicated above, when calculating the steady-state incipient-boiling powér level. Since it
is the combination of these criteria rather than each'one separately that determines the incipient-boiling
power level, the individual criterion can be somewhat flexible.

In the event that a new form of the fuel is used, or if the fuel and burnable poison surface densities
are increased significantly, or if a different type of cladding is proposed (nickel plating on aluminum
cladding), suitable proof testing will have to be performed to obtain the necessary design data. This is
no different than what has been done for the present core design.

Whenever significant changes are proposed in feactor core designs at ORNL, the Reactor Operations
Review Committee reviews the proposed changes. In addition, the Operations Division is obiigated to

inform the AEC Oak Ridge Operations Office.in order that the proposed change can be reviewed by the
USAEC. ’

51. Response 38A does not provide the results requested for reactivity transients con-
siderably more severe than those previously treated. Provide the results of the

analyses previously requested.*

Following telephone discussions with Mr. Saul Levine and Mr. R. C. DeYoung of the USAEC Division

of Reactor Licensing regarding this question, a telephone conversation was held with Dr. David Okrent

*Further discussed in detail, answer 55 and Appendix L.
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of the Advisory Committee on Reactor Safeguards in an attempt to better define the scope and objectives
of the question. Dr. Okrent stated his interpretation of the underlying philosphy as a concern as to
whether or not there were possible mechanisms for introducing k which might aggravate the accidents
considered. Consideration of this possibility in regard to the accidents studied and/or even somewhat
larger accidents might indicate whether or not some breakpoint in accident severity might lie just above
the- maximum accidents previously considered, The following presents such information as we have on
this subject. ‘

If a reactivity accident were severe enough, it is possible that additional reactivity could be added
as a result of fuel displacement and radial movement of the control rods. Uniform removal of fuel plate.
from the core increases reactivity up to the point where about 30% of the fuel plate has been removed
The maximum reactivity addition is about 2.4% Ak/k, and for relatively smaller amountsthe coefflclent
is about -0.113 Ak/k/AV/V. Radial movement of the control rods away from the fuel region decreases
" the worth of the rods slightly, because reflection from the water gap between the fuel and the rods would
be increased and moderation between the rods and the beryllium reflector would be decreased. Based on
results obtained from critical experiments, it is estimated that the maximum decrease in rod worth would
be less than 1% Ak/k. ' ‘

Suppose the fuel plate begins to melt and drop out of the core at about the time the peak in power is
achieved during a fast transient. At this time the safety rods are inserting nega'tive reactivity, assuming
that they started from nearly the fully withdrawn position, at a rate of about 0.25 Ak/k per second. If it
is assumed that the molten material leaves the core with the coolant velocity and that on the average it

must travel one half the core length, then reactivity would be added at the rate of

0.113 Ak/k/Av/v . 7.5 Ak/k/Av/v
0.015 sec - sec )

Thus, the maximum fraction of the fuel plates that could melt out without causing a net increase in reac-
tivity would be 0.25/7.5 = 0.033. Earlier in the fuel cycle the differential rod worth is considerably
greater, and thus melting of a larger fraction of the core could be tolerated without a net increase in
reactivity. The maximum fuel plate fraction  for this case would be about 0.20.

The rate at which reactivity might be added by radial movement of the control rods is somewhat more
difficult to estimate. Radial movement of the rods could result from a pressure surge in the fuel element,
in which case the pressure wave would have to travel out the bottom of the element (assuming that the
outer side plate of the outer element did not rupture). to the inner surface of the inner rod, which is a
complete cylinder, and through the hydraulic relief holes in this rod to reach the safety rods. In the
event of such an accident, it is.quite probable that the rods would be immobilized. Thus shutdown would
take place as a result of core disassembly. However,. the extent of the accident required to cause such a
pressure surge would probably cause disassembly of the core prior to the time the rods were affected.

According to SPERT test results (IDO-16806, IDO-16893),'! 12 pressures no -greater than 20 psi were

11p, Schroeder (ed.), SPERT Project Quarterly Technical Report, April—June 1962, IDO-16806 (Sept. 21, 1962).

12p, Schroeder (ed.), SPERT Project Quarterly Technical Report, January—March 1963, IDO-16893 (May 20,
1963). .

(m
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generated even for tests in which considerable melting took place. These pressures were measured at
the ends of the element, indicating the pressure generated by moderator expansion. At the side of the
core, where mass movement of the water was restricted by the fuel assembly cans, the corresponding
pressures were limited to about 2 psi. Even in the case of the SPERT I 3.2-msec-period destructive
test, the pressure associated with water expul,s‘ion from the core (prior to the steam explosion) was only
35 psi. For pressures of this magnitude the side plates of the HFIR fuel elements would not be stressed
a significant amount in ter\mé of radial displacement. The same is true for the inner control cylinder,
which would see an order-of-magnitude lower pressure, yet has about the same wall thickness as the side
plates. Since the side plates and the inner control cylinder act as buffers between the pressure genera-
tion point and the safety rods, it appears highly unlikely, even for.a case in which significant fuel ele-
ment damage takes place, that the safety rods would become immobile. Higher pressures can’of course -
be developed such as the several thousand pound pressure generated by the steam explosion in-the
SPERT I 3.2-msec-period test. This pressure surge came after the peak in power and disassembled the

core. It would appear that immobilization of the safety rods at this point would be of little consequence.

The need for considering the above secondary reactivity additions is perhaps only academic,
since, as stated previously it is concluded that none of the postulated primary reactivity accidents
would result in {nelting or significant pressure surges, This conclusion was based on an analysis of
SPERT test results and a comparison between SPERT and HFIR, in which case it was found that the
HFIR should experience a less severe transient for the same reactivity addition, and the particular
SPERT core suffered no damage as a result of a 1.3% Ak/k step‘addition. The worst reactivity addition
postulated for the HFIR is 1.3% Ak/k in 30 msec. ‘ '

Another way in which a transient could be aggravated by a secondary reactivity addition would be by
_the formation of voids in regions having positive void coefficients. Both the flux trap and the control re-’
gion have positive void coefficients. However, their heat generation rates and heat transfer character-
istics, relative to those in the fuel elements, are such that boiling will occur so much sooner in the fuel

element that during the postulated transients no voids would be formed in these other regions.

Altﬁough the overall void coefficient in the fuel region is strongly negative, there is a narrow region
adjacent to the flux trap that has a small positive coefficient. At the beginning of a fuel cycle the power
density in tﬁis region is about the same as elsewhere in'the inner element and a pottion of the outer ele-
ment., However, as the fuel cycle proceeds, nonuniform burnup of the fuel reduces.the relative power
density adjacent to the flux 'trap, rﬁaking the positive void effect less important. 'But ‘even for the clean
core condition the positive void effect is so small as to be negligible, 'If the entire positive void region
were voided, the additional reactivity would be only 0.0002 Ak/k. Nevertheless, it is of interest to know
how sensitive core damage is to reactivity addition. In the SPERT'I (DU—12/25) tests the first signs of
fuel plate damage (minor deformation) occurred with a 7-msec period, which corresponds to a step change
in reactivity of about 1.5% Ak/k. In subsequent tests the period was reduced in steps to about 5 msec

" (~1.9% Ak/k), at which point some melting and widespread deformation of the fuel plates were observed.
Thus it appears that the HFIR could survive a réactivity addition considerably in excess of the 1.3%

Ak/k on a 30-msec ramp that has been postulated.
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52. Provide a discussion of the results of operation of HFIR at power levels up to 20 Mw
(thermal).

On August 25, 1965, the HFIR achieved criticality for the first time, and on January 29, 1966, the
power level was increased to 20 Mw. At the time of this writing (February 1, 1966), the accumulated
megawatt-days at about 20 Mw are approximately 65. Operation thus far has been quite satisfactory,
with no major difficulties encountered. There is n)o reason to believe, based on this information, that the
power level should not be increased to 100 Mw.

During the period from August 25, 1965, to January 29, 1966, an extensive nuclear ‘‘zero power”” ex-
perimental program was conducted for the purpose of investigating the nuclear chéracteristics of the ac-
tual HFIR facility, ' ® for compiling generally useful data associated with the routine operation of the re-
actor, and for operator training. Analysis of much of the data that is pertinent to the evaluétion of the
nuclear characteristics is included in ORNL-CF-65-12-2.*

The types of experiments conducted for the purpose of investigating the nuclear characteristics are

as follows (a more detailed outline is given in Table 11.52.1):

1. Reactivity shutdown margins

2. Control rod reactivity differential worth

3. Fuel, fuel plate, and void reactivity éoefficients for the fuel regions
4. Isothermal temperature reactivity coefficients

5. Reactivity worths of various targets and voids in the flux trap

6. Reactivity worth of water in the beam tubes
7

. Reactivities associated with replacement of beryllium reflector vertical experimental facility

beryllium plugs with water and with voids
8. Effect of flow and pressure on reactivity and reactivity stability
9. Reactivity worth of 108 stainless steel strips in the fuel elements (secondary shutdown)
"10. Power distributions

11. Response of safety system to neutron-generated signal

On _]énuary 26, 1966, the reactor was prepared for mode 2 operation (unpressurized, ~10% full flow).
The system was first pressurized to 600 psi, and three-pony-motor flow (~2200 gpm) was provided.
Under these conditions the power level was increased to about 2.5 Mw, with heat power calibrations be-
ing made at intermediate levels. While at 2.5 Mw the flow rate was reduced to 1850 gpm (two-pony-motor
flow) and the inlet temperature was raised to 120°F (normal inlet temperature). Operation was satisfac-
tory. Following this, the mode 2 safety set points were checked and adjusted, and effects of system.

pressure were investigated. No abnormalities were observed.

T

13M::my of the nuclear characteristics had previously been investigated in HFIR critical experiments conducted at
the ORNL Critical Facility (Building 9213).

14R. D. Cheverton and T. M. Sims, Analysis of Selected HFIR Critical Experiment Data for Period August 25
through October 22, 1965, ORNL-CF-65-12-2 (Dec. 1, 1965),

"
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Table 11.52.1. Chronolagical Outline

Post Neutron

Date Startup Procedure Description

8/25/65 1.A First approach to criticality

8/30/65 I.A Measurement of the differential worth of the standard control plates

9/2/65 1.B Confirmation of the response of the safety system to a neutron-
generated signal ’

9/8/65 II.LA and ILE Preliminary power distribution measurement with PI4W

9/13/65 II.B Check of shutdown margin for case IV

9/14/65 JII.C Check of shutdown margins for cases II and III

9/15/65 II.D Check of shutdown margin for case I

9/16/65 ILF Measurement of the differential worth of the control plates with
various clean and poisoned core conditions

9/29/65 II.G and IL.] Measurement of the power distribution at various symmetrical
critical plate positions

10/15/65 ILK Poisoning of the core with 1°B stainless steel strips

10/20/65 ILL Measurement of the fuel coefficient in the core

10/21/65 II.L Measurement of the water-void coefficient in the core

12/6/65 III.A Post shutdown noise measurements

12/7/65 III.A Measurement of reactivity effects and shutdown margins for the

" prodﬁction core, standard plates, and various island inserts

12/9/65 V.A Measurement of reactivity effects and shutdown margins for the
standard core, standard plates, and various island inserts

12/13/65 V.B Measurement of reactivity effects due to changes in beryllium

‘ inserts in the reflector -

12/13/65 'V.B Measurement of reactivity effects due to filling and draining the
beam holes

12/16/65 IV.A Measurement of reactivity effects and shutdown margins for the

s . production core, production plates, and _variou§ island inserts

12/20/65 VI.A Measurement of reactivity effects and shutdown margins for the
standard core, production plates, and various island inserts

12/22/65 vV.C Check for reactivity differences between the Phase I and Phase II
removable reflectors ' ’

1/11/66 VIL.A Check for any effects of water flow and pressure on reactivity

1/15/66 VILB Measurement of the overall isothermal temperature coefficient with

' the dummy flow test target

1/17/66 Special reactivity tests using the M and C first production core

1/18/66 Measurement of the overall isothermal temperature coefficient with
the 242py target ‘

1/26/66 VIL.D Mode 2 operation (2.5 Mw) ’

1/28/66 VILE Mode 3 convective cooling test (100 kw)

1/28/66 VILF

to date

Mode 1 operation (20 Mw)
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After completing the mode 2 checks and calibrations, operation of the reactor was checked out in
mode 3 (unpressurized, no forced flow). With the system depressurized (quick-opening hatch open) but .
with three-pony-motor flow, the reverse and level scram set points were checked and adjusted. The trip
settings were then adjusted so that the reverse trip was at 135 kw (normally at 120 kw), the level trip 4
was at 130 kw (normal), and thermocouples were provided at the ends of the fuel elements. With the
coolant flow turned off the powei' level was slowly increased to ~130 kw. No boiling or other possibly
detrimental conditions developed, and thus operation in mode 3 was considered satisfactory.

The final mode of operation investigated was mode 1 (pressurized, flux-to-flow ratio appropriate).
With the system pressurized to 600 psi and with full flow (~16,000 gpm) the power level was gradually
increased to 20 Mw. At intermediate steps heat power calibrations were made, and the servo performance
was checked by raisingand lowering the power level a few megawatts and by observing the response to
xenon changes. Performance was quite satisfactory. Following these checks, two of the three operating
primary pumps were shut'down, reducing the flow rate to about 9500 gpm. No difficulties were en-
counltered.

Mode 1 operation is continuing while more precise calibrations and instrument checks a.re being
made, and while data pertaining to the transient behavior.of the fission products are being obtained. .

The only result from all these experiments that deviates from what was expected is that associated
with the isothermal temperature coefficient. In the HFIR critical experiments the isothermal temperature
coefficient was found to be slightly negative over the expected temperature range (68 to 160°F), whereas
that measured in the HFIR facility was slightly positivé up to about 120°F, with a maximum increase. in
treactivity from room temperature of 0.07% Ak/k. This constitutes no particular operating problem since
the fuel region temperature coefficient is strongly negative. The difference in the two measured iso-
thermal coefficients is attributed to a difference in the control' rod drive mechanisms, a difference in the
water content of the control regions, which have slightly positive coefficients, and a difference in the
fuel elements (an 8-kg core with uniform burnable poison distribution was used in the original measure- .
ment). 4

In the zero power experiments several combinations of fuel elements, control rods, and targets were
used. The fuel elements included the critical experiment elemént (9.4 kg of 235U, 2.12 g of 1°B), which
is referred to as the HFIRCE-3 element, the ORNL production element (9.4 kg of 235U, 3.60 g of 1°B),
and the first Metals and Controls element (9.4 kg of 235U, 2.80 g of 1°B). The only significant differ-
ence between these elements is the loading of the '°B burnable poison. Subsequent elements are pres-
ently specified to contain 2.80 g of !°B.

Two sets of control rods were used: the HFIRCE-3 rods and the first production rods. With the ex-
ception of a few hydraulic relief holes these two sets of rods are identical. /

The different targets used in the flux trap are listed in Table I1.52.2. To avoid the possibility of
voids entering the flux trap during the early experiments, two different plastic containers were used to

displace the water in the flux trap. One contained the HFIRCE-3 simulated 300-g 2*2Pu target!S plus

235

15The HFIRCE-3 target contained U, 238U, and silver to simulate'a maximum reactivity 300-g 242py target.
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Table 11.52.2. Targets Used in Flux Trap

Nomenclature Description

PI +W Plastic container filled with water

PI +V Plastic container wi£h optimum void

PT +W Plastic container with HFIRCE-3
target and filled with water

PT +V - Plastic container with HFIRCE-3
target and optimum void

DFTT Dummy flow test target (all aluminum)

235y rods Standard target using 235U, 2’38U,

and tantalum to simulate maximum

heat generation rate

—~

242py rods Standard target containing 248 g of
' 242py, 2.5 g of 239Pu and 2.5 g
241
of Pu

the corresponding optimum void space; the other was provided with the optimum void space that corre--
sponds to no target ir; the flux trap. Both of these plastic containers could be voided or filled with
water, ‘

Some of the more interesting results obtained during the zero power experiment, and which are not in-
cluded in ORNL-CF-65-12-2, are those associated with reactivity changes resulting from flooding of the
beam tubes and replacement of reflector beryllium plugs with water and voids. As shown in Table

I1.52.3, the reactivity changes resulting from these variations are negligible.

53. Provide a summary of -significant changes made to the facxhty since commencement
of operation.

:

From the standpoint of safety, the significant changes which have been made or are being planned
have been discussed in the answers to previous questions. Some of the changes were started
prior to the start of operation; however, they are listed below as they are considered
significant:
1. replacement of the HFIR SBHE charcoal filters w1th MSA85851 charcoal filters havmg a bed
"~ depth of 2 in.,

replacement of the beam tube end cap bolts with bolts of high strength material,

N

3. addition of a wide-range radiation monitor for the reactor bay area,
4, addition of a wide-range, high-level stack monitor to provide additional 1nformat10n should a
severe accident occur,

5. addition of an extension to the beam tube shutter access plugs for the purpose of ensuring that
the shutter would restrain the beam tube plug in the event of a postulated dual acc1dent in which
the inner end of the beam tube ruptures and the outer end cap falls

6. addition of a liquid poison injection system.
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Table 11.52.3. Reactivity Effects Due to Changing Experimental Facilities

Symmetrical . Reactivity Change®

Cf)re Condit‘ion Critical Position (cents)
Standard core — alfberyllium plugs in 16.311 )
Standard ct;xje - all beryllium plugs out : ) 16.332 i . —4,5
Standard core - six air-filled plugs 16.328 —4.0
Standard core — all beam holes empty 16.310
Standard core — HB-1 filled 16.306 : . +1.05
Standard core — HB-1, 2 filled 16.305 +1.68
Standard core — HB-1, 2, 3 filled E 16.302 +2.40
Standard core — HB-1, 2, 3, 4 filled 16.302 T 42,10

“Rhoette reading.

In addition to the above, there have been several other changes which were made to help ensure con-

tinuous operation of the reactor or to improve the ease of operation:

7. A third fan for the SBHE system is presently being installed. This fan will operate from the

10.

11.

normal ac power and can be considered as an installed spare to minimize the probability of
having to shut down the reactor should the operating fan fail. Our criteria requite that one fan
be operating at all times with an operable and tested fan in standby.

A fourth air compressor is being added to the instrument air system to complement the two ex-
isting normal air compressors and the emergency compressor. This change is being made to re-
duce the maintenance requirements on the existing system and to provide greater assurance
against loss of air pressure during normal operation.

Modifications have been made to the primary pressurizer pumps head tank and the head tank
level sensor system in order to reduce the probability of air entrainment during operation and to
prevent damage to the pumps should the head tank water level drop below a safe level.

A 10-in. bypass control valve has been added in parallel with the existing main control valve in
the secondary coolant system. This valve will provide a finer degree of control than the large
valve and will reduce maintenance requirements for the large valve and its operator.

Several minor changes have been made to the control rod actuating and selector switch systems
to improve the ease in making adjustments to rod position. v -

a) An additional position has been added to the rod selector switch to permit movement of con-
trol rods Nos. 1—4 without movement of No. 5 at the same time. This prov1sxon makes it
easier to keep the rods balanced, that is, symmetric.

b) The rod actuator switch has a position which allowed any selected rod to be inserted through
action of the intermittent rod motion timer. This position has been changed so that contin-

uous insertion of any rod is achieved. This change was made to provide for greater ease in

making small insertions (jogs) of the control element.

¢) The intermittent timer circuit has been changed so that the timer resets itself after each in-
termittent action. This provision makes it easier for the operator to ‘‘jog’’ the rods out a
very small amount, as-the timer does not stop in an ‘‘off’’ position.

R

D)
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s

Although not a recent addition, no description is presented of the display instrumentation-which
is presently being built for the HFIR. Three sets of instruments are being provided to display
the information from the three wide-range fission-chamber channels so that it will be easy for the
operator to tell at a glance the approximate power level. In addition, continuous digital readout
instruments are to be provided for aceurately reading out the heat power level from any three of
the six heat-power. computers. Again, this display is being provided so that the operator can
more easily verify the status of the reactor from the control console.
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Part llc. S:afety Review Questions and Answers 54—60

ABSTRACT

Following the review of the preceding analyses, the Advisory Committee on Reactor
Safeguards (ACRS) requested an analysis of a more severe reactivity accident than that
established as credible, and without control rod action to help terminate the accident.
The information in this set of questions and answers provides this analysis, considering

the effect on the primary coolant system and containment building, including metal-water

reactions.

Originally published as ORNL-CF-65-11-29, suppl. 2 (Aug. 15, 1966).
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INTRODUCTION AND SUMMARY

Previous analyses of power excursions in the HFiR were based on a postulated maximum reactivity
insertion of 1.3% Ak/k in 0.03 sec. This accident could come about as a result of a void being swept
into and remaining in the‘high-velocity region of the target. The power excursion resulting from this re-
activity insertion would be terminated by the combined action of the negative temperature coefficients in’
the fuelvrt.egion and the insertion of the safety plates. The kinetic studies of this accident showed that
essentially no fuel melting would occur, and that no significant damage would result outside of the fuel
élement,

Information regarding more severe accidents is presented herein as requested by the Advisory Com-
mittee on Reactor Safeguards (ACRS). While we have evaluated many detailed aspects of reactivity be-
havior during the course of this investigation, the general problem is raised by question 54

in which the analysis of transients without control rod action is requested. With this re-

" striction applied, termination of any significant reactivity insertion accident must necessarily result from

core disassembly, As previously discussed it is conceivable that, as the molten fuel leaves the core
region, reactivity might be increased if the appropriate geometrical conditions were achieved. Although

this reactivity increase would most probably be compensated for by the generation of voids in the core

_ tegion, the detailed behavior cannot be predicted with the accuracy required to show this to be the case

during all stages of disassembly. For this reason, we have chosen to approach the problem in a much
more general manner, in which it is shown that the energy release during a severe excursion is limited by

core disassembly resulting from the energy pulse. This approach has the merit of being relatively inde-

" pendert of how the reactivity is introduced, that is, whether by an initiating reactivity insertion larger

.than our postulated maximum accident or by possible increases in reactivity resulting from core rear-

fangement du]‘ring disassembly.

An analysis of this type of disassembly is presented in Appendix H, and the results indicate that an
energy release from the nuclear excursion of 300 Mwsec represents an upper limit, if it is assumed that
a flat power distribution exists. A somewhat more realistic limit of 200 Mwsec is arrived at by approxi-

mating the nonuniform power distribution of the HFIR core.

’

The consequence of possible energy releases from the aluminum-water reaction was discussed in the
answers to previous questions. It was shown that the rate of energy release from a metal-water reaction
initiated by loss-of-pressure or loss-of-coolant accidents was sufficiently low that no great concern re-
garding the containment was warranted. We did not previously consider the energy release from this -
source when the initiating accident was the postulated maximum reactivity insertion, inasmuch as thé
resulting excursion was not, in that case, su’fficient to exéeed tfle temperature threshold for the reaction.
The present treatment includes an analysis of the quantity and rate of energy release under the assump-

tion that it is initiated by a nuclear excursion. -

Appendix I contains a discussion of the metal-water reaction mechanism. We have made the assump-
tion that an immediate reaction and release of energy occurs for any part of the aluminum which is vapor-

ized during the nuclear transient.
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The ability of the primary containment system and in particular the ability of the reactor vessel to

contain the energy release resulting from the limiting nuclear excursions and the corresponding aluminum

metal—water reactions has been reevaluated. The general approach has been to consider the equation of

state of the vessel and to apply physical laws and data to the distribution of energy released in excursions -

of various magnitudes. This analysis is presented in Appendix J. For a nuclear excursion in which it
is assumed that no metal-water reaction takes place, the vessel will not rupture unless the excursion
releases more than 1600 Mwsec of energy. If a prompt metal-water reaction takes place for all aluminum
which is vaporized and ‘a delayed reaction for the remaining aluminum, the vessel will not rupture unless
the nuclear excursion is greater than 600 Mwsec.

Although we show that the system has adequate strength to contain the energy release estimated to
be the upper limit, we have also investigated the consequences of a premature failure of the reactor
vessel for the purpose of investigating the consequences of a release from the vessel into the reactor
pool aﬁd from there into the reactor building — secondary containment. This analysis is contained in
Appendix K.

The top of the reactor vessel is 17 ft below the surface of the water, and the center line of the
reactor core is 27.5 ft below the water surface. Consequently, any escaping steam or gas will pass
through at least 17 ft of water before reaching the atmosphere of the building. During this process, some
of the energy contained in the hot gases will be lost to the pool water. The.exact amount of energy
which will be lost in this way depends upon the manner in which the gas is conveyed through the water.'
If the gas is broken up into many small bubbles, the heat transfer may be almost complete. On the other
hand, if the gas emerges in the form of a few large bubbles, there will be considerably less heat loss to
the pool. Because it is not possible to predict the exact course of the bubbles’ emission, we have
chosen to evaluate the consequences using the extremely conservative assumption that no heat is lost to
the pool. For the limiting nuclear excursion, the pressure rise in the building is calculated to be less

than 0.5 psi.

The containment features of the HFIR building were originally specified on the basis that there was
no ‘credible accident which would result in an increase in pressure in the building. This approach was
consistent with the analysis of reactivity accidents, the low temperature of the primary coolant system,
the absence of a pressurizer system which contained significant stored energy, etc. However, the re-
actor building is constructed of reinforced concrete and is designed to be a relatively low-leakage build-

ing when compared to.conventional buildings. Review of the design shows that it is adequate to with~
stand an internal pressure of 0.8 psig without exceeding the yield stress of the reinforcing steel. The
truck door on the air lock, however, would be loaded to the yield stress of the material at about 0.3 psi

differential pressure,

In order to carry our investigation one step further, we have investigated the external gamma and the
internal iodine doses at the downwind site boundary previously agreed to, that is, approximately 4 km
from the HFIR building, Data on the consequence of a ground-level release were presented in Fig.’
11.29.2. These values apply to a relativély slow release, and therefore a correction was applied for de-

cay. As before, 100% of the noble gases and 50% of the iodine were assumed to enter the building atmos-

o
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phere; it is also assumed as before that 1/3 of the iodine leaving the fuel escapes deposition and is
available for leakage. If it is assumed that the limiting nuclear excursion occurs, that the reactor ves-
sel fails prematurely, and that none of the energy is deposited in the pool, pressure will rise in the build-
ing until failure of the truck door relieves the overpressure. The location of the truck door and the
geometry of the air lock are such that little if any radioactivity would escape; however, if it is assumed
that a fraction escapes equal to the fraction of building air volume necessary to reduce the pressure to
atmospheric (at which time the SBHE system will exhaust the rest of the activity through the filters to
the stack), the calculated doses at the downwind site boundary, ~4 km, are 13 rads external and 27 rems
iodine for the most representative condition as previously defined. ‘

The HFIR containment system filters are located below ground level in shielded concrete pits. The
deeign of this system haslbeen reviewed, and it has been determined that no damage to the filteg)s would
result from a building pressure in excess of that required to fail the building.

We believe the previously studied maximum reactivity insertion will not result in significant melt-
ing or’damage by virtue of the fuel region temperature coefficient and safety rod action, and that sub-
stantially larger reactivity insertions and/or failure of the safety rods to act will not result in any sig-
nificant change in the off-area consequences.

" Inthe following section, we have prepared answers to the questions asked by the ACRS. Although
we list the questions as specific questions, we have attempted to prepare answers which not only treat
the specific points, but also discuss various ramifications which these points have brought to mind,

Appendix L présenté detailed discussions of Questions 54, 55, and 58.

QUESTIONS AND ANSWERS

54, Reanalyze transient previously discussed (1.3% Ak) without control rod action. What
is the extent of the metal-water reaction? Could boiling lead to a more rapid rate of
increase of the reactivity?
Several of the transients previously analyzed with the analog computer were reanalyzed with steam
void reactivity feedback incorporated in the model. The correlation used for estimating steam void -

! To include proper space de-

fraction was basically that proposed by Griffith, Clark, and Rohsenow.
pendence, the core was divided into five longitudinal regions, each region having appropriate weighting
factors. Typical results of these calculations are presented in Table IL.L.1 of Appendix L.

In the above correlation the void fraction is approximately inversely proportional to the coolant
velocity and the subcooling. Thus, for a highly subcooled, high;velocity coolant such as is the case
for the HFIR, steam Void reactivity feedback is not very effective in terminating power excursions.
HFIR calculations made for 10% flow show that in this case steam formation is quite important.

For the 10% flow case the steam void reactivity feedback at the time of peak power is about 30% of
the total negative feedback, whereas for the full flow case the corresponding steam void feedback is ef-

fectively zero. In the latter case the greatest negative feedback comes from fuel plate expansion.

1Griffith, Clark, and Rohsenow, Void Volumes in Subcooled Boiling Systems, Technical Report No. 12, M.I.T.
(1958).
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For the above calculations only the end-of-cycle cases were considered, which means that the
initial differential safety rod worth was quxte small. As a result the safety rods contributed very little
to the termination of the excursion, their main function being to hold the reactor down after the self-
shutdown mechanisms have functioned. A companson of cases with and without control rod action
shows that the difference in peak power and the plate temperatures shortly after the peak in power are
quite small.

In the event that the safety rods do not scram, the power level will tend to level off at about 500 Mw,
following the initial transient, in which case the plates would be film blanketed and would be increasing
in temperature at the rate of about 15°F /msec. In approximately 30 mséc, the pressure drop across the
core would push the molten fuel plate materiai out the core region. The temperature increase of the
aluminum, ?ssuming,it is still in contact with the fuel, would be about 450°F, which is not enough to
initiate the metal-water reaction. If a steam explosion were to occur in the meantime, the ejection of
material from the core would be even faster. Thus, it is not anticipatéd that failure of the safety rods
to scram would result in a metal-water reaction from the postulated maximum reactivity insertion
accident.

Several “‘boiling’’ conditions in regions having positive void coefficients have been considered as
possible mechanisms for adding reactivity more rapidly than postulated for our maximum reactivity
accident. The regions of interest are the flux trap, the control region, and perhaps a very narrow region
in the inner fuel region adjacent to the flux trap. Positive reactivity associated with the latter is limited
to about 0.02% Ak/k and thus is negligible. Heat generation rates in the control region are relatively
low, making the rate of steam formation under flow blockage conditions very low; and furthermore, the

total positive reactivity associated with voids in the control region and reflector combined is only about

0.5%.

In the flux trap region, the possxble reactivity addition due to boxlmg is quite large, but under normal

conditions boiling in this region would lag far behind that in the fuel region. The abnormal conditions

considered are as follows:

1. Partial flow blockage to the flux trap could cause the coolant to be on the verge of subcooledl
boiling, so that the initiating accident would immediately result in positive reactivity feedback.

2. Boiling within a waterlogged target rod could result in an almost instantaneous voiding of the target
rod coolant. - ‘ 4 V )

3. Boiling and other type voiding of the target could result in target melting, which could change the ’
metal-to-water ratio in the flux trap and thus change the size of the optimum void and associated

- b
reactivity.

In the first case, the rate of steam formation is so slow relative to the rate at which reactivity is
being added by the initiating accident that the contribution to the rate is completely negligible. The
total reactivity associated with the void insertion and boiling can be no greater than the 1.3% Ak/k be- .

cause of the space limitation.

The second case, target rod waterlogging, is a problem only if a rather largé clearance, relative to

that permitted by specifications, exists between the pellets and tube wall and/cr between the ends of

iy
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adjacent pellets, The amount of en’er\gy required to burst a tube is large compared to that transferred to
the water during the 30-m§ec ramp‘associated with the initiating accident. This means that the tube
would not burst in time to add to the rate of reacti\;ity insertion. After bursting, the expansion of the
limited amount of high-pressure steam would not 'r:esult in complete voiding of the coolant surrounding
the rod, but wo‘uld result in a reactivity addition of only 0.04% Ak/k per rod, provided that there was
any coolant left to displace, Thus, waterlogging of the target rods does not enhance tlte maximum te-

activity accident.

A more likely waterlogging case is that in which an out-of-tolerance rod becomes waterlogged at low
temperature. As the reactor is slowly taken to power, the trapped water will begin to boil without melt-
ing the pellet. Under some circumstances, the tube could bilrst and almost instantaneously add re-
activity in the amount of 0.04% Ak/k per rod and 1.1% for all 31 rods. 'As indicated in Table ILL.1 of
Appendix L, all rods could rupture without causing melting of the fuel plates, provided that the satety
rods function. If the safety rods fail to act, the results would be as previously discussed above. If
this accident occurred simultaneously with the maximum reactivity accident, some localized melting
might be expected with safety rod action. With no action the shutdown would proceed as previously- -
discussed. Of course it is not very likely that very many target rods would be waterlogged and would -

rupture simultaneously.

For case 3, consideratjon was given to the situation regarding heat removal from a voided target.
Since it has been assumed that the optimum void stays in place in the target during the maximum re-
activity accident, it must be asaumed that for some period‘of time there is essentially no heat transfer
from the target. During the initiating 30-msec ramp, only 0.5 Mwsec of a needed 2.5 Mwsec to melt the
pellets is generated, making it highly unlikely that the target rods would slump before water could return
and cool them., Even if they did, there is enough target‘ extension above the active rod that would move
down with the slump and would maintain about the same metal-to-water ratio as before. Thus, no greater

amount of reactivity assomated with voids could be introduced.

55. Propose and examine mechanisms and accident conditions which might lead to the
insertion of greater amounts of reactivity than 1.3% Ak, 1t reactivity insertions worse
than that of Question 54 are found to be possible, what are the consequences to the
reactor facility for the limiting insertion? Some possible examples of sources of re-
activity insertion might be as follows:

A. If target overheats due to error or malfunction, could target failure of any kind,

coupled with voiding (partial or complete), lead to larger reactivity insertion?

This question was partially answered in the latter part of the first question. However, consider in
addition the unlikely situation in which the tandem grids fail or the target melts to the extent that it -
flows throuéh the grids, thus vacating the flux trap and making tHe trap vulnerable to the larger optimum
void. The net change in reactivity from the vbided maximum-fission target condition to the voided trap
with no target is +1.0% Ak/k; and the corresponding reactivity change, starting with the minimum re-
activity target, is 1.9% Ak/k. If the grids failed, allowing the target to be swept out with the coolant

veloc1ty while at the same time an optimum void entered, as much as 3.2% Ak/k could be ramped in



204

in less than 30 msec. Such an occurrence is incredible, but even so, as explained in Appendix J, the
reactor could withstand such an accident without rupture of the primary system.

/
! B. Could target become waterlogged, then fail under steam pressure during a transient

induced by other causes? If so, what might the reactivity transient be?
~ This is discussed in part under Question 54. In addition, we might assume that a transient is
initiated by son;e means other than a void insertion in the flux trap. Such an.event might be the failute ,
of the inner-control-cylinder drive bracket. We have previously shown that failure of the drive bracket
alone is a less severe transient than the void insertion accident. If the excursion adds‘enough energy
to the target, the target rods could burst, adding about 0.04% Ak/k per rod on a very fast time scale,
that is, fast com/pared to 0.03 sec. This could cause a further increase in power and, depending on how
many rods burst simultaneously, could cause melting of the core, even with safety rod action. Of course

the probability of having a large number of target rods burst at the same time is very small.

C. If target coolant is closer to boiling than anticipated, could transient originating

from another source lead to significémtly greater energy release th\an that of

Part I? . N

This is discussed in part in Question 54, There is also the possibility that an initiating accident
other than the flux trap voiding could cause boiling in the target region, in which case the two would be
additive., However, as indicated in the answer to Question 54, the rate at which steam can be generated
in the target region is so slow relative to a significant initiating accident that the additive effect is

negligible.

D. If flux trap is devoid of target, and flow is sharply reduced in that area, could
sudden incidence of boiling or voiding lead to large reactivity insertion?
This is discussed in part-under Questions 54 and 55A. Inadvertent operation without the target
could lead to a 3.2% Ak/k reactivity insertion on an 80-msec ramp. This could be tolerated without

rupture of the primary ‘'system.
\

E. If a local meltdown in a section of the core occurs, how large must the hole get
before one stops gaining reactivity? How much reactivity is involved? What is
the increase in power level at the edge of the region devoid of fuel, as a function
of hole size? How great is the tendency to spread as a consequence? To what
extent may such a mechanism lead to autocatalytic effects and transients starting
in this manner or from other sources? Are there other autocatalytic effects from

" fuel movement?

A single local cavity might very well grow in size due to power-density peaking, which can be as
much as a factor of 2 greater than the local average. The maximum reactivity addition would be about
0.03% Ak/k per spot, and the corresponding optimum hole size .would be about 6 cm in diameter. A uni-
form removal of fuel plate would add reactivity in the amount of 2.6% Ak/k, and the corresponding re-
moved volume would be 30%. It does not seem reasonable that this latter condition could be achieved

by the former mechanism, because the increased power density around a local ‘‘flux trap’’ tends to make

the hole grow beyond the optimum and thus results in a decrease in reactivity.

%
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F. What pressures might be generated from local fuel melting? How much fuel failure
is required to generate pressures which could move significant amounts of fuel

inward (and thus gain reactivity), or which could interfere with control rod action?

[ ¢

Does this allow for pressures from a ‘‘steam explosion’’ or a ‘“‘water hammer®’?

How much reactivity could be gained by inward motion of the fuel into the flux
trap? How much pressure would it take to produce such motion? Could flow
blockage lead to such effects?

It does not appear that localized fuel melting would result in a steam explosion, and thus the ac-
celerating pressures resulting from water a\nd plate expansion, if an excursion were to exist, would be
quite small. However, if several percent of the core were to be molten, it is quite possible that a steam
explosion would occur. Because of the high pressures required to deflect the fuel element side plate a
significant amount (see Appendix L), it is not anticipated that the tendency for inward movement -of
fuel would result in a significant addition of reactivity. It is more likely that movement of the safety
rods would be impaired. Of course a steam explosion large enough to move significant amounts of fuel
inwards or large enough to damage the safety rods, which are located beyond bofh the outer side plate,
and the even stronger cylindrical shim-regulating rod, would disassemble the fuel element longitudinally.
Thus it appears the pressure sﬁrges will only tend to shut the reactor down.

G. Are there any conditions in which water returning to a region after an explosion could -
lead to large reactivity insertio_ns? For example, if fuel and water-were e:fpelled from

a region due to melting, could water which rushed in thereafter cause a reactivity exe

cursion?

If the fuel elements are stretched out longitudinally, a maximum increase in reactivity of abput~6%
Ak/k could be achieved; t}/1e} corresponding optimum extension of the fuel element is 35%, and of course
it would be necessary for water to fill the volume vacated by the stretched fuel piate. It is not con-
sidered credible that a combination of molten plate and water-steam ejection would extend the plates
without disassembly so that returning water would tend to add the 6% Ak/k. In any case, the core would
be further disassembled (with energy release insufficient to rupture the pressure vessel) before the full
6% Ak/k is added (Appendix H). A'more probable but still unrealistic case is the one set forth in part
E of this question, in which it is visualized that the molten metal léaves the core in a uniform manner
to the extent of 30%, and the resulting space is filled with water. This could result in a reactivity addi-

tion of about 2.6%. As discussed in Appendix H, the resulting reactivity addition rate would not be

instantaneous,.and further disassembly would result in a reduction of reactivity.

56. What transient energy release, allowing for both total and rate of energy release, does
it take to rupture the primary system (including the reactor pressure vessel) and expel
significant amounts of water from the pool? What rapid reactivity insertion could lead
to this energy release? On what basis is the estimate for these values made? What is
the degree of uncertainty in the numbers?
The transient energy release required to rupture the primary system (including.the reactor pressure
vessel) has been calculated to be 1600 Mwsec from a nuclear excursion if no metal-water. reaction is

assumed. If a metal-water reaction is assumed, it requires a nuclear excursion of 600 Mwsec. As set.

forth in Appendix H we have found the limiting energy release from a nuclear excursion to be 300



206

Mwsec assuming a flat power distribution and 200 Mwsec if the more realistic nonuniform power dis-

tribution is assumed. The basis for the estimate on the containment potential of the reactor-vessel is

"w

" set forth in Appendix J. The values quoted are for nominal characteristics for the reactor vessel. We
have also investigated the effects of applying a large safety factor by considering a reduction of a ‘ -
factor of 3 in the elongation before rupture. This results in a calculated energy input for rupture from a
nuclear excursion of 600 Mwsec if no metal-water reaction is assumed and ™380 Mwsec if the metal-
water reaction is considered. Even with this safety factor, the reactor vessel is adequately strong to

contain the energy release of the limiting nuclear excursion plus the accompanying metal-water reaction.

57. What phenomena considered under Question 55 can possibly lead to transients, which
when coupled with the associated chemical reaction and loss of metal during such re-
action, lead to energies large enough to rupture the primary system and expel enough .

water, vapor, and gas from the system to threaten the integrity of the building?

'

As set forth in the Introduction and Summary, and as discussed in greater detail in Appendices H .
and J, we have found no phenomenon which could lead to an energy release large enough to rupture the
primary system. Even if it is assumed that the primary system ruptures premature/ly, as discussed in
Question 59 and Appendix K, it is quite probable that no significant overpressure would occur in the
building. If a significant amount of energy were transferred to the atmosphere of the building, the over- 4
pressure would. be relieved through the truck-air-lock doors and no damage to the building would result.
The doses calculated are within the guidelines of 10 CFR 100 at the downwind site boundary.

58. Are the answers to these questions changed if no control rod motion occurs?

For the end-of-cycle condition the safety rods do little more than shut the reactér down after the

power excursion has been terminated by fuel plate expansion and moderator expansion. In the case of

the maximum reactivity accident (1.3% Ak/k, 30-msec ramp) insertion of the safety rods prevents melting :
of the core. For more severe transients caused by much larger initial reactivity insertions the safety ‘
rods are of little use, and the case of core disassembly for shutdown is discussed in Appendix H. -

59. What would be the cohsequences of a reactor vessel failure, particularly with regard
to impairment of the containment and failure of the pool walls?

Failure of the reactor vessel during normal operation presents no particular problem with regard to
either containment or the pool walls. The available stored energy in the system would be dissipated by
release of about 33 gal of water, as the primary system is at an average temperature of only about 145°F,

' Failure of the reactor vessel during or at the end of an excursion representing a limitiné energy re-
lease case is discussed in Appendix K. No concern over damage to the pool walls is warranted as the
energy release required to cause significant damage is in excess of 4500 Mwsec on a TNT explosion
time scale. It is probable that no significant overpressure in the reactor bay would result from premature
failure as discussed in Appendix K. However, no adequate model or experiment/ for dissipation of energy
in the pool water has yet been obftained, and therefore, on the conservative assumption that all the

available energy is transferred to the reactor bay atmosphere, the pressure could rise 0.3 psi before
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failure of the truck-air-lock door would occur. The resulting dose at the downwind site boundary would
not exceed the 10 CFR 100 guidelines even under this set of conservative assumptions (see Appendix
. ¢ .

K). . 2

60. What steps will be taken, prior to installation of the backup shutdown system, to guard -

"against the consequences of an accident resulting from the inability to move control .

rods into the core? !

The backup shutdown system is already installed, and preliminary flow tests have been conducted to
allow proper sizing of the orifice which determines the flow rate of poison from the injection system to
the primary coolant system. This backup shutdown system will be operable prior to any increase in re-

actor power level above 20 Mw.

APPENDIX H

THE *ULTIMATE’® SHUTDOWN MECHANISM OF THE HFIR

This section is divided into two parts: (1) the consideration of a hypothetical instantaneous re-
activity addition of such magnitude that the resulting excursion melts, but does not boil, the aluminum
in the fuel plafes, the excursion being terminated by the thermal expansion of the plates, and (2) a
discussion of larger reactivity additions. - ,

At the operating pressure of the HFIR, 600 psi, the boiling point of aluminum is 3860°K (see Ap-
pendix I). If aluminum were heated from operating temperature (114°C) to this boiling point, its specific’
volume would increase from 0.37 ml/g to 0.665 ml/g (see Appendix I, Fig. IL.1.5), that is, by 80% of its
initial value. Assuming that the core can be approximated by a sphete, and that the expansion of the
aluminum is accommodated by an even expansibn of this sphere, the core would expand by 40%, since
about half of its volume is occupied by aluminum. According to nuclear calculations (see Fig. II.H.l),I
this results in an 8.8% decrease in reactivity.

If a total excess reactivity of 5.1% were added instantaneously, the reactor would. be super-prompt-
critical by 4.4%. The Fuchs model says that the reactor shuts itself ciown when the compensated re-
éctivity is twice the original prompt excess react’ivity. Thus, in the present case the reactor would be
shut down just short of boiling the aluminum. .

The initial 4.4% prompt excess reactivity corresponds to a period of 0.8 msec, or 1.6 msec, re-
spectively, at the beginning and the end of the fuel cycle. The energy deposited is 295 Mwsec (ex-
trapolated from numbers given in Appendix I, Fig. IL.L.5), short of the energy required to rupture the
primary vessel. ' .

The above model was deliberately made very simple, as a complicated model would not be very
convincing.v However, some of the simplifications deserve discussion. The thermal time constant of the
HFIR fuel plates is 2 msec, much shorter than the thermal time constant for the thicker plates of the
SPERT destructive test. Considerable heat flux is thus going to reach the metal-water interface much

sooner in the HFIR than in the SPERT test. Such heat flux results in violent boiling, water hammer,
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disruption of the molten aluminum plates, drastic increase of the heat-transfer surface, and a steam ex-
plosion; the core will probably be disassembled prior to generation of the full 295 Mwsec. - Before the

melting point of the aluminum is reached, the thermal expansion will largely be accommodated by the

expﬁlsion of water from the core, resulting in an increase of the metal-to-water ratio of the already under-

moderated reactor and in a somewhat greater reactivity reduction than computed above on the basis of
expansion with constant metal-to-water ratio. Even after the melting, the water, being lighter, might
be expelled preferentially to some extent, lincreasing further the reactivity compensation over what was
computed above. '

In a sh(;rt transient as visuaiized above, the nonfueled regions, in particular the end plates, will be
heated relatively little and will retain some strength. Also the structure surrounding the core will re-
main rigid. The expansion will therefore not occur isotropically in all directions, as assumed above;
rather, the expansion will occur preferentially in the axial direction. Such expansion resulté in less re-
activity compensation than isotropic expansion, as long as the core remains inside the reflector, Fig.
ILLH.1. In the present case the expansion would be so large, however, that much of the core would be
extruded butside the beryllium reflector, The resulting reactivity reduction is there'fore‘largér thar} com-
puted under the assumption of an infinitely long beryllium reflector.

It has tacitly been assumed that the temperature increase in the aluminum fuel plates is the same
everywhere, This is not strictiy true, partly because of the not entirely flat macroscopic power dis-
tribution, and partly because of the fact that the assumed reactor period and the thermal time constant
of the fuel plates are of the same order of magnitude. Thus, some parts of the aluminum will reach the

boiling point before the rest, and some vaporization of aluminum will occur at reduced reactivity com-
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pensation but also with less energy deposition. Calculations made using a six-region ap;;roximation of
the core showed that the boiling point would be reached at a reactivity compensation of ~5.25% Ak/k
and an energy input of 195 Mwsec. It appears that this represents an upper limit for energy release;
however, we will continue to use the 295-Mwsec value as being more conservative. The consequences
of aluminurﬁ vaporization are discussed below.

With the qualifications just discussed, the reactor can be seen to be able to withstand an instanta-
neous reactivity addition of 5.1%. This takes care of most conceivable reactivity insertions. However,
the reactor is strongly undermoderated, and substantial reactivity additions can tﬁus, in theory at least,
be inserted by decreasing the metal-to-water ratio. The conceivable mechanisms for this all seem to
involve the rapid generation of stea>m, which expels fuel or expapds the core, and the subsequent filling
of the res’ulting void with water.

There remains, however, the question whether the water can fill the voids fast enough to even ap-
proximate an ‘‘instantaneous’’ reactivity addition. It has bleen postulated above that the aluminum can
be heated to 3860°K without apﬁreciably heating the water. This conservative assumption is, of course,
never exactly fulfilled, and to the extent that it is approximated, ii represents an extremely unstable
situation. It is known experimentally from the SPERT destructive test that the water and hot aluminum
become intimately mixed and that a violent disassembly of the core occurs. In the SPERT test this took
15 msec, and in view of the thinner fuel plates and the thinner water gap in the HFIR, it is conserva-
tive to assume that these 15 msec represent an upper limit for the time that the molten aluminum and the
water can coexist without violent mixing. The question is then whether the vdid can be filled in a time
shorter than 15 msec. ~

The normal cooling flow of water, assuming that it persisted after the mcxdent that caused the void,
is evidently too slow. Besides, such flow would shorten the time required for the mixing. Condensatxon
of the steam seems out of the’ question on the time scale required because there are insufficient heat
sinks. No mechanism is apparent fér generating sufficient pressure oﬁtside the core to drive the water
back in. A pressure wavé, that originated in the core, cannot be reflected back with appreciable effi-
ciency, partly because of the cylindrical, nonfocusing geometry, and partly because the pressure vessel
absorbs, and transmits, some energy. If the steam bubble left the core, it could conceivably pressurize
the primary system, but this again would be a slow process. '

It might thus be concluded that large amounts of reactivity cannot be added fast enough to create
an excursion violent enough to b_oil the aluminum. ‘

. However, if such large amounts of reactivity were added, the boiling of some of the aluminum would
lead to intimate mixing of water with the aluminum vapor as well as with the large amount of molten
aluminum.! The drastic increase in the heat transfer surface would cause a steam explosion. This and
the aluminum-water reaction from the vaporized aluminum would causé disassembly of the core at a rate

which would ‘“outrun’’ any possible reactivity addition rate. This process has so far defied rigorous

Lt J. Thompson and J. G. Beckerley (eds.), The Technology of Nuclear Safety, sect. 6. 3, pp 704 ff., MIT
Press, Cambrxdge, Mass., 1964,
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analysis, but it should be noted that 300 Mwsec will boil 12.6% of the core at a pressure of 1 atm and
5.6% at the operating pressure of 40 atm (see Appendix J).

Even without the mixing of the aluminum and water, the vaporization of the aluminum creates pres-
sures which woﬁld disassemble the reactor. Actually, once the bbiling point is exceeded, only very
little energy is neéded to generate enough aluminum vapor to fill the voids associated with the disas-
sembly. Most of the energy goes into heating the molten aluminum, and hence the saturation pressure in
the hottest part of the reactor increases, and the increased pressure provides increased acceleration for
the disassembly. This process, too, will eventually outrun possible reactivity insertion rates. It also
cuts short the ““tail’’ (i.e., the part of the transient after the power maximum) of an excursion caused by
a hypothetical instantaneous reactivity addition.

In summary: Assuming a flat power distribution, the reactor can take a 5.1% instantaneous reactivity
addition without boiling aluminum, generating only 295 Mwsec; if a nonuniform power distribution is
assumed, the reactor will shut down without vaporization of aluminum followin.g a 3.3% step in reactivity
with an energy release of 195 Mwsec. This latter case is believed to represent a reasonable upper limit
for energy release from the HFIR core for any reactivity input which appears possible. Larger reactivity
additions than 3.3% Ak/k can be made only relatively slowly, and the steam explosion resulting from
intimate mixing of molten aluminum and water would disintegrate the core long before the reactivity addi-
tion were completed. However, if large reactivity additions could be made rapidly, the aluminum would
begin to boil, and this, possibly in conjunction with a steam explosion caused by intimate mixing of
water and hot aluminum and with the reaction of steam with vaporized aluminum, would disassemble the

core at a rate which would outrun even a rapid reactivity addition.

APPENDIX | .

ENERGY RELEASES FROM Al-H,0 REACTIONS IN THE HFIR'

After correlation of experimental data in the literature, we have analyzed a sequential accident
model considering aluminum-water reactions in the High Flux Isotope Reactor (HFIR). The model in-
cludes the following limiting conditions with the corresponding energy releases due to" the aluminum-

water reaction:

1. Instantaneous heating (through a nﬁclear transient) of all the metal in the HFIR core to temperatures
‘above 1700°C, triggering ignition over the entire heat transfer surface. The rate of energy release
at zero time (before changés in core configuration) is 112 Mwsec/sec.

2. Disassembly of the core, including the following limiting configurations:

a) A single sphere of molten aluminum of 46.5 cm in diameter.

Th1s investigation is based on 1 X 10° g of aluminum; the correct value for the HFIR is 7.2 X 10* g of aluminum,
and the various numbers should be adjusted accordingly.

.
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Initial rate of energy release 1.9 Mwsec/sec
Duration of ignition 2900 sec
Total energy released 1700 Mwsec

b) Molten aluminum particulates with initial diameters less than 0.336 cm.

Initial rate of energy release 0 Mwsec/sec
Duration of ignition ' "0 sec

Total energy released <25 Mwsec

'

c) Molten aluminum particulates with initial diameter of 0.336 cm.

Initial rate of energy release 244 Mwsec/sec
Duration of ignition 0 sec i
Total energy release during ignition 0 Mwsec
Total energy release during reaction <25 Mwsec
Duration of reaction ~0.1 sec

d) Molten aluminum particulates greater than 0.336 cm with an initial diameter of D, cm.

Rate of energy release:

82 1.6 x 10~ 21 \?
<1 - ——.> Mwsec/sec .
D0 '

Duration of ignition:
’ D, — 0.336 ' .
t, = | —=———p ) sec. 4 '

1.6 x10™°

0.336 \?
1710 1—( 5 > Mwsec .

0

Total energy liberated:

7 correlate satis=

A review of the literature reveals that the results of previous investigations?™
factorlly to provide experimental evxdence on which to predict a sequential accident model involving .

metal-water reactions in HFIR. The analysis addresses itself to rates and extents of the metal-water

2R. E. Wilson, L. Mishler, and C. Barnes, ‘‘Metal Water Reactions: Studies of the Aluminum-Water Reaction by
the Levitatioh-Melting Method,?’ pr. 196201 in Chemical Engineering Division Summary Report, October—December
1962 USAEC Report ANL-6648 Argonne National Laboratory, May 1963,

R E. Wilson, C. Bames, and L. Baker, ‘“Studies of the Aluminum-Steam Reactlon by the Levitation Melting
Method,*’ pp. 233—39 in Chemical Engineering Division Semiannual Report, January—June 1964, USAEC Report
ANL-6900 Argonne National Laboratory, August 1964,

4R. O. Ivins and R, Koonz, “Study of the Combustion of Alummum in Water,”’ pp. 338—41 in Chemical Engineering
~ Diwsxon Semiannual Report, July—December 1963, USAEC Report ANL-6800, Argonne National Laboratory, May 1964.

Argonne National Laboratory, Reactor Development Program Progress Report, October 1964, USAEC Report
ANL 6965, pp. 91-92, Nov. 15, 1964,

Argonne National Laboratory, Reactor Development Program Progress Report, August 1965, USAEC Report
ANL-7090 Sept. 21, 1965,

L. Baker, Jr., “Metal Water Reactions,’’ Nucl. Safety 7(1), 25—~44 (Fall 1965)
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reactions under a variety of postulated pessimistic situations. We assumed that the reactions were
initiated by a nuclear excursion and made no attempt to analyze the problem of partition of the energy
released. We considered that the results of this analysis will be used as input for the problem of parti-

tion of energy which is being undertaken by other members of the grohp.

Basis for the Model

The justifications of our assumptions and conclusions upon which the mode! is based are given
separately in this Appendix. The assumptions and conclusions are the following:

1. Inthe temperature range of 1400 to 1600°C, aluminum reacts with steam at 1 atm according to the

equation:2

W .
? =v2.5 x 108 [exp (- 73,500/RT)] mg of aluminum per square centimeter per minute .

Rate of energy release calculated from this equation, using the entire heat transfer surface of the
core, is only 0.3 Mwsec/sec at 1750°C, the ignition temperature for aluminum, and drops rapidly with

decreasing temperature.

2, At 1750°C aluminum ignites in steam and continues to burn at-temperatures in excess of 2000°C
(ref. 3) when dropped in water. Under these conditions the burning rate is constant at 0.96 g of

aluminum per square centimeter per minute, and the surface burning rate is independent of diameter.

3. The combustion time of pellets is given by the equation®

—2
D, = 1.6 x 107 2¢_ + 0.336,

where D is the original diameter of the particle in centimeters and t. is the combustion time in

seconds.

-

4, The aluminum does not burn completely, and combustion ceases as the diameter of the sphere of
molten aluminum gets to 0.336 cm. Some reaction continues to occur (at lower rates) as the metal
cools. Accordingly, aluminum is consumed by the reaction so that the diameter decreases from 0.336
cm (where burning stops) to 0.23 \cm when reaction stops. We will consider only the combustion re-
action. We will, however, make an estimate of the energy release by the chemica\l reéction as the
particle is cooling down. Smaller aluminum particles can be forced to react only by the introduction
of large inputs of energy from outside sources (such as lasers) while the reaction is taking place.* For
particles of 360 p in diameter, no reaction is obtained unless the input of energy is greater than 35 j

~ (0.52 Mwsec per gram of aluminum).
5. The extent of reaction appears to be independent of the total pressure in the system (see p. 221).
6. In the combustion range, the reaction rate becomes mass-traﬁsport limited, is independént of total

pressure, and is only weakly dependent on temperature. The temperature dependence is T7°-5 tm

where m is less than 0.5 (see pp. 225 and 226).

’

-
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Accident Conditions

We consider a most significant feature to be that the extent and the rate of reaction are profoundly

affected by the original state of subdivision of the aluminum. Bearing this in mind, we have considered |

the following accident conditions: ‘

1. All the aluminum in the core (1 x 10° g) is instantaneously heated to 2000°K (or above) and ignites

 over the entire heat transfer surface (4 x 10° cm?).

2. After the combustion has been initiated, the molten aluminum subdivides into molten particles with
an initial diameter D . For co_nv:enience, we have assumed the particles to be of equal size and
have treated D, as a parameter in the analysis, As a résult, we have determined reaction rates,

rates of energy release, and total energy release for various configurations. .

Conclusions

1. The initial rate of reaction (at time zero when combustion starts before any change in geometry

has occurred):

a) Rate of consumption of aluminum in core:
6.4 x 10° g of aluminum per second .

b) Rate of energy release:
112 Mwsec/sec .

2. After this initial condition, the rate of reaction and extent of reaction depend on the configuration

that the molten aluminum assumes. A blimiting case would be for the molten metal to coalesce into one

" initially large sphere of aluminum. If this condition prevails, the aluminum burns completely (neglecting

" one particle of 0.23 cm in diameter that will be left unburned) and will release all of its energy at a

relatively small rate, which is limited by the unfavorable surface-to-volume ratio of the configuration.

The initial diameter of a sphere\of molten aluminum of weight 1 x 10° g is 46.5 cm.

Initial rate of consumption of Al 109 g Al/sec

Initial rate of energy release 1,9 Mwsec/sec
Total energy release 1700 Mwsec
Time of reaction 2900 sec

This condition yields a large total energy release, but at very slow rates and over extended periods of
time.

A second limiting condition is that the molten aluminum subdivides itself into particles smaller than
0.23 cm in diameter. If this were the case, the reaction would stop.

A third limiting case is for the aluminum to subdivide itself into particles of 0.336 cm in diameter, °

(Experimentally, this has been found to be the minimum size.to support combustion.)?
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Initial rate of reaction 1.43 x 10* g Al/sec
Initial rate of energy generation 244 Mwsec/sec
Duration time ‘of ignition 0 sec
Energy liberated <27 Mwsec

There is a gray area that cannot be described as-precisely as the cases above. This area concerns
the reaction as the particles are consumed from a diametér of 0.336 cm (the size below which combustion
ceases) and 0.23 mm (the size below whiéh chemical reaction ceases)‘. This stage occurs as the particle
is cooling from temperatures in excess of 2000°C, where the rea'ction is mass-transport limited, to the
lower temperatute region, where the reaction is exponential with temperature. For the worst case, how-
ever, one can rationalize that the total reaction rate is not larger than the combustion rate. The time
necessary to reduce the diameter of aluminum spheres from 0.336 to 0.23 cm can be estimated from the
equation in paragraph 3, page 212, as 0.11 sec. This would represent an energy release of 27 Mwsec if
the initial rate of reaction of 244 Mwsec/sec (which is the maximum combustion rate obtained in the
" preceding paragraph) could be maintained. This small quantity of energy is not significant within the
necessarily. rough limitations in precision of the energy quantities we are discussing. Consequently in _
our subsequent discussion, we ignore the small energy contribution. as the aluminum cools from combustion
temperature to room temperature

We have, so far, considered the effect of particle subdivision for the case of the largest and smallest
aluminum spheres and now proceed to treat the cases where fhe initial diameter of the spheres lies be-
tween the range 0.336 to 46.5 cm. The following equations have been used for the calculation.

Number of spheres of initial diameter D into which W, g of molten aluminum of density p subdivide:
N, = 6W0/p7TDg ; : 4 @

1\’0 ~ (1 x 105)/03
assum/ing

p~2g/em’ , . . / (2)
W, =1x10° g. ‘

Diameter of spheres at ¢ seconds after combustion starts:

D(t)=D, — 1.6 x 10~ *t cm . : _ 3)
Totél rate of reaction in the core:
3W, , dD(® '
W(t) = — D*(t) —— g Al/sec , - 4
D0 dt
4.8 x 10° 1.6 x 1072¢\? .
W(t) =+ 1- g Al/sec . . ")
0 D,
Rate of energy generated:
82 1.6 x 1072 \?
P() = B— 1- D— Mwsec/sec.. (6)

0 0



Duration of combustion is:

i

Fraction of aluminum unburned:

Initial rate of reaction:

Initial rate of energy generation:

E=1710 1-—(
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D, — 0.336

t =———S
€ 1.6x1072

0.336 )3 '
— .

X

Total energy delivered by the reaction of 1 x 10° g of Al:

0.336

0

8x 10

() 4.
-

0

€cC .

3
> =1710([1 - f] Mwsec

3

g Al/sec .

82
P) = B_ Mwsec/sec .

0

Table IL.I.1 and Figs. II.I.1 and I1.1.2 express the results.

Table II.L.1. Extent of Reaction and Energy Releases as Functions of Initial Particle Diameter

)

®

9

(10)

an

) f a-n E e PO P
(cm) (Mwsec) (sec) (Mwsec/sec) (Mwsec/sec)
0.336 1.0 0.0 0.0 0.0 244 0.0
0.35 0.88 0.12 205 0.88 234 233.0
0.40 0.58 0.42. 720 4,00 205 180.0
0.45 0.41 0.59 1005 7.12 182 141.0
0.50 0.30 0.70 1195 10.25 164 117.0
0.60 0.175 0.825 1410 16.50 137 86.0
0.80 0.074 0.926 1580 29.00 102 55.0
1.00 0.038 0.962 1645 41.50 82 40.0
1.20 0.022 0.978 1670 54.00 68 31.0
1.50 0.011 0.989 1690 102.50 55 16.5
46.5 0.0 1.0 1710 2900.00 1.9 0.59

List of symbols:

D0 Initial particle diameter, cm

f Fraction of aluminum not reacted

E Total energy liberafed, Mwsec

tc Time (or duration) of ignition reaction, sec

P(0) Initial {(or maximum) rate of energy generétion, Mwsec/sec

P Average rate of energy release during the ignition reaction, ‘E/tc
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. Supplementary Information

Justification of Dy = 0.016¢_ + 0.336 as the Base Equnfioﬁ for Burning Calculations

The empitical equation results from data shown and discussed in ANL-6800, Afgonne National Lab-
oratory Chemical Engineering Division Semiannual Report for July—December, 1963, pp. 338—41, as re-

produced herein. The development is straightforward: Two comments on their discussion are required.

1. Since the Al(g) + Oz(g) reaction is much more energetic and therefore presumably faster, and total
burning time (air and water) was used to plot the data, the 0.336-cm intercept is conservative for the
diameter where burning ceases. ‘ A

2. The 0.23-cm equivalent diameter sphere of aluminum remaining may well be an artifact of the Al + 0,
rea;ction during the late stages of burning on the surface of the water, since the residual oxide coat-

ing could form while the oxygen continued to react with the aluminum.

The following has been reproduced from Argonne National Laboratory Chemical Engineering Division

Semiannual Report for July—December, 1963, ANL-6800:

4, Study of the Combustion of Aluminum in Water
(R.O. Ivins, R. Koonz)

The sustained combustion of aluminum pellets in water has been
reported by Wilson and Martin (see ANL-6379, p. 208). In these studies,
small pellets of aluminum were simultaneously levitated and heated in a
radio-frequency field. It was discovered that ignition occurred when the
pellet temperature reached 1750°C in air. The ignition resulted in a vigorous
vapor phase burning in air, which continued when the pellets were dropped
into water, Burning occurred beneath the surface of water and later at the
water-air interface as the pellets were buoyed up to the surface by the
evolving hydrogen, ; /

Observation of the self-sustained vapor phase combustion process
prompted the present study, in which the rate of metal consumption was
determined as a function of pellet size, These studies were undertaken in
order to provideabasis for estimating the rate of the aluminum-water reaction
in the burning regime (metal temperature greater than 1750°C).

Samples of high-purifif aluminum ranging in weight from 150 to
1000 mg were levitated, heated in air until they ignited, and then dropped
into room temperature water. The time which elapsed from the moment of
dropping until burning ceased was measured. The results of these measure-
ments are plotted in Figure V-8, The data points were fitted to a straight
. line by the method of least squares. The equation of the line was as follows:

" D, ‘= 0.160t_ + 3.36 (6)
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where D is the original diameter of the particle, in mm, and

te is the consumption time, in sec,

Figure V-8
CONSUMPTION OF ALUMINUM PELLETS BURNING IN WATER

(Water temperature: =25°C)
(Metal temperature: =2050°C)
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Initially, the drops of burning aluminum sank below the water
surface and would rise and sink alternately as the hydrogen bubble surround-
.ing it would grow and break off. As the drop became smaller, it would break
the water surface, releasing the hydrogen, and then sink, form a bubble, and
rise again., Eventually, when the size of the drop had become small enough,
it would rise to the surface and float while continuing to burn, Once burning
ended, the residual metal, enclosed in an irregular oxide coating, would
sink to the bottom of the water container, While the drops were burning
under water, they decreased in size and the condensation of fine alumina
particles was evident as a particle spray from the burning surface of the
drop. The size distribution of the fine particles given off during one run.is
shown in Figure V-9. The distribution data was obtained by microphotogra-
phy of samples of the suspended particles.
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Figure V-9

PARTICLE SIZE DISTRIBUTION OF Al,0, RESIDUE
RESULTING FROM THE REACTION
OF ALUMINUM DROPLETS AND WATER

(Geometric Mean Particle Size = 2.69 )
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Vapor phase burning of droplets of liquid fuels is often controlled
by the rate of heat transfer from a cospherical flame front to the fuel sphere
to provide the heat of vaporization and thus sustain burﬁing 2 The heat
transfer rate for hydrocarbon fuels is usally controlled by conduction and
results in a consumption time which is proportional to the square of the
original droplet diameter, It can be shown, however, that if the heat transfer
rate occurs predominantly by thermal radiation, a linear relationship
between the consumption time and the droplet diameter is expected. The =
linear character of the experimental results as expressed in Figure V-8 and
Equation 6 istherefore consistent with a heat transfer rate controlled by
radiation, This finding is consistent with the fact that aluminum has a higher
temperature of combustion than those of liquid hydrocarbon fuels and forms
a solid oxide product. ' ‘

The data are consistent with a simple vapor burning model,
except that the straight line in Figure V-8 does not pass through the origin.
This occurred primarily because the aluminum droplets did not burn to '

2See, for example, Wise, H., Lorell, J. and Wood, B.J., The Effects
of Chemical and Physical Parameters.on the Burning Rate of a Liquid
Droplet, Fifth Symposium (International) on Combustion, Reinhold
Publishing Co., New York, 1955, p. 132, -
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completion in the water. An analysis of typical residue indicated that the
equivalent of a 2,3-mm sphere remained unreacted. The experiment was
also complicated by the fact that a small amount of burning occurred in air
before the pellets were dropped and also that in the late stages of burning

the sample was floating and therefore was in contact with both water and

air. No quantitative significance, therefore, could be attached to the inter-
cept in Figure V-8 or to the constant of 3.36 mm in Equation 6, since it could
not be assumed that burning in air, under water, and at the water-air
interface occurred at the same rate,

It could be assumed, however, that on the average the time of
burning in air and at the water-air interface was constant for each run. This
is equivalent to assuming that the droplets began burning at the water surface
at a particular value of the diameter. The error incurred in including the
surface burning time in the measurements, therefore, did not affect the slope
of the line. It was, therefore, assumed that the slope (0.160 mm/sec) rep-
resents the burning rate of droplets submerged in room temperature water,

The calculation of the mass rate of consumption from the rate at
which particle diameters decrease can be achieved as follows:
-dm

-dm _p d (}D)
Adt »D! ———

3t (7)

where dm/A dt is the mass consumption rate in g aluminum/(cm?)(min),
p is density of aluminum at 2000°C, 2 g/cc, ’
D is the diameter of the aluminum drop at any time, in cm, and

t is time, in min.
Equation 7 reduces to the following:

~dm £ 4D

A dt 2 dt

= 0.96 g aluminum/(cm?)(min). _ (8)

Combustion Ceasing at a Set Diameter

To explain the cessation of combustion at a particular diameter, we consider the geometry of the
system. Surface tension forces will cause the molten aluminum to form a sphere when surrounded and
burning in liquid water. The burning occurs in a film zone around the sphere, diffusion-fed by both
aluminum and water vapor and populated by free hydrogen, which both thickens the film and interferes
with the diffusion of the active components. The surface of the aluminum is 77DiI and that of the vapor
phase 77D‘2,; the surface ratio is 77D‘2',/77Di1 or‘(Dv/DVM)z. Radiation and conduction losses at constant

thickness of the vapor layer increase as the square of the diameter ratio. Consider the following example:

"

)
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Loss Surface
Sphere Diameter Film Thickness Ratio
Input Surface

(em)_ (em)

1 0.05 1.21
0.5 0.05 ‘ 1.44
0.25 0.05 1.96
0.10 0.05 4.00

It is easy to see why combustion stops, since as the losses go up the aluminum temperature decreases,
reducing the aluminum vapor available, which in turn decreases the energy input to the interface, and the

burning ceases abruptly;

Pressure Independence of Extent of Reaction’

Raw data from results reported® on short period fission energy inputs to samples of HFIR fuel plate
may be construed as showing a greater extent of reaction with increasing pressure. If the“eﬁergy input
and initial conditions are used to caléulate adiabatic temperature rise this apparent effect disappears as
shown by plots in Fig. ILL3.

The adiabatic temperature plot also substantiates the observations that no combustion reaction can
occur below ~1450°C and that dispersal of the fuel into small pieces by internal vapor pressure will

tend to limit the extent of reaction.

Initiation of the Combustion Reaction

L

Combustion or self-supporting reaction cannot occur until the available heat per unit of reaction sur-
face exceeds the heat losses from the surface. Heat loss can occur by radiation, convection, and con-
duction.

Since we believe the reaction is aluminum vapor reacting with water vapor, we can make an energy
balance in terms of calories per square centimeter per second where the reaction occurs at the aluminum
surface. y

From the vépor pressure of aluminum and Langmuir’s equation® for mass vaporization into a vacuum,

we can calculate the maximum flux of aluminum vapor available. The net heat of reaction for
2A1(1, T) + 3H,0(, 298)» Al,0,(s, T) + 3H2(g, )

is about 2400 cal/g for energy input calculation. For the TREAT experiments, the only sensible loss is
the radiation loss since convection cannot be established instantly. This loss is.csalculated for an

emissivity of 1.0, but a lower value does not sensibly alter our conclusions.’

i

8s. Dushman, Scientific Foundations of Vacuum Technique, p. 20, Wiley, New York, 1949,
°H. Etherington, Nuclear Engineering Handbook, 1st ed., pp. 1—59, McGraw=Hill, New York, 1958,
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Fig. 1.1.3. TREAT Results with HFIR Fuel Samples.
These values are:

Tempe;afure~ Flux of Aluminum Vapor Heat Generated Radiation Loss
(°C) (g cm_2 sec—]) (cal cm_2 seq—]) (cal cm™2 sec-j)
1200 2.2x 1071 0.5 6.2
1300 8.6 x 1074 2.1 8.1
1400 3.4x1073 8.1 10.3
1500 1.02 x 1072 24,5 12.1
1600 2.9 x 1072 69.6 16.1
1700 9 x 10~ 2 216 19.7
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It is evident that ignition should occur between 1400 and 1500°C as actually observed in TREAT.
In the levitation experiments where convection was fully established this loss plus radiation was ‘
barely exceeded at 1600°C (delayed ignition) which would place the convection and conduction loss at

~53.5 cal cm™? sec™!, a perfectly reasonable number.

Observed Burning Temperature and Rate of Reaction

If we consider the system to consist of a spherical aluminum ball surrounded by ‘a spherical flame‘
front in turn surrounded by liquid water, we can see that conduction and radiation from the flame front
is the only source of heat to vaporize the aluminum.

For the required heat transfer a thermal gradient must exist between the flame fr(;nt and the'aluminum.
For the observed. rate of burning some 20 ml of STP hydrogen is generated per square centimeter per
second, and the heat flux to vaporize aluminum (1.6 x 1072 g cm™? sec™!) is ~40 cal cm™? sec™!.
Langmuir’s equation gives this rate of delivery of vapor if the .liquid is at 1900°K. An additional con-
firmatory observation is obtained from the levitation experiments® when delayed ignition is observed at
1873°K. - Examination of the graph of the TREAT results (Fig. II.1.3) also reveals consistency with an
ignition temperature of about 1900°K. Given flame terﬁperature (which we change parametrically), the
thermal conductivity of hydrogen, and neglecting the thermal conductivity of Al(v) we can calculate the

film thickness between the flame zone and the aluminum surface required to supply the necessary heat

flux.!® The results of this calculation are as follows: N
Flame o Heat Réceived f(om . Required
Temperature Radiation by the Aluminum Film Thickness

(°K) . (cal cm_2 sec_]) . (em)

2000 3.6 ' 0.4 x 1072
2100 : 7.9 . 1.2x1072
2200 » 12.7 - 2.0 x 1072
2300 187 3.4 x 1072
2400 25.4 5.8 x 1072

Since the hydrogen thickness is a function of rate, this shows that the reaction is self-regulating in that
increases in rate thicken the f11m and vice versa; therefore, the rate remains sen31bly constant. It
should bé remembered that pressure has little effect on the thermal conductivity of the gas and that heat
transfer is largely independent of pressure.

The gross hydrogen generatién stirs (violently) the liquid external phase, and the sensible heat of
the hydrogen is largely lost to this phase without exchanging a large proportion of its heat to the incom-"
ing water vapor, The radiation losses to the external phase are appre‘ciable,‘and these together with
convection losses appérently combine to limit the effective flame zone temperature to the melfing point

of alumina (or 2313°K),

10S. Dushman, Scientific Foundations of Vacuum Technique, p. 60, Wiley, New York, 1949,
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Effect of Temperdh;nre on Aluminum Yolume on Core (Fuel Plates Only) and

Vaporization Tendency of Aluminum (Figs. 11.1.4 and 11.1.5)

The following bases were taken for this calculation:

Total core volume 91 liters
- Total volumé of HZO in core (no targets) 39 li.ters
Volume of solid 52 liters
Volume of fuel plates 27.4 liters
Initial density of Al at 298°K 2.7 g/cm3
Density of solid at 932°K (mp) 2.6
Density of liquid ‘ 2.48
Density of liquid at 1000°C - 2.29
Density of liquid at 1750°C 2.0

Vapor pressure of Al(l)

T (°C) Vapor Pressure (atm)

a b
2000 0.15  0.07
3000 17 7.9
fFrom Brewer’s estimates. I
bErom boiling point. '
‘g ’ ORNL-DWG 66-6994.
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Rate of Reaction of Solid Aluminum with Water at High Temperatures

Model:
O H ) BUBBLES

H 0 (LIQUID)

O
\ o o)

O

H, + H O (VAPOR)

| ////////////

Assumption: The reaction at the surface of the Al is sufficiently rapid that a film, of thickness A,

is produced. The rate of reaction is then controlled by the transport of water vapor across the film.
Two factors control water vapor transport across the film: migration via a gaseous diffusion mechanism,
and the transport of heat, in the opposite direction, which is necessary to vaporize the liquid. We first

consider that the heat transfer is sufficiently fast that the governing step is diffusion-controlled. From

~

the reaction N
2A1 + 3H20 = AL, 0, + 3H, ,

we note a one-to-one correspondence between H,O and H,; hence the rate of generation of H, is equal

to the rate of depletion of H,0, which, in turn, is equal to the diffusion rate. Now
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] DH ,0- Hsz o (mol . -1y
=—=—= ~ (molescm™* sec
H,0 RTA ’
where pH ,0 is the vapor pressure of H,O at the temperature T, R is the gas constant, and D is

H,0-H
2 2
the dlfqulOﬂ coefficient of the pair H O-H,. But the film thickness, on the other hand, is proportional to

the rate of production of hydrogen; thus

A=KJ, =K

’
H2O

where K is chiefly a function of geomefry and external constraints. Hence

1

0 0
)2 =DH2O-H2PH2O=(pDH2O-H2) (pH2O/p)
H,0 KRT KRT !
where (pDH o, ) is a function only of temperatﬁre, that is,

(PDH oot )=CT(3/2 to 2) .
2772

But (p;’l o/p) is always less than 1; hence we can establish an upper limit by setting (°/p)=1 and
2
(pD) = CT?; then

2
JH2O = (const)T ,
or
_ rnl/2
JH2O = (const)’T .

The rate therefore increases vefy slowly with temperature, since it is diffuéion-controlled. Moreover,
the film thickness is self-stabilizing. For example, if A is initially too small, the increased H, genera-
tion pushes the liquid back; if too large, the decreased H, generation collapses the film. Moreover, if
the reaction is thermal-conduction-controlled, then p;’l2o is smaller than the vapor pressure at T =
aluminum surface temperature, and the relations above become upper limits; that is, the flux will be

even slower than

)

J = (const)’ T2 .
H,0 /
Note, however, that turbulence will significantly increase the reaction rate by decreasing the film thick-

ness.
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APPENDIX J

¢

CONTAINMENT POTENTIAL OF THE HFIR PRESSURE VESSEL AND PRIMARY COOLANT SYSTEM

This describes a model deVelopéd for estimating the effects of a nuclear excursion followed by an
aluminum-water reaction on the HFIR pressure vessel and primary coolant system. The purpose is to de-

termine a minimum upper bound of such an accident that can be contained.

The effect of a large nuclear excursion in the HFIR core would be to melt and, perhaps, vaporize a
portion of the aluminum in the fuel plates. It is envisioned that the destructive effects of such an ex~
cursion would appear in two stages. The first stage, with duration measured in milliseconds, would in-
volve rapid generation of super.heated steam and exothermic reaction of any vaporized aluminum with

steam to form Al,O,, hydrogen gas, and more steam. This first stage would conceivably disperse the

- remaining molten aluminum in the water. The second stage, measured in seconds, would involve diffusion—

heat transfer limited burning of the molten aluminum particles that exceed the ignition temperature of
about 3500°R. This reaction is also exothermic and would generate hydrogen and steam. Factors that
would tend to mitigate the destructive potential of the hot gases include plastic expansion of the vessel
and piping system, flow of water thfdugh the pressure relief system, collapse of steam bubbles, and dis-

solution of the hydrogen gas in the water.

The general approach in developing a model to describe these events has been to select experi-
mentally based equations of state.for the vessel and primary coolant system and incorporate the pressure-
energy suppression mechanisms for which reliable data are available. The primary coolant system
operates at high pressure (600 psi) but low temperatﬁre (~150°F); therefore, there is relatively little
stored energy in the system but an efficient mechanism for transferring impulse from the gas bubbles to
the walls of the container. We have avoided an involved analysis of the mechanism of energy flow in
the prorr;pt stage of the conflagration by assuming that all the available energy is tréﬁsferred to the gas °
phase and that the gas does static, re\}ersible work on the pressure vessel. A ‘““TNT equivalent’’ shock
wave would cause less strain in the vessel because of inherent inefficiencies, increased strength of the
vessel under dynamic loading, dnd transmission of shock-wave energy through the vessel wall and into °
the surrounding pool.

The slower second stage of the conflagration, the delayed Al-H,O reaction, is analyzed by taking
credit for static, reversible strain work in the primary coolant system and flow of water from the system
through the pressure relief valves. No credit is taken for collapse of steam bubbles or solubilization of
hydrogen gas. '

The calculated energy releas-es for marginal containment by the HFIR pressure vessel and primary
coolant system are summarized in Table II.J.1. A nuclear excursion of 1600 Mwsec can be contained,
based on the ultimate strength of the vessel, if there is no Al-H,O reaction. The allowable excursion to
cause 1/3 ultimate strain in the vessel, a value that has been recommended for safe design to accommodate
““TNT equivalent detonations,’” is 600 Mwsec. If the nuclear excursion causes prompt reaction of any

vaporized aluminum, the allowable nuclear excursion isreduced to 610 and 380 Mwsec for ultimate strain
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Table 11.J.1. Energy Release by a Nuclear Excursion and Aluminum-Water
Reaction for Marginal Containment by the HFIR Pressure Vessel
and Primary Coolant Sy stem

This analysis takes credit for the intemal energy of gaseous products, strain
work on the vessel in the prompt portion of the reaction,
and strain work on the piping and flow through the
pressure relief system in the delayed
Al-H20 reaction ’

Energy Release (Mwsec)

Prompt Reaction® Delayed?
Al-HZO

Reaction

Nuclear’ Al-HZO

Nuclear excursion, ‘‘steam-explosion®’ 1600
With % ultimate strain® 600

Nuclear excursion plus prompt AI-HZO reaction 610 860
With 7 ultimate strain® 380 220

Nuclear excursion plus prompt and delayed
Al-H_ O reaction : 610 " 860 4500¢
With 7 ultimate strain® 380 220 12509

“The prompt reactions deposit 200 and 56 Mwsec of strain energy in the vessel
wall, assuming ultimate strain.and 1/3 ultimate strain respectively.

bThe delayed AI-H20 reaction deposits 400 and 115 Mwsec of strain energy in
the piping system, assuming ultimate strain and 1/3 ultimate strain respectively.

°The use of 1/3 the ultimate strain has been recommended for the safe design of
reactor pressure vessels to accommodate ‘“TNT equivalent detonations.”’

9This portion of the release is not possible. The potential delayed Al-H20
energy release is only 755 Mwsec following a prompt Al-H20 reaction of 860
Mwsec and only 1100 Mwsec following a prompt Al-H20 reaction of 220 Mwsec.

L]

and 1/3 ultimate strain respectively. These same nuclear excursions can be tolerated if there is delayed
reaction of all the remaining aluminum that is heated above the ignition temperature,

The folloWing sections contain a description of the assumed properties of the vessel and coolant

(L4

system; the model used in estimating the effects of the ‘‘steam explosion,’” prompt Al-H,O reaction, and

delayed Al-H,O reaction; and a discussion of the reliability of the results.

Properties of the HFIR Pressure Vessel and Primary Coolant System

Material, strength, and dimensional properties of the HFIR pressure vessel and important components
of the primary coolant systemjare shown in Table II.J.2. Pressure-volume relationships for the vessel -

and coolant system will be developed in the following sections.
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Table ||..j.2. Properties of the HFIR Pressure Vessel and Primary Coolant System

Vessel Piping Heat Exchanger Tubing )
Material ASTM A212-B steel 304 stainless steel 304L stainless steel
Nominal yield stress, Ug, psi 38,000 30,000 © 25,000
Nominal ultimate stress, ag, psi  70,000—85,000 80,000 70,000
Nominal ultimate strain, eg 0.22 0.65 ‘ 0.22
Operating temperature, TO’ °F » 150 150 150
Operating pressure, Po' psi 600 ) 600 © 600
Volume, V,, ft® 668 485 » 455
- Mean radius, Ri’ in, 48.5 5—10 . 0.295
Wall thickness, Xi’ in, 3 ) 0.36-0.6 0.035
Length, ft ’ ~14 400 270,000

HFIR Pressure Vessel

An equation of state for the A212-B HFIR pressure vessel that will underestimate the deformed \‘/olume
at a given pressu;e was chosen on the basi-s of experimental data®' of the radial strain in hydrostatically
loaded A335-22 steel cylinders that were rigidly fixed at both ends. A nominal-circumferential-stress—
nominal-strain relationship.for the HFIR vessel was determined from the measured relationship for the
A335-22 vessel by comparing published true-stress—true-strain data' for the two materials (Fig. II.J.1)
and assuming that the ‘nominal cifcumfefential stress is proportional to true stress. A true stress-strain
formula for A212-B steel has been reported® for a heat of A212-B steel that had a nominal ult>imaté
strength of 82,000 psi and a nominal ultimate strain of 0.19:

o= 155,000 €°-245 |

In our analysis we have assumed that the A212-B steel has the minimum nominal ultimate strength (70,000

R psi) and a nominal ultimate strain of 0.22, In terms of radial displacement the assumed equation of state
" is: »
PR, : —60(R—~R,)/R]] '
| —1)= 84,900[1 —e ! ’] , ¢
where ‘

‘P = the resisting pressure, psi,
R = deformed radius, in. _
- Parabolic deformation of the vessel will furnish a lower estimate of the deformed volume, V, of the

vessel for a given radial strain:’

vZv 1+144<ﬁ——Ri> @
2v, . - . ,
,- )

IM. A. Salmon et al,, Studies of Reactor Containment Stmc‘tures, 1ITRI-578P22-14, pp. 185, 229,
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Fig. 11.J.1. True Sfre;s-Sfrain Relations for A335-22 and A212-B Steels and Nominal Circumferential Stress —
Nominal Strain as Measured for an A335-22 Cylinder and as Assumed for the HFIR Pressure Vessel. Cylindricol
vessels with rigid ends. L/D = 2.

An expression for the resisting pressure as a function of the incremental volume of the deformed vessel,

I

V. : ®)

v, is obtained by combining Egs. (1) and 2):
‘ . —Av
P= P*(l —e
where
P* = 5250 psi,
A =0.0624 ft~3, .
v. =V =V, ftd. : : -
v 0 .

The strain energy in the vessel as a function of resisting pressure is obtained as:

P P -
f PdV =P*v ——, ft3-psi . C))
0 ‘ A .

The bursting pressure and strain energy at ruptu.re (€, = 0.22) as calculated with these formulas are
5250 psi and 200 Mwsec respectively. These numbers are conservatively below those that are predicted - .
for the actual HFIR pressure vessel. We have chosen to use the ultimate strain of the model vessel since
it is our contention that for the assumed type of accident the vessel will fail by a ductile mode. In the
HFIR vessel the nozzles and piping are reinforced and located in such a way that gross ductile deforma-

tion without failure is to be expected.

W
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Primary Coolant System

Hydrostatic test data' are available for 304 stainless steel cylinders having a length-to-diameter
ratio of 3 (Fig. II.J.2). These data were assumed to apply to the pipes in the primary coolant system
because the nominal properties of the materials are essentially the same and the nominal-circumferential-
stress—nominal-strain data at the crown of the bulge in a ﬁydrostatically deformed cylindrical vessel
are independent of end effects at fhis length-to-diameter ratio. We have assumed these same properties
for the 304L stainless steel heat exchanger tubing because these tubes have greater wall-thickness-to-
radius ratio and, therefore,_ greater Bursting pressure than the 304 stainlesé steel piping in the system
* (Table 11.].3). '
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Table 11.J.3. Properties of the HFIR High-Pressure Coolant System

Dimensions Ultimate Bursting Increme:tal Strain
Part of System 'Inside Wl Volume, Strain, Pressure, @ Volume” at_ Energy az
Diameter ' V0 € Pb 4350 psi 4350 psi~ ¢

(in.) (in.) (£t u (psi) (1t (Mwsec)
Heat exchanger tubing 0.555 0.035 455 0.22 7350 3 2
Pipe 10.02 0.365 55 0.65 5000 28 21
Pipe 13,13 0.438 50 0.65 4590 42 32
Pipe 15.0 - 0.500 40 0.65 4590 - 34 25
Pipe 16.88 0,562 150 0.65 4580 128 96
Pipe 18.81 0.593 190 0.65 4350 247 186
Heads, pumps 125 0.65 > 4500 SO : 38

Total . 1065 530 400

BPb = Keﬂ-”sxi/ﬁi, K = 75,000 psi for pipe and tubing.

by = V(;I€, 1 =2.0 for pipe and tubing.
CES = (0.889va)(144)/0.7375 X 106.

The following function has been used to fit the nominal-circumferential-stress—nominal-strain test

data:
/PR, R-R)\%'*
<___> _ 75,000 (_> . ®)
X, R,

- 1

N

For long pipes the deformed volume, V, as a function of radial strain is given by:

vov 1o B2R | (6)
=¥y + Tl B

An expression of the incremental volume of the primary coolant system, vy @sa function of the re-

sisting pressure, P, is obtained by combining Egs. (5) and (6) and using the data in Table IL]J.3:
' D8
Vp =V - VO = CP »
C = 4.14 x 10727 £t*/(psi)® . o )

The strain energy in the primary coolant system as a function of resisting pressure is:

P
f P dV = 0.889 Pv_, ft3-psi . (8)
0 . R

.

The bursting ptessure and ultimate strain energy of the primary coolant system are 4350 psi and 400
Mwsec. By comparison, the primary coolant system would rupture at a lower pressure but requires more

energy than the pressure vessel.
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The Effect of a *“Steam Explosion’

If there is no mefal-wéter reaction the minimum energy yield of a nuclear excurs&on to rupture the
HFIR pressure vessel can be estimated using thermodynamics. It is assumed that the effect of the nu-
clear excursion is.to instantaneously heat the alurﬁinum. The aluminum then transfers its heat to the
water, making steam at a given temperature, and doing réversible-work on the pressure vessel in the
process. '

The equation of state of the steam is described by the ideal gas law with a compressibility factor, Z:

Pv=2Zn RT, , )

where P, v, T, and n_ are the pressure, volume, temperature, and number of moles of steam.
The strain work in the vessel [Eq. (4)] as a function of resisting pressure, P, and volume of gas, v,

is:

E_ = strain work = P¥v — P/X .

Using the first law of thermodynamics and the expression for E_, the heat, Q, that is transferred from
the aluminum to the water initially at 610°R to make steam (neglecting the original volume of the water
used to make steam) is:

Q=nAu+ E_
=n AH_ +n C(T -610)-Pv+E_, 10)
Au = the-difference in internal energy between the steam and water,

C_ = the mean molal heat capacity of steam at constant pressure
over the domain 610°R to T, Btu lb-mole™' °R™?,

AHV = the heat of vaporization of water = 18,900 Btu/lb-mole.

The heat in the aluminum (5.98 lb-moles in the fuel plates) as a function of temperature, T, is given
by: _ » N
AH, = 5.892970 + 7.2(T — 1080)] ,
1080 ST <1678 ,
= 5.89[11,900 + 7(T — 1678)] ,

. 1678 < T < 6687 , ' 1)
= 5.89[48,400 + 127,260 + 4.97(T — 6687)] ,
6687 < T,

AH, = heat content of the Al above 610°R where the heat capacity of the liquid and gas (7 and
4.97 Btu lb-mole™! °R™!, respectively), the heat of vaporization (127,260), and other
thermodynamic properties are taken from refs. 2 and 3. The boiling point of aluminum at

the initial pressure (600 psi) is 6687°R.

If Q_ is the heat released in the nuclear excursion, heat is transferred only if the temperature of the

aluminum is greater than or .equal to the temperature of the steam:

0=0.-0,- | 12)
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Using thermodynamic data and compressibility factors?>~* these equations were solved by iteration to
determine the strain work done on the vessel as a function of the energy pulse of the excursion and the P

“‘steam explosion’’

final steam (and aluminum) temperature. The results (Fig. II.J.3) indicate that a
caused by a nuclear energy pulse of 1600 Mwsec, or less, cannot do the minimum amount of work that

is required to rupture the vessel. A nuclear excursion of 600 Mwsec is required to deposit 1/3 the ultimate

2]. F. Elliot and Molly Gleiser, Thermochemistry for Steelmaking, pp. 16, 17, 53, 162, 176, Addison-Wesley.
3K. K. Kelley, Contributions to the Data on Theoretical Metallurgy, Bulletin 584, Bureau of Mines, pp. 10, 80
(1960).
4O. A. Hougen and K. M. Watson, Chemical Process Principles Charts, pp. 36, 37, 103, Wiley, 1946. -
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strain energy in the vessel. For the‘ 1600-Mwsec energy pulse the maximum strain work corfesponds to.a
final steam=aluminum témperature of ~3500°R (2000°K). The steam temperature for maximum strain work
decreases monotonically with a decrease in the magnitude of the energy pulse, approaching a minimum of
1165°R (the critical temperature of steam) for small energy pulses. The assumption that the core was

heated uniformly was appropriate for this analysis, because all portions 6f a multiregion core would be -

heated to temperatures in excess of 3500°R by an energy pulse greater than 400 Mwsec.

. Nuclear Excursion and Prompt Al-H,0 Reaction

In estimating the effects of a nuclear excursion followed by a- prompt AI-HQO reaction we have assumed
that the effect of the nuplear excursion is to rapidly heat the aluminum in thé core. Each pound-mole of
aluminum that is vaporized reacts instantaneously with water initially at 610°R to form 1/2 mole of Al, O,
and 3/2 moles of H, at 6687°R (the boiling point of aluminum at the initial pressure) and release 162,000

Btu of heat (see Table II.J.4). This heat is not available to vaporize more aluminum (because of the

Table 1l.J.4. Thermal Power of AI-H20 Reaction

Reactions: Al(l, T) = Al(g T), AH, = 70,700 cal/g-mole ' 1
%H,0(, 339°K) = %H ,0(g, T), AH, ‘ (2
. 3 3
: Al(g, T) + %H,0(g, T) = %A1,0,(5, I, T) + %H, (& T), AH, @

AU, T) + HH,0(, 339°K) = 1,A1,0,(6S, I, T) + %H,(a T, M, (9

State® and Enthalpy? (cal per mole of Alj for Reactants and Products

Temperature, _Reactants ) Products AH4,° Net
(;() Al %H,0’ %, AL, 0 %H, HeatR‘::i‘:i’::d by
State H State .H State H State H. (cal per gram-
mole of Al)
339 S, T 240 I, T 1,110 S, T 390
1900 LT 13,630 g T 40,020 S, T 23,180 s T 17,750 —-71,535
2000 I, T 14,330 & T 41,830 S, T 24,740 g T 18,970 - 69,455
2100 1, T- 15,030 8 T 43,680 S, T 26,320 g T 20,200 -67,345
2300 1, T 16,430 g T 47,430 S, T 29,460 & T 22,700 -63,105
2300 1, T 16,430 & T 47,430 1, T 42,460 & T 22,700 - 50,105
3000 L, T 21,330 e T’ 61,080 1, T 52,610 e T 31,740 - 35,815
3500 1, T 24,830 & T 71,180 1, T 59,860 8 T 38,420 — 25,385
3826 L, T 27,110 g, T 77,880 I, T 64,590 g, T 42,890 ~ 18,465
3826 e T 97,810 g T 77,880 I, T 64,500 - g T 42,890 —~89,165
4500 g T 101,160 g T 91,940 I, T. 74,360 g T 51,920  —73,715
5000 8 T 103,650 & T 102,520 1, T 81,610 & T 58,740 —-62,135

#Solid (S), liquid (1), gas (g), and temperature (T).
bEnthalpy (H) with reference to an initial state of 298°K and 40 atm.
CAt 298°F the assumed heats of formation of water and A1203 are — 68,317 and —-400,400 cal per gram-mole of Al

respectively. The heat liberated in the reaction at 932°K (the melting point of Al) is 113,600 cal per mole of Al, as-
suming all reactants and products are at this temperature.
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violent mixing), but rather increases the temperature of the reaction prodﬁcts. The analysis presented in
the previous section is repeated for the steam-hydrogen mixture, but for this case it is assumed that all
of the heat of reaction (162,000 Btu per poﬁnd-mole of Al), the heat in the A1203 product above 610°R,
and the heat in the unvaporized aluminum and hydrogen above a given temperature is available to form
steam at that temperature. , .

A uniform distribution 6f power in the aluminum has been assumed for the analysis. For nuclear ex-
cursions between 150 and 400 Mwsec the uniform distribution results in a larger total Al-H O reaction
than a typical distribution because a larger fraction of the aluminum is heated above the ignition tempera-
ture of 3500°R. All the Al is heated above the ignition temperature by larger excursions but the uniform
power distribution tends to cause larger prompt Al-H,O reactions (Table II.].5).

Results of the analysis (Fig. I1.J.4) show that a nuclear excursion of 610 Mwsec, which initiates 860
Mwsec of prompt Al-H,O reaction, is required to deposit the ultimate strain energy of 200 Mwsec in the
vessel. This excursion deposits an additional 57 Mwsec of strain energy in the primary coolant system
as the pressure is equalized (Table II.J.5). The magnitude of the nuclear excursion required to deposit
1/3 the ultimate strain energy of 56 Mwsec in the vessel is 380 Mwsec. This excursion initiates 220
Mwsec of pron;pt Al-H, O reaction and deposits 21 Mwsec in the 'primar'y coolant system as the pressure

is equalized.

Table ll.J.5. Consequences of a Nuclear Excursion and Prompt Al-H,0 Reaction in the
HFIR ‘and Initial Conditions for a Delayed Al-H,0 Reaction

Based on a flat power distribution, initial pressure 600 psi, 72.2 kg aluminum in core

Energy release, Mwsec :
Nuclear ° 200 300 380 500 610 750 1000

Prompt Al-H20a 0 0 220 555 860 1250 1950

Potential delayed Al-HzOIJ 1235 1235 1100 925 755 535 140
Fraction of Al vaporized .

Flat power distribution - 0 ~0 0.10 0.25 0.39 0.57 0.88

Six region distribution ~0 0.056 0.12 0.26 0.37 0.51 0.74
Effect of prompt reactions

Strain work on vessel, 11.5 19 569 130 200° 300 460

Mwsec . )
Maximum pressure in - 5185 5250

vessel, psi

Final pressure in ‘ 3150 " 3500
sy stem, ¢ psi ‘

Strain work on piping, © . 21 57

Mwsec

fResulting from Al that is vaporized,
bResulting from Al above 3500°R but unvaporized.

CAfter equalization of pressure in the vessel and piping following the nuclear.excursion and prompt Al-H20 reac-
tion,

9One-third ultimate strain énergy of vessel,

®Ultimate strain energy of vessel,
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Delayed Metal-Water Reaction

A model is developed to estimate the pressure transient and strain energy deposited in the primary .
coolant system by a deiayed Ai-Ii,O reaction that follows a nuclear excursion and prompt Al-..,0 reaction
of any vaporized aluminum. The follo .ng assumptions are made: ' v

1. The nuclear excursion and prompt A1-H20 reaction deposit either the ultimate strain energy or 1/3
the ultimate strain ir the \)es;s,el but leave the aluminum that is unvaporized above the ignition tempera-
ture of 3500°R. Immediately following the prompt stage of the conflagration the molten aluminum is
dispersed in the water as small particles and the pressure in ine vessel and system is equalized. The
elastic reduction of the volume of the vessel following relaxation of the pressure is negligible. Since the .
piping s ‘em will fail at a lower pressure than the vessel, the net effect of the delayed aluminum-water
reaction is to cause strain only in the primary coolant system.

2. The delayed metal-water reaction proceeds at a constant rate for a given assumed particle size. -
The average rate, duration of the reaction, and the fraction of aluminum that reacts as a function of the
particle size are shown in Table II.J.6. The flame temperature of the reaction is about 3500°R (see
Appendix I). The aluminvi1-watet combﬁstion reaction cannot be initiated at significantly lower tempera-
tures and is diffusion-heat-transfer limited at\higher temperatures. It is assumed that the Al, O, and the

surplus heat of reaction form steam at 3500°R. If Iso is the average power of the delayed metal-water re-

Table 11.J.6. Extent of Reaction and Energy Releases as Functions of Initial Particle Diameter

D, , a-p Ex oo P(0)* 130*
(cm) . (Mwsec) ' (sec) (Mwsec/sec) (Mwsec/sec)
0.336 1 0 0 0 176 0 i
0.35 0.88 ©0.12 l 148 0.88 169 168
0.40 0.58 c.42 520 ' 4 148 . 130 .
0.45 0.41 0.59 726 7.12 131 102
0.50 0.3 0.7 863 10.25 118 84.2
0.60 0.175 0.825 . 1018 16.50 99 61.7
0.80 0.074 0.926 1141 29 . 74 39.3
1.00 0.038 0.962 1188 41,50 " 59 28.6
1.20 0.022 0.978 1206 54 49 22.3
©1.50 0.011 0.989 1220 102.50 40 11.9
46.5 0 1 1235 2900 1.4 0.425

List of symbols: : -

D0 Initial particle diameter, cm
" f Fraction of Al not reacted
E Total energy liberated, Mwsec
t Time (or duration) of ignition reaction, sec
P(0) Initial (or maximum) rate of energy generation, Mwsec/sec, based on the heat released in the reaction at
3500°R(1940°K), 200,000 Btu per pound-mole -of Al )

PO Average rate of energy release during the ignition reaction

*These values differ from those in Table II.I.1, being adjusted to the actual HFIR Al content of 72.2 kg. °
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action (in megawatts based on the energy release at 3500°R of 200,000 Btu per pound-mole of Al), then
the production rate of'hydrogen and steam is 0.00715130 and 0.01601—’0 lb-moles/sec respectively.
3. The work of compression of the water in the high-pressure cooling system is neglected. At the

minimum bursting pressure of a portion of the system, 4350 psi, the energy stored by compression of the

‘water in the system (1700 ft3) is 10 Mwsec.

4. The pressure relief valves in the high-pressure system open at 1000 psi and discharge 600 gpm
when the system pressure is 1100 psi. For-a large nuclear excursion that will generate steam pressﬁre
at least half the bursting pressure of the vessel, it is conservative but not unduly restrictive to assume
that the relief system discharges water at a constant rate determined by the pressure developed by the
nuclear excursion and prompt metal-water reaction; that is, dv/dt = 0.040P11/2 cfs where P, has units
of psi.

Based on these assumptions the model may be developed as follows:

Gas-filled volume of vessel and primary coolant system:

. v=CP® + k P/t +v , " (13)

dv dP '
_ 7 1/2 : .
;t— = 8CP _dt + kOPI » . . (14)

where
v = volume of gas, ft3,
C = 4.14 x 10727,
P = resisting pressure of system, psi,

P, = steam and hydrogen pressure following nuclear excursion, psi,

k, = 0.04,

v, = volume of gas formed in prompt reactions, ft3,

¢

t = time since beginning of metal-water reaction, sec.
Ideal gas law:®

Pv = (ns + nh)RT , ' (15)

where n and n, are pound-moles of H, and steam respectively.

Rate constants:

dnh ’ o .

= =ky; n, =kt +n,, 16)
dn ) ,
—tszks ;\ns=kst+n2 y _ Qa7

k, =7.15 % 103 I—’o » Ib-moles H,/sec ,

k= 1.60 x 10~2 I;o , Ib~-moles steam/sec,

It is appropriate to use the ideal gas law for this model because the gas temperatures (23500012) are well above
the critical temperatures, . .

-
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where

average power of metal-water reaction, Mw,

I

@ .

p = average hydrogen production rate, lb-moles/sec, -

x = "ol
t

average production rate of steam at 3500°R by the Al,O, reaction product and the surplus

I

S
heat of reaction,

q = net heat output of metal-water reaction (assumed zero for reaction temperature of 3500°R

because the surplus heat is used to make steam),

nz, ng = lb-moles of hydrogen and steam formed by nuclear excursion and prompt metal-water reac-

tion.

Conservation of mass in the gas phase:

dn ' -
Etkh+ks—0. (18)
Conservation of energy in the gas phase:
d H dw
E(nu): A +H k +q- ot (19)

where
/

” (nu) = accumulation of mass and internal energy

t
=k, C+ k COHT + [(k, C" + k_CS)t + n'Ch + n3C"] il
—hv+sv+hv+sv+n0v+n0vE'

. H = enthalpy at 3500°R, referred to S37°R (including heat of vaporization of the steam),

Btu/lb-mole, »
Cp = approximate heat capacity at constant pressure of a component of the gas in the vessel .
H 1 op-1
=—— | Btulb-mole™" °R™", .
3500 — 537 -
C, = approximate heat capacity at constant volume of a component of the gas in the vessel
= C, —.R, Btu Ib-mole™" °R™", '
dw
o = rate of work done by the gas phase
t
Pdv 8CP®(dP/dt) (k,P’?)
-— — = + P, Btu/sec ,
J dt J )

J = 5.4 ft® psi/Btu.

Using Eqgs. (13) and (15) the volume of gas in the vessel at any time is:

(kht+kst+n2 +n2)RT -

v B =CP8+1<0P1/2t+V1 .
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Solving this equation for T in terms of P and ¢, differentiating with respect to time, substituting d7/dt¢

in Eq. (19), and collecting terms, one obtains:
y C o '
(a — BP)dt = (yP® + ,86—" t+ 8> dP , " : 20
p

where .
a=Hk, +Hk +qJ=512x 103130, ft3 psi sec™?!,

c*
1/2 1/2 3
B = —RE k,P/* = 0'2831)? , ft°/sec ,
9C* + 8R
y=C ___vR - 62.8 C, ft*/(psi)® ,

C*y
&= 'VTI = 6.09v, ft*,

h s
thp + kst

*
p
kh +kg

e

C =14.08 ,

C*¥X C* - R=12.10,
v p

For the case of no pressure relief (k0 = 0), this equation has the solution
Y 5o 9 '
CLt=—9 (P —P1)+8(P—Pl). 1)

For the case of steady-state pressure (dP/dt = 0, because the rate of increase of gas volume matches

the flow of water from the system) the solution is:

P-a/B. . (22)
The general solution of Eq. (16) is:
8 - p8~—ngngy o — B PN\ C.,/C, 8 p8—n o0 g1
t=-yE -y — . Z _ !
=0 pntl a-BP =0 pn+1
=0 pn*ig )t [ (m+8 -k n=0 gn*ig _ oyt f[(m+8 -k .
k=0 . k=0

B c /c
+;gp <aa -55P1>1> 1. @3

Results of the Metal-Water Analysis Assuming No Pressure Relief. — Using Eq. (8) the total strain
work done on the primary coolant system, E_, is a function of the maximum pressure in the transient:

E = 0.889CP? .

\

Equation (21) may be used to determine the work done on the primary coolant system assuming no

pressure relief:
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at=g(Pg — P+ 8P -P)).

Multiplying through by 0.889 and converting to Mwsec the total strain energy in the primary coolant

system is:

1 B _ .
E_=E_ +0.127P t ~ 0.000152v (P — P ), 24)

where E; is the strain energy deposited in the primary coolant system by equalization of the pressure
following the prompt reactions. For the nuclear excursion that deposits 200 Mwsec of strain energy
in the vessel (610 nuclear, 860 prompt Al-H,O) the initial volume of gas, pressure, and strain’energy
in the primary coolant system are 212 ft*, 3500 psi, and 57 Mwsec respectively. A total delayed Al-
H,O energy release of 2700 Mwsec is required éo deposit the ultimate strain energy- of 400 Mwsec in
the piping system. The potential delayed Al-H,O reaction, determined by the aluminum above the ‘
ignition temperature but unvapori_zed, is only 755 Mwsec following a prompt Al-H,O reaction of 860
Mwsec.

The Allowable Steady-State Delayed Metal-Water Reaction. — The allowable steady-state rate of the delayed

metal-water reaction is calculated using Eq. (22). The effect of this simplification allows us to write:

Cc* _
Pk pP¥2_qg -512x10°P .
R 0 0

" Solving for 130 and substituting the bursting pressure of the primary coolant system (4350 psi):
P, =16 Mw .

Referring to Table II. 1.6, the system, with pressure relief, could sustain a metal-water reaction of

“‘unlimited’’ duration if the diameter of the molten aluminum spheres is greater than 1.4 cm.

The General Case — Transient Delayed Metal-Water Reaction with Pressure Relief. — The pressure transient
and the strain energy in the primary coolant system assuming pressure relief are calculated using Eq.
(24) and reaction rates as a function of molten aluminum particle size from Table II.]J.6. Results of
the analysis, expressed in terms of strain energy in the primary coolant system as a function of »
initial aluminum particle size, are shown in Fig. II.J.5. The diameter of the particle that causes
maximum strain work is about 0.6 cm; smaller particles do not react so completely; pressure relief
becomes important for larger particles, which react slowly. The allowable delayed Al-H,O reactions
to cause ultimate strain and 1/3 ultimate strain in the primary ¢oolant system are 4500 and 1250 Mwsec
respectivély. By comparison, only 755 and 1100 Mwsec of delayed Al-H,O reaction are potentially

available for the two cases.

Comments on the Adequacy of the Mod.el

The model that we have used for this study assumed that reversible work is done by the gaseous
products of a nuclear excursion—metal-water reaction and considered essentially only three factors that
would tend to negate the effects, that is, the inherent internal energy of the gas, strain work on the ves-

sel and piping system, and flow through the pressure relief system. There are many other mechanisms

LI
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that tend to make this model grossly conservative as it is applied to relatively slow reactions, such as
the delayed metal-wate; reaction, but before we discuss these we will discuss the adequacy of the model
for fast reactions by relating it to the results of high explosive tests.

The effect of exploding TNT in the HFIR pressure vessel may be gstiméted by analogy with exp‘éri-
mental results® that were obtained by detonating ‘pentolite in water-filled cylinders that were rigidly.
fixed at both ends and which had no external restraining forces. Properties of a single test that is most
readily related to the HFIR are: ‘

Vessel dimensions: 20 in. ID X 40 in. long x 1.030 in. wall
Material: 212 flange steel, nominal ultimate strength 76,200 psi, nominal ultimate strain 0.27
Pentc;lite charge: 4.96 1b, energy release 10.6 Mwsec, gas release 0.25 lb-mole

Maximum radiz\xl deformation: 0.23 (no rupture)

6W. R. Wise, Jr., and J. F. Proctor, Explosion Containment Laws for Nuclear Reactor Vessels, NOLTR-63-140,
pp. 49, 71, 83 (1965). ) i
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At a nominal strain of 0.23 the 212 flange steel has approximately the same nominal stress that was
assumed for the A 212-B steel in the HFIR pressure vessel. Consequently we have assumed the same
equation of state [Eq. (1)]. Equations (2), (3), and (4) are also valid, but the values .of P* and A are
changed to P* = 8330 psi, A = 5.73 ft ™3, :

The strain energy in the vessel at the measured radial deformation (0.23) is 3.6 Mwsec for the vessel
that is tamped by air. The effect of a water-filled pool in tamping the vessel is to increase the charge
to cause the same deformation by at least a factor of 2 (ref. 6). Therefore, for the water-filled, water-
tamped vessel the strain work efficiency of the pentolite charge is approximately 3.6/(2)(10.6) = 0.17.

A comparable strain work efficiency can be derived by the methods assumed for the present analysis. .

The total heat in the gas phase, Q, is

Q=nC (T -530)+E_, @5)
10.6 Mwsec = 10,000 Btu,

n = moles of gas = 0.25 lb-mole,
C, = heat capacity of the gas at constant volume = 6.5 Btu lb-mole~! °R™!,
T=

absolute temperature of gas, °R,

E_=P* — P/A= nRT — P*/X. (26)

By substituting Eq. (26) into Eq. (25) the temperature of the gas is found to be 4460°R. The strain
work efficiency (ES/Q) is then determined to be 0.22, which is higher than that expected for a pentolite
detonation in a tamped vessel.. It is observed that for either case the pentolite explosion is more efficient

“‘steam explosion’” or Al-H, O reaction.

in producing strain energy than the

The strain work efficiency should scale directly. Thérefore, the pentolite charge required to impart
200 Mwsec of strain work to the HFIR pressu;e vessel is approximately 500 1b or 1200 Mwsec of energy.
On the basis of experience with shock loading of pressure vessels it has been recommended® that only
one-third the ultimate strain should be allowed in actual vessels as a factor of safety for nozzles and
weldments. By such a procedure the maximum allowable pentolite charge would be about 330 Mwsec.
We believe that it is unrealistic to apply a factor of safety of this magnitude for excursions in the HFIR
vessel on tﬁe basis that the reactions will be much slower than for the detonation of high explosive; thus
a smaller fraction of the total enefgy will appear in the shock wave (53% for pentolite) and nozzles will
not be exposed to the same degree of brisance and vibration.

Factors that tend to make our model grossly conservative for slow reactions, that is, those that take
place in time periods of a second or more such as the delayed Al-H,O reaction, are as follows:

1. We have assumed no increase of the sensible heat content of the water in the pressure vessel.
We know that steam bubbles will rapidly collapse and transfer sensible heat to the water but were not
able to find defensible data on collapse rates at the temperatures and pressures of interest. If all the
heat from a 1000-Mwsec energy pulse were transferred to the water in the véssel the temperature would
increase by only 20°F and the strain energy deposited in the system would be negligible.

2. We have not assumed dissolution of the hydrogen in water. The solubility of hydrogen in water

is such that all the hydrogen from the potential metal-water reaction could be dissolved.
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APPENDIX K

CONTAINMENT POTENTIAL OF THE HFIR BUILDING.

g The Building

The type of accident which is considered is that in which the 2.67 x 103 g-moles of aluminum in the
reactor core is rapidly and adiabatically heated to anextremely high temperature as tl;e result of a fast
nuclear excursion. A portion of this heat is then transferred to the water in and near the reactor core.
The resulting steam which is formed then causes an increase in pressure in the reactor vessel, The
situation is complicated by the fact that at temperatures above approximately 2050°K aluminum may react
with steam, thus producing additional heat which will, in turn, generate more steam. It has been shown
(see Appendix I) that, at temperatures below the boiling point of aluminum, this reaction proceeds relatively
slowly. However, for that amount of aluminum which vaporizes, it will be assuqmed that the Al-H,O reac-
tion takes place instantly. In addition to the heat evolved, 1.5 moles of H, is generated per mole of Al
reacted, and this is“available to increase the pressure in the reactor vessel. .

\ It is clear that no damage can result to the building unless the pressure vessel or some portion of the
primary cooling system fails as a result of the energy pulse. The conditions under which this can occur
have been discussed in Appendix J,. which concludes that a total prompt energy release of about 1500
Mwsec is required to cause rupture of the vessel, _ ‘

The reactor bay, which constitutes the secondary containment of the HFIR, contains a volume of
4.5 x10° ft®, Under the normal conditions — 25°C temperature and 60% relative humidity — the bay con-
tains 5.428 x 10° moles of air and 1.07 x 10* moles of water vapovr. '

Assuming validity of the\perfect gas law and a molar heat capacity at constant volume of 4.91 cal

mole™! °C™!, the quantity of heat required to raise the temperature of the building atmosphere by 1°C is
5,535 x 10° x 4.91 = 2,718 x 10° cal or 11.4 Mwsec .

Let N, = 5.535 x 10° be the original number of moles of gas in the building, p, = 14.7 psi be its
pressure, and T, = 298°K its temperature. Then if, at constant volume, the temperature is raised by an
amount AT°C and the number of moles of gas or vapor is increased by an amount AN, it follows that the

A
pressure will be increased by an amount

/

P * .

0
AP:N 7 (T, AN + N AT + AN AT). ey
070

It has been determined that no distortion of the building walls will occur for values of AP £ 0.8 psi,
and it is estimated that no serious disruption of the building walls would occur at twice this pressure
difference; nevertheless, the former figure will be used, Upon putting AP = 0.8 psi into Eq. (1) and solv-

ing for AT we obtain

1-3.320x 10~ AN T
AT =16.21 ; : 2)
141.807 x 10% AN A
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thus, if AN is zero the maximum permissible temperature increase is 16.21°C, whereas, if AN = 3.01 x 10*
moles, no temperature increase can be tolerated without some distortion of the building. This relation is
shown in Fig. IL.K.1,

It is now necessary to consider the amounts of heat and vapor which could be supplied to the building
atmosphere. ¢ The temperature of the steam formed in the reactor vessel will depend upon the total amount
of energy transferred and upon the amount of water which is heated. Clearly, the more moles of water
that receive a given-qﬁantity of heat, the lower will be the temperature of the steam. For example, to
heat the entire contents of the reactor vessel from its original temperature, 63°C, to the boiling point at
40 atm pressure, 252°C, requires about 1.47 x 10* Mwsec of energy. On the other hand, the minimum
amount of water which can be heated by transfer of energy from the aluminum is restricted by the fact -
that the steam cannot be generated at a higher temperature than the aluminum. ‘

Because the actual course of events within the core during and immediately following a severe nuclear
excursion is unpredictable, it is necessary to establish some criterion for determination of the .steam
temperature, which, in turn, permits calculation of the amount of steam generated, The work which can
be done by the steam is proportional to the product, NT, of the number of moles of steam produced and
its absolute temperature. Since the ability to perform work is directly related to the potential for damag-
ing the pressure vessel, choice of a steam temperature which maximizes NT will give pessimistic results.

It has been found that for nuclear-excursions in which little or no vaporization of the aluminum occurs
(i.e., <225 Mwsec) and thus which do not cause rapid metal-water reactions, the appropriate value of T
is 932°K. Here it is assumed that the aluminum solidifies and gives up its latent heat of fusion to the
steam. '

For those cases where considerable vaporization of the-aluminum has occurred, the value of T which
maximizes NT varies depending upon the total energy input; however, the maximum value of NT differs
little from that obtained by setting T = 2000°K. .

By using these values for the .témperature and quantity of steam formed, together with the heat of _
reaction of the fast Al-H,O reaction and the quantity of hydrogen which results from this reaction, it is
possible‘to compute the composition, pressure, and heat content of the gaseous mixture in the reactor
vessel. The procedure is presented in some detail in Appendix J.

If the maximum pressure reached is insufficient to rupture the system, then there is no damage to the
building. On the other hand, if the internal pressure is great enough to rupture the system, the steam

or steam-hydrogen mixture will escape from the vessel and may transfer heat to the building atmosphere.
There are three mechanisms by which heat will be lost from the gases before they reach the atmos-
phere: (1) the work required to actually rupture the vessel, (2) the work of expansion performed by the

gas as it leaves the vessel, and (3) the quenching action in the reactor pool.

- The first of these has been estimated to be approximately 200 Mwsec. This is the strain energy re-
quired to rupture the vessel. The effectiveness of the second mechanism depends to a large extent upon
the mode of failure of the vessel. If, for example, a small nozzle fails, viftually all the energy can be
expended in a relatively slow expansion as the pressure in the vessel is gradually released. On the

other hand, if the failure took the form of a very large tear or rupture, t}ergas would undergo a very nearly
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free expansion and, therefore, would do little work., Although it is believed that the mode of failure would
most probably take the form of a relatively small opening, this is not completely certain, and therefore it
is impossible to take credit for this type of energy loss.

The reactor vessel is located in the reactor pool, which coptains' approximately 86,000 gal of water,
normally at about 35°C. The amount of heat required to raise the temperature of this water on the average
of 1°C is 1265 Mwsec. -The top of tile reactor vessel is 17 ft below the surface of the water, and the
center line of the reactor core is 27.5 ft below the reactor surface. Consequently, any escaping steam
or hydrogen has to pass through at least 17 ft of water before reaching the atmosphere of the building.
During this process, some of the energy contained in the hot gases will be lost to the pool water. The
exact amount of energy which will be lost in this way depends upon the manner in which the gases are
conveyed through the water, If gas is broken up into many small bubbles, the heat transfer may be almost
complete. On the other hand, if the gas emerges in the form of a few la‘rge bubbles, there will be consider- -
ably less heat loss to the pool. Because it is not possible to predict the exact course of the bubble
emission, the extremely conservative assumption that no heat is lost to the pool will be adopted.

Under normal conditions, the HFIR building operates at a temperature of 25°C and a relative humidity

of approximately 60%. This means that the air in the building,normélly contains 1.07 x 10* moles of water
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vapor and could accommodate 7.3 x 10% additional moles befo're reaching the dew .point.l The amount of
" moisture which can be accommodated by the air in the building is s};own as a function of temperature in
Fig. I.LK.2. Because of this, little, if any, of the steam will condense, and consequently its heat of

_ vaporization is not available to raise the temperature of the building atmosphere.

The quantities of steam and hydrogen which are available as a result of various nuclear excursions
have been calculated on the basis of information given in Appendix J. ,

In the following analysis it is assumed that each nuclear excursion considered is sufficient to Vrupture
the pressure vessel and that all the available energy is used to instantly heat the air in the building, thus
causing a step increase in pressure. The building overpressure as a function of the nuclear excursion is
shown in Fig. I.K.3,

Because of the fact that the SBHE system is removing air from the reactor bay, this overpressure can

persist\for only a short time, The SBHE system exhausts .air from the bay at a rate given by

" E(p) =2.65 x 10* \/p — Py molej/min .

~—

where p is the pressure in the reactor bay in psiand p, is a base pressure equal to 14.258 psi. In addi-
tion to the loss through the SBHE system, there will be leakage from the building through various open-

ings. This can be represented as
L(p)=K’ Vp — p, moles/min ,

where p, is the ambient pressure and K’ is a ““leakage’’ constant which depends on the characteristics of
the building." It is convenient to set K’=2.65x 10*a = Ka, where a is a constant. Then the rate of loss

from the building is just

! A 10°F increase in temperature would raise this value to 1.78 X 10* moles.
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.. N = —K/p() - Py + a/p(t) — pa] moles/min .

This integral has been evaluated numerically between p,, the initial overpressure, and p,» the ambient
pressure at which leakage to the environment ceases. The fraction of the building content which reaches
the environment is given in Fig. I1.K.4 as a function of the constant, a, and of the magnitude of the nu-
clear excursion. To clarify the significance of the parameter a, it can be easily deduced that a=1
represents a building leak rate of approximately 3.37% per minute at a Ap of 0.5 psi. An infinite value of
a signifies that all the overpressure escapes by leakage and none through the SBHE system.

In order to estimate the consequences of releases of this type, it is merely necessary to apply the
appropriate factor from Fig. ILK.4 to the doses to be expected from a ground-level release following a
100% meltdown. These values have been calculated and appear in Fig. 11.29.2.

The values given therein for groﬁnd-level doses are based upon the most representative conditions
(i.e., a wind speed of 100 m/min and C stability conditions). It is assumed that a 100% meltdown occurs
and that all the noble gases and 50% of the iodines are released from the vicinity of the fuel. It is further ’

assumed that the iodine is attenuated by a factor of 3 due to washout and disposition on various surfaces,



250

o ORNL-DWG 66-6999

I~

FRACTION OF BUILDING VOLUME WHICH REACHES ATMOSPHERE
~
™

]
'\t\

10°

NUCLEAR EXCURSION (Mw}

Fig. Il.K.4. Fraction of Building Volume Which Escapes.

Moreover, the values given in this figure are based upon a relatively slow release rate from the building,
and thus include decay during the release period. To correct this decay term for a rapid release it is
necessary to multiply the noble-gas doses by ~ 10 and the iodine doses by a factor of ~3.5. Thus the

doses to be expected from a rapid release at ground level following a 100% meltdown are as follows:

Exclusion Area Downwind Site
Boundary (2.8 km) Boundary (4.0 km) -

Noble-gas gamma dose 31 rads ~ 16 rads
Internal I, dose 1350 rems 721 rems

These values contain some degree of uncertainty. For example, a wind speed of 50 m/min rather
than 100 m/min would increase them by a factor of 2, whereas a wind speed of 200 m/min would decrease
them by a like amount. There is also probably room for argument concerning the value of the release

factor of 1/2, deposition factor of Y,

» and the choice of C stability conditions. Nevertheless, these values

are believed to be representative of the magnitude of the doses to be expected.

a
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Since it has been determined that the méximum possible nuclear excursion is less than 300 Mwsec,
premature failure of the pressure vessel would result in an overpressure in the building of only 0.5 psi;
and the appropriate factor to appiy to the ground-level release, under the assumption that all of the over-
pressure is released to the atmosphere, is 0.035. Upon adding to this 96.5% of the stack release doses;

also given in Fig. I1.29.2, the doses to be expected become the following:

Exclusion Area Downwind Site

Boundary (2.8 km) Boundary (4.0 km)

Noble-gas gamma dose 18 rads 13 rads

Internal 12 dose . 50 rems . 27 rems

The foregoing estimates are believed to be conservative by a factor of at least 5. This is because
of the tacit assumptions: (1) that no energy is lost from the hot gases in passing through the pool, (2)
the temperature of the hot gases has a value which maximizes their energy content, and (3) all the vapor-~
ized aluminum reacts instantly with steam. Nevertheless, it seems clear that no accident will produce

catastrophic off-area consequences.

The Reactor Pool

The HFIR pool is not an integral part of the reactor building in the sense that damage to the pool
will result i.n damage to the reactor building. The only conceivable way that the reactor pool could suf-
fer significant damage would be as the result of a severe shock wave. There does not appear to be any
mechanism which could generate such a shock wave; however, it is possible to estimate the magnitude
of the TNT explosion necessary to do so. .

In a series of tests performed on a scale model of the Air Fbrce Nuclear Engineering Test Reactor,?
it was found that a 1000-Mwsec TNT explosion was required to produce significant damage to the north
or shielding wall of this reactor. This wall is adjacent to the reactor vessel, which is a rectangular tank
331/2 X 201/2 in. in cross section. The wall is 16 ft thick and constructed of reinforced barytes concrete.
The HFIR\pressure vessel is separated from the 12-ft-thick reinforced concrete pool wall by 5

1,13

ft of water. If it is assumed? that the shock wave is reduced by r , where r is the distance from the

explosion center to the wall, and that the damage is inversely proportional to the mass of the wall, then

the HFIR pool could withstand a TNT explosion equivalent to

5 1.13 12 :
1000 x [ — -x — = 4600 Mwsec :
1 16 -

without suffering significant damage.

2W. E. Baker and J. D. Patterson II, Blast Effects Test of a One-Quarter Scale Model of the Air Force Nuclear
Engineering Test Reactor, BRL-1011, Aberdeen Proving Ground, Aberdeen, Md. (March 1957),

3R. H. Cole, Underwater Explosions, Princeton University Press (1948).
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Even though some cracks might appear in the concrete and water be lost thereby, this wouid occur
after the accident was over and would not contribute significantly to the consequences. The main problem
would be loss of shielding, which would make recovery operations difficult.

It is worth noting that an Atomics International report* based on these tests indicates that the energy
release rate from a reactor excursion would be considerably less than that from an explosive. Moreover,
pressures escaping from the surface of the pool were all quite low (0.6 psi in the case of the '10(‘)0-Mwsec
scale test), which indicates that even for explosive-type releases there would be no blast effects in the
building. ‘ ‘

It is concluded, therefore, that no conceivable nuclear accident in the HFIR could significantly

damage the reactor pool structure,

Summary Report on R. M. Parsons Request for Engineering Information Relative to the Model Blast Study of
WADC Nuclear Engineering Test Facility, Atomics International (Feb. 10, 1956).

APPENDIX L

DETAILED DISCUSSIONS OF QUESTIONS 54, 55, AND 58

'54, Reanalyze transient previously discussed (1.3% Ak) without control rod action. What
is the extent of the metal-water reaction? Could boiling lead to a more rapid rate of

i increase of the reactivity?

Several of the transients previously analyzed with the analog computer were reanalyzed, using a more
Sophisticated an.alog.model. The new model 'includes an expression for steam void feedback, based on a
corrélation prop;osed by Griffith, Clark, and Rohsenow,! which is applicable for subcoolings as low as
~20°F for the HFIR. To obtain some degree of space dependence the core was divided into five axial

regions in addition to the hot spot and hot streak ‘‘cores.’’

Proper weighting factors for coefficients were
applied in each of the five fegiogs. .

The above correlation implies that the void fraction is proportional to the difference between the actual
heat flux and incipient-boiling heat flux and inversely proportional to the subcooling and the square of
the heat transfer coefficient. Thus, the void fraction is approximately proportional to the inverse of the
" coolant velocity and the subcooling. This implies that for a high-velocity, large subcooling reactor such
as the HFIR, the steam void reactivity feedback will be small compared to that for the lower-coolant-
veloc1ty reactors. '

Results from the above analog studies indicate that when the HFIR is operating at 10% normal flow,

reactivity feedback from steam formation, prior to the peak in power, is appreciable; under full flow con-

lGrit’t’ith, Clark, and Rohsenow, Void Volumes in Subcooled Boiling Systems, Technical Report No. 12, M.I. T.
(1958).
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ditions the corresponding feedback is quite small. According to the calculated results, the greatest
feedback in the latter case comes from fuel plate expansion.

A summary of the latest analog calculations made is given in Table ILL.1. In these .calculations
more severe accidents than the 1.3% Ak/k, 30-msec ramp were considered, and in some cases safety rod
action was omitted. If one assumes that the model is reasonably correct and that some local melting can
be tolerated without destroying the mechanical integrity of the rest of the element, as was the case in
the SPERT experiments?+® with 5- and 4.6-msec periods, then it can be concluded that the HFIR can
withstand the 1.3% Ak/k, 30-msec ramp accident with only a small amount of melting and no metal-water
reaction. This assumes that the safety rods wdfk. Referring to case 8, Table IL.L.1, the calculated
metal hot spot temperature is only 2150°F, and this does not consider a significant increase in radial
conduction away from the hot spot after it is film blanketed. Since the ignition temperature for the metal-
water reaction is considered to be about 3000°F, no significant reaction would take place, unless auto-
catalytic effects resulted in the generation of larger amounts of nuclear energy. This latter consideration
is discussed later. ' b

-As stated previously-the main reactivity feedback mechanism for the full-flow case is fuel plate ex-
pansion, which results in water expulsion. Thus it was not expected that small increases in safety rod
differential worth and rod acceleration would significantly decrease plate temperatures (see cases 8, 14,
and 17). However, to prevent a possibly large amount of core melting after the initial peak, it is neces-
sary for the safety rods to cancel out most of the reactivity addition soon after (~10 msec) the peak in
power, so that shutdown will not depend on core disassembly. Our present analog modei does not include
any type of core disassembly and thus cannot in itself predict what will happen without safety rod action.
Furthermore, the s?ea'm void feedback correlation is not applicable for bulk boiling of the coolant. Even
so, calculations were made, and some of the results are given in Table IILL.1. As indicated by a com-
parison of cases 8 and 9, the peak power was only slightly higher than achieved with safety rod action.
The equilibrium power level achieved following the peak was 500 Mw and was achieved, following a dip
to /100 Mw, about 70 msec after the peak in power. At full flow, 600 psi and 500 Mw, there would be very
little, if any, bulk boiling even witﬁ good heat transfer to the wafer, assuming no flow instability, Of .
course at thié power level all heat transfer surfaces would be film blanketed, causing melting of the
fuel plates, at which time, if not before, the coolant pressure drop would vsweep the fuel from the core
region. The rate of temperature rise of the central portion of the core at 500 Mw would be about 15°F/
msec. Thus, in 30 msec, about the time required to swéep the molten metal out of the core, the tempera-
ture increase of the aluminum, assuming that it is étill in contact with the fuel, would be about 450°F,
which is not enough to initiate the metal-water reaction.

It is of interest to consider what is happenirig in the core regions containing positive void coefficients,
which include the flux trap, control region, and perhaps a small portion of the fuel region adjacent to the

flux trap. The flux trap and control region reactivity feedback are specifically included in the analog

2F. Schroeder (ed.), SPERT Project Quarterly Technical Report, April—June 1962, IDO-16806 (Sept.. 21, 1962).

3F. Schroeder (ed.), SPERT Project Quarterly Technica\l Report, July—September 1962, IDO-16829 (Feb. 28,
1963). . i ~



Table Il.L.1. HFIR Analog Calculations

Negative '

. Safety , Feedback Veid Plate Plate Bulk . “e“'t . Surface . B“““
§ T e System . . from ' ot Integrated  Temperature, ~Temperature,  Temperature, " emperature, emperature, emperature,
Cose § > £ % Differential Re'ac'hvnty Accident Peak Moderator Feedback Power Ho‘: Spot Rt:gion 3 Region 5 .pe:;(m:,ot:et Target Target Target
2 E = F:: Worth Reactivity Ramp Power Fuel Plate (Peak Power) (Mwsec) (Max) (Midcore) (Outlet) (msec) Ayerage Average Average
i3 Zg M) and voids (% Ak/B) ©F) (Max) (Peak Power) (Max) (Max) (Max)
> =4 (Peak Power) (°F) (°F) (°F) C°F) - (°F)
(Mw) (% Ak/k)

1 10%. 10 8.3¢/n., 4¢ 1.3% 30 msec 750 0.35 .0 2200 1075 210 68

2 10% 10 8.3¢/in., 48 1.3% 30 msec 620 0.35 0.15 1350 700 190 55

3 10% U] 8.3¢/in., 4g 1.3% Step 1100 0.45 0 2900 1475 225 50

4 10% 10 8.3¢/in., 48 1.3% Step 740 0.3 0.2 1400 760 195 35

5 10% 10 8.3¢/in., 4¢ 2.0% Step 1940 1.1 0.9 1750 975 190 28

6 10% 10 None 1.3% 30 msec 780 0.6 0.5 1500 775 200 ) -

7 100% 100 8.3¢/in., 4g 1.3% 30 msec 1400 0.50 0 56 3600 1100 300 50

8 100% 100 8.3¢/in., 4g 1.3% 30 msec 1320 0.55 Small 44 2900 1000 290 48

9 100% 100 None 1.3% 30 msec 1450 0.6 Small 46 3000 1050 275 48

10 100% 100 None 1.3% 30 msec in, 800 0.3 Small 26 1600 620 225 40

. 30 msec out .

11 100% 100 8.3¢/in., 6¢ 1,0% Step 660 0.22 Small 32 2200 650 250 34

12 100% 100 8.3¢/in., 64 1.05% 30 msec 660 0.23 Small 32 2000 650 240 50 N

13 100% 100 8.3¢/in., 6¢ 1.25% 60 msec 700 0.30 Small 34 2000 670 250 65

14 100% 100 8.3¢/in., 6g 1.3% 30 msec 1250 0.50 Small 44 2800 950 280 50 540 260 130

15 100% 100 8.3¢/in., 64 1.5% 30 msec 1820 0.70 Small 48 3200 1150 300 45 580 270 135

16 100% 100 8.3¢/in., 6¢ 2.0% 60 msec 2100 575 620 280 135

Conditions: 1. End of cycle

. Mode 1 operation

. h=0athot spot for ¢> ¢ . :
. Temperatures above 1200°f%&1elting point for aluminum) must be comected for heat of fusion as follows: T(actual) = T(calcd) — 750°F, if T{(calcd) > 1950°F; T(actual) = 1200°F, if 1200 b T(calcd) £ 1950°F,

1
2
3. Five axial regions
4
5

rSc
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model up to the point where boiling begins. Since the initiation of boiling in these regions would lag
behind that in the fuel regions (see cases 14, 15, and 16), and since boiling in the fuel region was not
included in the analog model as a feedback mechanism, there was no reason to be concerned with boiling
in these other regions. An exception to this lack of concern is associated with flow blockage and other
extraordinary methods of generating voids in the positive coefficient regions. The worst such case ap-
peared to be total flow blockage to the target region. Interms of reactivity addition this accident was
less severe than the 1.3% Ak/k, 30-msec ramp case. . ‘ ‘

Another possibility is that the coolant temperature in the target region would be consideraBly higher
than nominal, perhaps as a result of undetected, partial blockage of flow to the flux trap region. In such
a case a transient induced by other means could cause voids through subcooled boiling and film blanket-
ing on the target rods; this could occur before void formation in the fuel region. Suppose that th;e initiat-
ing accident in itself is trivial, but that the slightest increase in power initiates subcooled boiling in the
target. Since about 1.3% Ak/k is the maximum reactivity that could be added by boiling in the flux trap,
and since all the high-velocity coolant would have to be removed to achieve the 1.3% Ak/k, this accident
would be mild compared to the 1.3% A k/k, 30-msec ramp accident. If this sort of feedback accompanied.
a void insertion accident, the total reactivity adaition would be no greater than 1.3% Ak/k, but the addi-
tion rate would be greater than the addition rate associated with the inigiafing ;/oid by itself. However,
since it.is postulated that the target boiling condition existed as a result of reduced coolant velocity in
the target, the initiating void would enter more slowly than usually anticipated for the maximum reactivity

insertion case.

It is of some interest to consider the case of the 1.3% Ak/k, 30-msec ramp accident and the target
boiling condition occurring simultaneously, Without target boiling, the amount of energy generated in the
target during the time that it takes to insert the optimum void is 0.06 Mwsec, which will vaporize less
than 0.1 1b of water. The optimum void represents about 3.6 1b of water; therefore, the maximum re-
activity addition would be about 0.05% Ak/k. Actually only a small fraction of the 0.06 Mwsec would be
transferred to the coolant during the fast transient because of the relatively long time constant in the
target rods. Since the total reactivity addition cannot exceed 1.3% Ak/k, the effect of boiling in the
target is quite negligible. '

From an economic point of view, flow blockage to the flux trap region is of great concern because of
the possibility of distributing megabucks worth of transplutonium isotopes throughout the primary system.
For this reason, a special coolant inlet to the flux trap was provided which minimizes the possibility of
flow blockage and gas vbid transport. . '

In the above and previous discussions concerning optimum void entrance and residency in the flux
trép target, the con‘sequences of térget melting were ignored, It is obvious of course that since the
optimum void associated with theAhigh-velocity coolant in the target occupies all the forced convection
coolant spa;ce, there.is essentially no means for cooling the target rods once the void is in placev. The
amount of energy required to raise the target rod temperature to the melting temperature is about 1.4
Mwsec, and to complete melting starting from the nominal state, it is 2.5 Mwsec. By the time the peak ,

in power occurs for the 1.3% Ak/k, 30-msec ramp case, the energy generated in the target is only 0.5
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Mwsec. Since the individual rods are supported inside a ‘‘cold’’ -tube it is not likely that they would col-

lapse before water would return to the térget area and cool the target rods. However, should the target
rods either melt or crumple to the bottom of the grid support, and then if by some mechanism the optimum

- ‘void were to exist in the “‘empty’’ flux trap, the net change in reactivity from the voided (1.3% Ak/K)

maximum fission target condition would be about +1.0% Ak/k, malldng the total reactivity addition from

the nominal condition 1.3 + 1.0 = 2.3% Ak/k. If instead of the maximum fission target the maximum

poison target (essentially n6 fissioning) is in the flux trap when the postulated sequence takes place,

the corresponding change in reactivity would be 1.0 + 0.9 = 1.9% Ak/k, and the total change from the

nominal condition would be about 1.3 + 1.9 = 3.2% Ak/k. .

The rates and times at which the above additional reactivities could be added are of course depend-
ent on many factors. Suppose that gas bubbles of unknown origin are entering the flux trap in such a way
as to maintain the optimum void whether the target is in place or not. The minimum ramp insertion time,
assuming that the target could vanish in zero time,jwould be about 30 msec. The rate at which the tar-
get would actually slump to the bottom of the region should be slow compared to the coolant velocity.
Furthermore, there should be no slumping at all unless the target is overhéated, which it would not be
unless the coolant velocity were considerably below normal; all of which means that slumping of the
target would take place very Slole relative to the 30 msec, and the initiating void would have to enter
more slowly also. In the case of the méximum poison target the heat generation rate in the target is only
about 10% of that of the maximum fission target for which the coolant system is designed. Thus it is
barely conceivable that the maximum poison target could slump. Another point to consider is that for
reduced flow in the target region the pressure drop across the target rbds is very small, reducing the
likelihood of slumping. Furthermore, the grid beneath the target is such that the target could not be
completely removed from the flux trap region unless it were molten to the point that it could be extruded
through the l/4-in.-diarn_ holes in the grid. It is much more likely that these holes would be plugged with
the colder,non-‘‘fuel’’-bearing portions of the rod assemblies, which are located below the ‘‘hot’’ portion. -
Assuming this to be the case, the flux trap would still contain a minimum of 15 vol % of aluminum. This
assumes that all the target completely slumps to the extreme bottom. In actuality, much of the aluminum,
in the form of ‘““cold” flow=tube structural material, would remain solid for quite some time, preventing
the entire mass of aluminum from slumping. Thus a more realistic volume percent of aluminum in the
““active” flux trap region would be about 30%, which is about the same as when the target is not damaged.
The reason for this is that a non-‘‘fueled’’ portion of the target rods extends several inches above the
top of the fuel region, and the e!ntire axial support for the rods is at the bottom of the target assembly

“‘cold’’ material is forced into

below the fuel region. Thus when melting or slumping occurs, the upper
the “‘active’” flux trap region. Therefore, it is really quite improbable that reactivities significantly in

excess of the 1.3% Ak/k could be added by a slump-type “‘removal’’ of the target.

If on the other hand the tandem grid beneath the target were to melt or otherwise become disassembled,
a;1d the control rods were inoperable, and semehow voids were continuously swept into or otherwise
secured in the flux trap region, and if we assume that the coolant velocity in the flux trap region has
been enhanced as a result of the removal of the tandem orificing grid, then presumably 3.2% Ak/k could

/

/
|
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~ be added in a period: of time less than 30 msec. This of course, in accordance with our calculational
model, would result in melting of the core, with or without rod action. Such an accident is considered
incredible; however, the consequences are discussed in Appendix H.

Getting back to the subject of boiling in regions contain.ing positive void coefficients, it is of inter- -
est to once again (response 51) consider the void coefficient in the fuel region as a function of radial
position, '

Allthough the overall void coefficient in the fuel region is strongly negative, there is a narrow region
adjacent to the flux trap that has a small positive coefficient. At the beginning of a fuel cycle the power
density in this region is about the same as elsewhere in the inner element and a portion of the outer
element. Hovzzever, as the fuel cycle proceeds, nonuniform burnup of the fuel reduces the relative power
density adjacent to the; flux trap, making the positive void effect less important. But even for the clean
core condition the positive void effect is so small as to be negligible.\ If the entire positive void region
were voided, the additional reactivity would be only 0.0602 Ak/k. Therefore, boiling in this region would
not significantly increase the rate or total reactivity addition. ’

Another type of boiling is that associated with waterlogging and subsequent bursting or expansion
of the target tubes, resulting fromv steam formation within the tubes. To examine this possibility it is
necessary first to define the amount of water in the tube. In principle there is no room for water in the

- tubes except at the ends, where there are void spaces for the fission gases. Water in these regions
would be at about the same temperature as the bulk coolant and thus would have no tendency to boil be-

| fore the bulk coolant did. The differential pressure required to burst a target tube is about 1500 psi,
which means that the internal preésure would be about 2000 psi, and the change in internal volume woula
be about 40%. If it is assumed that the increased volume is filled with saturated steam at 2000 psi .
(Tg o = 636°F), the amount of water involved would be 3.0 x 1072 Ib or 8.6 x 10~ 2 in,3, If this water
were located between the pellets and the tube wall, the diametral clearance necessary for-the water
would have to be about 0.011 in. Normally this clearance is less than 0.0005 in. at room temperature,
since the tube is hydrostatically collapsed on the pellets during fabrication, and during operation the
difference in thermal expansion between the pellet and tube brings the two in contact.

Water might also be-located at the end interfaces of adjacent pellets. If all the water were located
here, the accumulated spacing between the pellets would have to be about 1.7 in.; or 0.049 in. per pellet.
Normally this spacing is less by a factor of 20'.

If by some means the above amount of water did get trapped in the target rods and resulted in rupture
of the tubes, the momentary steam volume resulting frpm adiabatic expansion of the saturated steam to
wet steam at 600 psi would be about 2.6 in.? per target rod, or 81 in.? for all 31 rods. This amounts to
about 0.7% void and about 0.04% Ak/k per rod. For 31 rods the increase in reactivity would be about
1.1% Ak/k. _

The amount of energy per rod required in the above case to burst a t\arget rod during a transient would
be equal to the change in internal energy associated with the generation of 3.0 x 10~3 Ib of saturated
steam at 2000 psi pressure from the same number of pounds of saturated water at 600 psi (the water would

normally be somewhat subcooled), plus the strain energy in the tube wall:
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AU +fp dv = 1.8 Btu + 0.1 Btu = 2.0 x 10~ ® Mwsec per rod .

The amount of energy generated in a single maximum fission target rod during the first 30 msec (reactivity
insertion time) of the initiating accident is 0.06/31 = 2 x 10~3 Mwsec. Since most of this heat would be
retained in the pellet during the transient and then transferred to the coolant, the tube would not burst

in time to significantly enhance the rate of reactivity addition. Before the peak in.power is reached it

is possible that the tube would burst, but by this time there would be no coolant water to displace, since
the optimum void initiating the accident would élready have displaced the water. |

In the above discussion several practical aspects were ignored for the sake of investigating what
appeared to be extreme cases. A more realistic analysis shows that a diametral clearance of 0.011 in.
between the pellet and tube would result in melting of the pellet, whereﬁpon the pellet would slump until
making contact with the tube wall, thus relegating the leaking water to the void spaces at the end of the
-target rods. Because of the small exposed pellet heat transfer area associated‘with this water, steam
formation during the transient would be negligible. If the initial power level were low enough so that the
pellet did not quite melt, then water leaking in would flash and prevent further leakage.

A more practical case to consider is that in which a previously waterlogged target rod is inserted
into the reactor and rather quickly taken to power, in which case it might be further assumed that the
system is simultaneously subjected to our maximum reactivity insertion accident. By this method it
should be possible to burst the tube, but only after the coolant has been voided, as discussed above.
Therefore, the accident is not enhanced by waterlogging. On the other hand, suppose that the reactor
is taken to power by normal means. At about 50 Mw, water in the target tube would begin to boil without
the pellets melting, and somewhere between 50 and 100 Mw enough steam would bé generated to further
insulate the pellet, causing it to melt. At this point the molten metal might disintelgrate, causing a steam,
explosion. The amount of energy.in the pellet above 636°F would be about 3.2 x 10~ 2 Mwsec per tod,
which is about ten times that required to burst the tube. This would create the optimum void almost
instantaneously, making the simultaneous insertion of the maximum credible accident meaningless. Ac-
cording to our present analog model, such an accident would cause core damage even with safety rod
~action. However, it is shown in Apbendix H that such an accident could not lead to rupture of the primary
containment system. '

If a steam explosion due to disintegration of the molten metal did not occur, but rather steam formed
at a somewhat lower rate, the nearly instantaneous expansion upon rupture of the target tube would in-
crease reactivity in the amount of 0.04% Ak/k per rod, or about 1.1% Ak/k for all 31 rods. According to
the analog calculations (case 11, Table II.L.1), this would not cause melting of the fuel plates provided
that the safety rods functioned, ' ‘

The maximum reactivity addition associated with removal of water from the control region and the re-
movable beryllium reflector region is only about 0.5% Ak/k (see Fig. II.L.1). Furthermore, the heat
generation rates in these regions are relatively low, making the steam formation rates gnder flow block-

age conditions very low.

It is concluded on the basis of the preceding discussions that the only type of boiling accompanying

the maximum reactivity insertion accident that can enhance the consequences of the accident is associated
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with a waterlogged target rod. Furthermore, the rod must be waterlogged at low power, and with this ac-’
complished, the ensuing accident is initiated by taking the reactor to power either slowly or rapidly. In
either event, the accident could be more severe than our maximum postulated reactivity insertion accident

if all 31 rods ruptured simultaneously, but can be easily contained within the primary system.

55. Propose and examine mechanisms and accident conditions which might lead to the
" insertion of greater amounts of reactivity than 1.3% Ak, If reactivity insertions
worse than that of Question 54 are found to be possible, what are the consequences
to the reactor facility for the limiting insertion? Some possible examples of sources

of reactivity insertion might be as follows:
A. If target overheats due to error or malfunction, could target failure of any kind,

coupled with voxdmg (partial or complete), lead to 1arger reactlvxty insertion?

This question was discussed under Question 54. The conclusion is-that if the pellets become molten,
or nearly so (as a result of poor ‘‘bond’’ between pellet and tube), and are exposed to the target coolant
in such a way as to disintegrate the molten material or otherwise quickly transfer the pellet heat to a
portion of the water, a steam explosion could occur that would introduce the 1.3% Ak/k in a period of time
shorter than 30 msec. It is further concluded on the basis of information presented in Appendix H that
this accident can be contained within the primary system.

B. Could target become waterlogged, then fail under steam pressure during a

transient induced by other causes? If so, what might the reactivity be?
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This is discussed in part under Question 54. In addition, we might assume that a transient is initiated
by some means other than a void insertion in the flux trap. Such an event might be the failure of the inner
control cylinder drive bracket. We have previously shown in response 47 that failure of the drive bracket
alone is a less severe transient than the void insertion accident. If the excursion adds enough energy to
the target, the target rods could burst, adding about 0.04% Ak/k per rod on a very fast time scale, that is,
ffast compared to 0.03 sec. This could cause a further increase in power and, depending on how many rods
b‘urst simultaneously, could cause melting of the core, even with safety rod action. Of course the proba<
bility of having a large number of target rods burst at the same time is very small.

C. If target coolant is closer to boiling than anticipated, could transient originating

from another source lead to significantly greater energy release than that of
Part 1? '

This is discussed in part in Question 54, There is also the [;ossibility that an initiating accident
other than the flux trap voiding could cause boiling in the target region, in which case the two would be
additive., However, as indicated in the answer to Question 54, the rate at which steam can be generated
in the target region is so slow relative to a significant initiating accident that the additive effect is
negligible.

D. If flux trap is devoid of target, and flow is sharply reduced in that area, could
sudden incidence of boiling or voiding lead to large reactivity insertion?

This question is discussed in part under Question 54. In addition, consider inadvertent operation of
the reactor without a target‘i~n the flux trap. The quickest way available-to introduce the optimum void
is with the maximum coolant veloéity. The ramp time would be considerably greater fhan 30 msec, because
removal of the target eliminates the high-velocity coolant stream, and the maximum reactivity addition
would be 3.2% Ak/k inste..ad of the 1.3% Ak/k associated with the target in place. Such an accident
might initiate a metal-water reaction, but as discussed elsewhere there is enough negative reactivity
feedback from fuel plate expansion and moderator expansion (steam explosions very likely) to prevent
rupture -of the primary system. Of course precautions are taken against ever operating the reactor without
a target or an equivalent thereof in the flux trap.

E. If a lo‘cal meltdown in a section of the core occurs, how large must the hole get
before one stops gaining reactivity? How much reactivity is involved? What is
the increase in power level at the edge of the region devoid of fuel, as a func-
tion of hole size? How great is the tendency to spread as a consequence? To
what extent may such a mechanism lead to autocatalytic effects and transients

starting in this manner or from other sources? Are there other autocatalytic ef- -

fects from fuel movement?
Let it first be assumed that the melting under question doeé nbt result in water expulsion as well as
fuel plate expulsion, but that water replaces the molten metal as rapidly as it is removed; otherwise
there would be a decrease in reactivity rather than an increase until such time as the water could return. .
For a very idealized model, removal of fuel plate and replacement with water will add a maximum of 2.6%
Ak/k, and the associated optimuh volume of removed metal is 30% of the total fuel volume (see Fig.
ILL.2), .If the melting under question is localized, a flux trap effect would be created that might tend to

propagate the melting at the edges of the hole as a result of flux peaking associated with the locally

[ 3]
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added water. If only one fuel plate were involved, the peaking would be very small and it is not likely
that melting would be self-propagating. The increase necessary for self-propagation would depend of
course on the magnitude of fuel segregation, if any, associated with the melted spot and upon other
similar factors. Supposing, however, that the hole does grow; it might continue until the optimum hole

size formed. The size of the optimum hole is a function of the competing effects of moderation and ab-

sorption in the water cavity; it is something less than 6 cm in diameter, which if spherical would repre-
sent about 0.2% of the core*volume and thus only about 0.03% Ak/k. The reactivity would decrease if
the hole grew bigger, which it probably would, because the power density at the edges of the hole is

nearly doubled for holes larger than the optimum.

The only way in which a large amount of molten metal could be removed quickly from the core woﬁld
be for the melting to take place at the outlet end of the core, where the metal could be easily swept
away. In this case, however, the reactivity decreases immediatély because the length of the core is
simply being decreased without decreasing the effective metal-to-water ratio. Thus it does not seem

likely that local melting could significantly enhance the consequences of a reactivity accident.

Nearly any_movement of the fuel which dec;eases the metal-to-water ratio without completely remov-
ing fuel from the core will increase reactivity. Thus, pressure increases inside the core which tend to
elongate and/or spread the core out radially could increase the reactivity provided that the driving force not
only did not expel water but allowed water to enter, or if water iater_ returned to an enlarged, but not disas-
sembled, core. During a fast transient,'expansioh of the fuel plates and water generates pressures that ac-

celerate water out of the core and apply axial and radial forces on the fuel and side plates. These forces

were calculated for several transients in which essentially no steam was formed. Results of these calculations,

which are presented at the end of this appendix (p. 264), indicate that for the maximum reactivity insertion
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accident the maximum differential pressure generated at the horizontal midplane of the core is about 20
psi. For a 1.5%, 30-msec ramp accident the corresponding maximum pressure is 28 psi, and for a 2.0%,
30-msec ramp accident the pressure is 80 psi. These pressures are not sufficient to cause significant
deflection of the side plates; but they could result in some axial displacement of the fuel plates, par-
ticularly in the latter case since the fuel plates would be molten before the pressure peaked. The ex-
tension of the fuel plate in this case would not cause an increase in reactivity because the same forces
that expel the metal, preferentially expel water. However, after the core cooled down the return of water.
to the core would result in a more reactive core than previously existed, exclusive of the initiating ac-
cident. Of course if the initiating reactivity persisted at this time, the core would already have ex-
perienced a steam explosion, which probably would disassemble tlie core, making the return of water of
no consequence. Under the worst possible (and very unrealistic) conditions, assuming that the fuel
plates are uniformly extended an optimum distance (about 35% of the length of the core), the reactivity
addition would be about 6% Ak/k (see Fig. II.L..2). This assumes of course that enough water could re-
turn to the core, which it could not do because of the excursion that would take place after only a small
part of the water returned. The conqlusidn of the transient would have to be disassembly by melting and
a steam explosion. - , .

Greater pressures than those mentioned above can be generated by steam explosions, which, accord-
ing fo results obtained from the 5-, 4.6-, and 3.2-msec SPERT I destructive tests?~> and experiments
conducted by. TRW Systems, ¢ will probably occur when a rather large fraction of the core becomes molten.
Since such.an explosion would create accelerating pressures of several hundred or thousand‘ psi in the
fuel element, it is not.likely that the core could remain critical and intact. Furthermore, it is very prob-
able that by the time enough molten metal was formed to significantly add reacﬁvity by its removal and
replacement with -water, a steam explosion would occur that would effectively disassemble the core, pre-
venting the above more reactive core from being created. As discussed in another section the steam ex-
plosions can be tolerated without rupture of the primary system.

F. What pressures might be generated from local fuel melting? How much fuel failure
is required to generate pressures which could move significant amounts of fuel in-
ward (and thus gain reactivity), or which could interfere with control rod action?

Does this allow for pressures from a **

steam explosion’’ or a **water hammer”’?
How much reactivity could be gained by inward motion of the fuel into the flux
trap? How much pressure would it take to produce such motion? Could flow

blockage lead to such effects?
According to the data presented in ANL-71527 and the 5--and 4.6-msec SPERT I tests, ?*® small
amounts of molten aluminum will not disintegrate and cause a steam explosion. However, as indicated

by the 3.2-msec SPERT I test*'5 and the TRW experiments,® when perhaps several percent of the core

*F. Schroeder (ed.), SPERT Project Quarterly Technical Report, October—December 1962, 1IDO-16890 (May 17,
1963). - . .

5F. Schroeder (ed.), SPERT Project Quarterly Technical Report, January—March 1963, IDO-16893 (May 20, 1963).

6Thompson, Ramo, and Wooldridge Systems, Kinetic Studies of Heterogeneous Water Reactors Quarterly Progress
Report for Period Ending June 30, 1965, USAEC Report STL 372-22 (July 30, 1965).

7Argonne National Laboratory, Reactor Development Program Progress Report, January 1966, ANL-7152 (Feb.
24, 1966). ) : )
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becomes molten a steam explosion will occur. The possible results of such an explosion are the
expulsion of water and fuel out the ends of the core, the difection of least resistance, and the movement
of the inner side plate of the inner fuel element-into\the flux trap region and the outer side plate of the
outer element into the control region. For static loading the collapsing pressure for the inner side plate,
neglecting the additional support of the fuel plates, is about 4000 psi, and the outer side plate has a
bursting pressure of about 400 psi; under static conditions the outer side plate would begin to interfere
with the movement of the shim-regulating rod at a pressure just under the bursting pressure, because
elastic strain is not sufficient to cause interference. During a steam explosion the accelerating pressures
within the element would have to be considerabiy greater than those above to cause the same displace-
ment because water in the flux trap and in the central region would also have to be accelerated. Because
of the difference in the static failure pressures it is more likely that interference in the control region
would occur than a collapse of the inner element inner side plate. This would be of little consequence
because a steam explosion large enough to rupthre the outer element outer side plate would disassemble
the core. i

Movement 6f the inner side plate of the inner element into the flux trap increases reactivity in two
ways under certain conditions: (1) by displacing water from the flux trap, provided that the initiating
accident was not an optimum void in the target; and (2) by decreasing the metal-to-water ratio in the inner
fuel element, provided that water is available to fill the larger coolant volume.

If the inner side plate moves in enough to collapse the target to the solid condition, the maximum re-
activity addition would be approximately 7% ‘Ak/k (see Fig. II.L.3). Since the only mechanism available
for collapsing the side plate is a steam explosion, which will pemanently disassemble the core axially
in preference to the radial direction and will at the same time create a much larger negative reactivity
feedback than can be compensated by inward radial displacement of the side plate, it appears that such
movement of the side plate is of no concern.

G. Are there any conditions infwhich water r_etufning to a region after an explosion
could lead to large reactivity insertions? For example, :if fuel and water were

expelled from a region due to melting, could water which rushed in thereafter

cause a reactivity excursion?

This question is discussed under Question 55E.

58. Are the answers to these questior;s changed if no control rod motion occurs?
For the maximum reactivity insertion accident and worse accidents, the safety rods do little more than
maintain the reactor down once the self-shutdown mechanisms terminate the accident. Without safety
rod action the reactor will tend to level off at a power of about 500 Mw in the 1.3% Ak/k accident, in
which case the fuel plates would melt and would be, driven out of the core region in about 30 msec.
During this time not enough energy would be generated, except locally perhaps, to initiate the metal-

water reaction. It is also possible that a 'steam explosion would assist the disassembly.

In more severe accidents, disassembly by a steam explosion would occur so quickly that insertion
of the safety rods would be useless. As explained in another section the primary system is capable of

withstanding this means of shutdown.



P

264

ORNL-DWG 66-6983

S

IN
L~

N

REACTNVITY (%A A/k)

: \ | -

4 5 6 T 8 9
INNER RADIUS OF INNER ELEMENT (cm)

Fig. Il.L.3. Reactivity vs Inward Radial Movement of Inner Element Inner

Diameter (Water Content of Inner Element Increases Correspondingly).

Pressure Generated by Expulsion of Water Resulting from Water and Fuel Plate Expunsion8

It is assumed that the forces resisting expulsion of water from a coolant channel are inertial, fluid

[4

friction, and compression of fluid in the ‘‘external’’ system. 'Néglecting compressibility of fluid within

the channel, the equation for the pressure generated by a section of channel of length In is

A AVOL-T1) -1(D A

Pn=-p(L—ZIn)—g+ 2gD Pt 1 xaP’
where L ) . ' -
p = density of the fluid,
L = effective length of channel, ' .

—
!

= incremental length of channel,
a = dcceleration of interface,

= gravitational acceleration,

0o,
!

v = velocity of intelrface,
f = friction factor, ‘ -
D = hydraulic diameter of coolant channel,
A = cross-sectional flow area of all coolant channels,
V = effective vessel volume/2, - ,
a, = compressibility factor for water.
If the friction factor, f, is considered to be inversely proportional to the Reynolds number, so that
the fluid friction term is proportional to the first power of the coolant velocity, then the total pressure at
the core horizontal midplane is-equal to the summation of the individual Pn’s; that is, they can be super-

imposed. Therefore, _ 4 \ :

8Response 55E, as ihdicated in p. 261.
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Ptolél =an :
The change in length, Aln,' of an incremental length I is obtained from
AL () =1ta [T (t=1t)—T,(t= 0)] + 3a’A1[TAl(t= )~ T, (t=01},

where

Aln = increase in I due to expansion of plate and water in leﬁgth In only,

T, = water temperature as a function of time,

T, = fuel plate temperature as a function of time,

a, = volumetric coefficient of expansion for water,

a,, =linear coefficient of expansion for Al.

Based on the analog calculations, the rate of temperature rise of both the fuel plate and coolant can

be represented by an e}\(pgnential and a delay time, as shown in Figs. II.L.4-IL.L.6:

v

Aln » tﬁ t/T
. =a, Tw(t = 0)(e - l)w + 3G.Al Tm(t =0)(e -1

n

AL’

where the times ¢ for the water and Al are different by the differences in delay times, and the periods, 7,

are also different. Taking the first and second derivatives of this equation yields the velocity and ac-

‘celeration terms.

Making the above substitutions,

(1-31/L)/p 32 A A
/ : - _
P (water) =a, I T,(0)qe,;” |L = (T AN 7 N

2
w w

1-%1/L) / p 32u A A
t/T (
Pn(Al) =a,,l, TAI(O) €at L —g—n— <F‘+ D2r + ap(?) 9% <7 ’

Al Al
Piotar = Z‘Pn(Al) +2Pn(water).,

where

i = viscosity of water,

f = 16/Re.

A}
[

The results of the calculations are presented in Figs. II.L.7-II.L.10. They indicate that the peak
pressures at the horizontal midplane are approximately 20, 28, and 80 psi for the 1.3, 1.5, and 2.0% Ak/k,
30-msec ramp accidents respectively. Figure II.L.10 shows the pressure resulting from a 5-msec period

increase in plate temperature only, without limit.
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