SEP 121968

B S

7




Printed in the United States of America. Available from Clearinghouse for Federal
Scientific and Technical Information, National Bureau of Standards,
U.S. Department of Commerce, Springfield, Virginia 22151
Price: Printed Copy $3.00; Microfiche $0.65

-~~~ LEGAL NOTICE —

This report was prepared as an account of Government sponsored work. Neither the United States,

nor the Commission, nor any person acting on behalf of the Commission:

A. Mokes any warranty or representation, expressed or implied, with respect to the accuracy,
complateness, or usefulness of the information contained in this report, or that the use of
any information, apparatus, method, or process disclosed in this rzport may not infringe
privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages resulting from the use of
any infermation, opparstus, method, or process disclosed in this report,

As used in the above, ‘‘person acting on bzhalf of the Commission' includes any employee or

contractor of the Commission, or employee of such contractor, to the extent that such employee

or contractor of the Commission, or employce of such contractor prepares, disseminates, or
provides access to, any information pursuant to his employmant or coniract with the Commission,

or his employment with such contractor,



OAK RIDGE NATIONAL LABORATORY

OPERATED BY
UNION CARBIDE CORPORATION
NUCLEAR DIVISION

=3

POST OFFICE B8OX X
OAK RIDGE, TEMNESSEE 37830

November 6, 1948

To: Recipients of ORNL-NSIC~22

Report No.: ORNL-NSIC-22 Classification:  Unclassified

Author(s): ‘ Richard C. Gwaliney

Subject: Missile Generation and Protection in Light-Water ~Cooled Power Reactor

Plants

Request compliance with indicated action:

Please refer to page 34, equation (34) where "(ft/sec)" appears on lines beginning
with V,, V and V,, - change to read "(in/sec)" '

also

Please refer to page 35, seventh line from top beginning Y = functions related to
dynamic shear strength of the plate material, assumed to be constant ~ change
(1.76 X 108 psi) to (1.76 X 10° psi).

Thank you for your cooperation.

- N. T. Bray, Supervisor
Laboratory Records Department
Technical Information Division

NTB:dbp






ORNL-NSIC-22

Contract No. W~-7405-eng~26

Nuclear Safety Information Center

MISSILE GENERATION AND PROTECTION IN LIGHT-WATER-
COOLED POWER REACTOR PLANTS

Richard C. Gwaltney

SEPTEMBER 1968

0AK RIDGE NATIONAL LABORATORY
Oak Ridge, Tennessee
operated by
UNION CARBIDE CORPORATION
for the
U.S. ATOMIC ENERGY COMMISSION






iii
FOREWORD

The recent surge in the building of large nuclear power plants, par-
ticularly with the projected desirability of using urban sites for such
installations, has focused attention on many aspects of the AEC's respon-
sibilities for licensing reactors and insuring the public safety. Since
the industry is "young," meaningful, long-term operating experience is
sparse and the definition of the possible accident spectrum, as well as
a set of firm design requirements, is subject to a largely analytical
approach that necessarily involves conservative judgments. As plant de-
signs become standardized and operating experience on the newer large re-
actors is gained; the inevitable process of refinement and of acquiring
confidence in the operation of the plants will occur. This relatively
slow evolutionary approach to acquiring firm design standards and criteria
is not felt to be conducive to achieving the great national benefits of
atomic energy within a reasonable time, in terms of the conservation of
resources, combating air pollution, and the multitude of gains resulting
from low-cost electricity.

As part of the effort to improve on this approach, the Regulatory
Review (Mitchell) Panel recommended the formation by the AEC of a Steer-
ing Committee on Reactor Safety Research to coordinate the needs of the
Regulatory Program with the direction of the safety research and develop-
ment programs. This committee, in turn, recommended that several studies
be undertaken to provide guidance for the research and development pro-
jeects, and this was, in turn, implemented by the AEC Division of Reactor
Development and Technology into the series of discussion reports herein
described. It was intended that these reports provide a comprehensive asg-
sessment of the present status of specific aspects of nuclear safety and,
by identifying accepted technology and the technology needing further
experimental verification, that they enhance the understanding and con-
fidence in this new industry.

Accordingly a number of the safety aspects of large light-water power

reactors were selected by the AEC* as subjects for detailed study to

¥Letter from Milton Shaw (Director, AEC Division of Reactor Develop-
ment and Technology) to ORNL, March 28, 1966.
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ascertain whether gaps in knowledge exist and where a research and develop-
ment program could be of benefit. The subjects selected cover many of
the areas for which inadequate factual bases exist and in which research
that duplicates expected conditions is very difficult to perform. In
general the subjects are in areas considered critical in the safety
analysis of power reactor installations. Eight subjects were identified
and a state-of-technology type of discussion report was prepared on each.
The reports, which are directed primarily toward a technical-management
audience, generally compare existing or planned plant applications with
what is capable of being done at this time. Such comparisons have helped
to identify inadequacies in assumptions, available data, or general basic
knowledge so that, together with the opinions of experts in a particular
field, areas of meaningful research and development have been identified.
This report is one of the series of eight companion reports listed

below:

ORNL~NSIC
Title Author No.

Missile Generation and Protection in R. C. Gwaltney 22
Light-Water-Cooled Power Reactor
Plants

Potential Metal-Water Reactions in H. A. McLain 23
Light-Water~Cooled Power Reactors

Emergency Core-Cooling Systems for C. G. Lawson 24
Light~-Water-Cooled Power Reactors

Air Cleaning 2s an Engineered Safety G. W. Keilholtz, 25
Feature in Light-Water-Cooled Power C. E. Guthrie, and
Reactors G. C. Battle, Jr.

Testing of Containment Systems Used F. C. Zapp 26
with Light-Water-Cooled Power Reac-
tors

Review of Methods of Mitigating Spread R. C. Robertson 27
of Radioactivity from a Failed Con-
tainment System

Barthquakes and Nuclear Power Plant T. F. Lomenick and 28
Design C. G. Bell

Protection Instrumentation Systems in C. §. Walker 29

Light-Water-Cooled Power Reactor
Plants



Although not specifically one of this series, a related discussion
report on reactor pressure vessels, ORNL-NSIC-21, edited by G. D. Whitman,
G. C. Robinson, and A. W. Savolainen, has also been prepared at ORNL.

The general approach in the preparation of these reports was Lo select
a primary author-investigator knowledgeable in the subject area and to
establish committees of experts to review the work at several stages during
its preparation. Review groups were formed both from within ORNL and
outside. The external review committee members were drawn principally
from other national laboratories, universities, and private research in-
stitutes — in all, 52 individuals participated and are identified in the
reports. 1In some cases, part of the material used was developed and/or
written by a subéontractor, who is similarly identified. In all cases,
correspondence and/or visits were made to many sources of information,
particularly to reactor operators, suppliers, architect-engineers, and
public utilities, as well as to the appropriate national laboratories.
This wide use of acknowledged experts was made in an attempt to include
their opinions and knowledge toward the ultimate goal of achieving, through
intensive research and development programs, well-defined design criteria
to insure the public health and safety and to maintain a viable nuclear
power industry. However, in all instances the authors have expressed con-
clusions and recommendations that reflect their own judgment and not that
of any particular group, such as the AEC, reactor designers, or utilities.

In most subject areas more information was developed than it has been
possible to include in the body of the reports prepared in this series.

In some instances, such information has been included in the appendices
and in other instances this information will be included in more techni-
cally oriented reports to be published in the near future. In addition,
it is expected that additional discussion reports will be written on some
of the many other safety aspects of large water-cooled reactors, as well
as other types of reactors as they come into wider usage.

J. W, Michel

Coordinator, Discussion Papers
Oak Ridge National Laboratory

Wm. B. Cottrell
Director, Nuclear Safety Program
Oak Ridge National Laboratory
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PREFACE

The Nuclear Safety Information Center was established in March 1963
at the Oak Ridge National Laboratory under the sponsorship of the U.S.
Atomic Energy Commission to serve asg a focal point for the collection,
storage, evaluation, and dissemination of nuclear safety information.
A system of keywords 1s used to index the‘information cataloged by the
Center. The title, author, installation, abstract, and keywords for each
document reviewed is recorded on magnetic tape at the central computer
facility in Oak Ridge. The references are cataloged according to the
following categories:

1. General Safety Criteria

2. 8iting of Nuclear Facilities

3. Transportation and Handling of Radioactive Materials
4. Aerospace Safety

5. Accident Analysis

6. Reactor Transients, Kinetics, and Stability

7. Fission Product Release, Transport, and Removal

8. Sources of Energy Release Under Accident Conditions
9., Nuclear Instrumentation, Control, and Safety Systems
10, Electrical Power Systems
11. Containment of Nuclear Facilities
12, Plant Bafety Features
13. Radiochemical Plant Safety
14. Radionuclide Release and Movement in the Environment
15. Environmental Surveys, Monitoring and Radiation Exposure of Man
16. Meteorological Considerations
17. Operational Safety and Experience
18. Safety Analysis and Design Reports
19. Bibliographies

Computer programs have been developed that enable NSIC to (1) pro-
duce a quarterly indexed bibliography of its accessions (issued with
ORNL-NSIC report numbers); (2) operate a routine program of Selective
Dissemination of Information (SDI) to individuals according to their par-
ticular profile of interest; and (3) make retrospective searches of the
references on the tapes.

Other services of the Center include principally (1) preparation of
state-of-the-art reports (issued with ORNL-NSIC report mumbers); (2) co-
operation in the preparation of the bimonthly technical progress review,

Nuclear Safety; (3) answering technical inquiries as time is available,

and (4) providing counsel and guidance on nuclear safety problems.
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Services of the NSIC are available without charge to government
agencies, research and educational institutions, and the nuclear indus-
try. Under no circumstances do these services include furnishing copies
of any documents (except NSIC reports), although all documents may be
examined at the Center by qualified personnel. Inguiries concerning the

capabilities and operation of the Center may be addressed %o

J. R. Buchanan, Assistant Director
Nuclear Safety Information Center
Qak Ridge National Laboratory

Post Office Box Y

Oak Ridge, Tennessee 37830

Phone 615-483-8611, Ext., 3-7253
FTS 615-483-7253
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ABSTRACT

The state of current technology of missile generation and protection
in relation to the capability of meeting the relevant design criteria for
nuclear power plants is presented. As part of the current technology,
practices in other industries are discussed, and the available calcula-
tional techniques and their bases and deficiencies are described. A gen-
eral description.is also inecluded of the cause and nature of shock waves,
the various kinds of missiles that could be generated in the event of
rupture of a primary system vessel, and the considerationsg involved in
designing to protect agalnst the harmful effects of shock waves and mis-
siles. A summary of the current practice for nuclear power reactor de-
signs is given, gaps in the relevant current technology are discussed,
and recommendations are made Tor Turther research and development in this

field.






1. INTRODUCTION AND SUMMARY

The generation of missiles from explosions or equipment failures in
industrial operations 1s a rare event, but allowance is commonly made
for this possibility as an integral part of the original plant design
and operating procedures. This is particularly true in operations in-
volving large quantities of stored energy and in those in which large or
high~speed rotating equipment 1s employed. Both these conditions exist
in commercial light-water-cooled power reactor plants, and consideration
of such events 1s required in the proposed AEC General Design Criteria.
The most specifically related criterion, No. 40, states that " .. Protec-
tion for engineered safety features shall be provided from dynamic effects
and missiles that might result from plant equipment failures. " Also, cri-
terion No. 49 on containment design applies to the extent that missiles
resulting from credible energy releases could violate the containment
structure, and criterion No. 2 on performance standards (including loads
imposed by natural phenomena) applies from the standpoint of external
missiles generated from such natural phenomens as tornadoes.

It is current design practice to assume that items such as valve
stems, bolts, valve bonnets, and instrument thimbles are the most probable
missiles. Because of their small masses, they would be unable to perfo-
rate concrete shielding around reactors or concrete contaimment structures.
Less probable but possible missiles are large valve bornnets, turbine rotor
pieces, and other rotating masses. These could perforate the containment
structures, but when possible in practice, they are directed away from the
containment structure and other engineered safety features if the risk is
considered significant. Finally, there are massive external missiles such
as aircraft and objects accelerated by windstorms to be considered.

The present methods used to analyze missile generation and missile
effects are discussed in this report, and their deficiencies are pointed
out. Also, missile accidents that are not presently considered in public
documents are discussed, and thelr probable effects are reviewed. In
general, the analytical techniques used to calculate the velocities of

presently postulated missiles can be considered consgervative because of



the assumptions made in the derivations of the equations. One exception
is the method used toc analyze propulsion of the missile by jets, which is
a complex phenomenon. Experimental studies should be undertaken to de-
velop more realistic and accurate equations for evaluating this type of
missile.

The penetration and perforation formulas presently used for rein-
forced concrete were derived for military applications in which the mis-
siles considered were of masses and shapes quite unlike those to be ex-
pected in reactor plant accidents. Therefore, these formulas may not be
entirely applicable to light-water reactors. The modified Petry formula
is the least conservative of the commonly used concrete-penetration for-
mulas, and its use is not recommended. Other formulas, which give better
results, are offered.

The steel-perforation formulas were empirically derived for small-
diameter long-length cylindrical missiles and very thin targets. Here,
both the target and the missile may be unlike those which exist in a nu-
clear-reactor accldent, except for the case of the ejection of a control
rod, and the formulas should be used with great care.

Manufacturers consider failures of the primary pressure vessels to
be incredible and do not design against this event in present-day reac-
tors. Should the primary cooling system rupture, however, this accident
could cause the destruction of the containment structure by elther the
shock wave produced or the large missiles generated or both. If such a
failure were considered credible, designs would need to be significantly
modified. 'This would imply the development of better analytical tech-
niques, as well as design innovations.

A handbook on missile generation and protection is needed to allow
intercomparison of tecimiques and effectiveness of missile-protection de-
signs and to set the basis for standardization of such design. The ana-
lytical and experimental studies necessary to produce such a handbook

should be initiated immediately.



2. BACKGROUND

2.1 Past Practice for Prototype and Experimental Reactors

The primary dlctum of nuclear power plant design is to provide engil-
neered safety features, including containment, so that in the event of
the complete spectrum of accidents up to the design-basis accident, the
activity release to the surroundings will be less than prescribed limits.
The necessity of thles 1s being underscored by the present trend to locate
reactors nearer load centers, that is, near the large cities with high
population densities. To maintain adequate safety, careful attention
must be paid to the containment structure and the possible damage it might
undergo.

In the past the containment structures of some experimental and pro-
totype reactors were designed to withstand an explosion of a calculated
magnitude.l'9 The energy of the exploéion was based on the maximum energy
that could be released under any type of accident. Three sources of en-
ergy were considered to be avallable for the explosive accident: nuclear,
chemical, and stored. An examlnation of energy levels and modes of re-
lease provided the designer with an estimate of the maximum amount of
energy that could be released under the worst accident case. The nissiles
that could be generated under accident conditions were zlso studied, and
calculations were made to estimate the damage that could be caused by
these missiles.

Some tests were actually performed on containment cells or their
models to see whether they could sustain the equivalent TNT blast of an
accident.%s 8 By such tests, better designs were concelved to withstand
the blast and missile effects of assumed accidents. In some cases the
effects of shock waves on the structures in the reactor plants and on
containment walls were also theoretically analyzed,?,” and the possible
generation of misslles by shock waves was investigated. Some of the
postulated missiles were blast-wave-generated spalls from the walls;
others were parts of the structure that could be propellied by the shock
waves. Another method of containment design was simply that of assuming

a certain equivalent TNT explosion and constructing walls to withstand



the pressure and impulse that would be caused.? The pressure and impulse

data were obtained from empirical relations based on explosive test data,lo

while the dynamic response and stress analysis of the walls were based on

empirical and tested formulas used in connection with hardened structures. 1

2.2 Practice in Other Industries

Analyses similar to those conducted for aguclear reactors have been
made in the chemical industry, where hazardous exothermic reactions or
uncontrolled pressure may rupture vessels and cause damage to surrounding
structures or to the operators. Here again, the containment cells are de-
signed to withstand a TNT explosion equivalent to the maximum amount of
energy that can be released in an accident.1?,13 However, use is made of
openings in contalmment walls, frangible blowout walls, and vents. These
practices are not acceptable in the nuclear industry because of potential
fission-gas release. Tn nuclear reactor plants, even missiles that in
other plants might be intercepted by external blast mats must be contained
because perforation of the containment envelope might allow excessive
amounts of fission products to escape.

In spite of the more stringent requirements of nuclear safety, some
of the design methods used in the chemical industry can be very useful
to the designers in the nuclear field.®?,13 For example, design tech-
niques have been derived for the contalnment of explosions in piping and

pressure vessels, 14716

Reference 17 presents a simple design procedure
and charts for analyzing hazardous pressure systems, calculating the ve-
locities of misslles that can be generated from pressure systems, and
calculating the blast pressure from the rupture of a vessel containing

saturated water at high pressures.

2.3 Examples of Analyses of High-Pressure-System Accidents

Cne of the most couplete analyses of a high-pressure system is de-
scribed in Refs. 18, 19, and 20. In this analysis a gas autoclave con-
tainment system is designed to withstand the blast that would be generated

by a brittle fracture of the pressure vessel. In addition, the containment



cell is designed to contain missiles generated by the rupture of the
vessel, which is postulated to fail in any of three modes: a blowout

of the top plug, a blowout of the bottom plug, or a longitudinal split
along one side. A large mass of concrete is placed above the vessel to
contain the blown-off top. By adding the massive weight of the roof to
the top plug, the height to which the plug can rise is reduced to within
the design 1limits. The containment cell can withstand the other two modes
of failure without any added safety features. The same type of analysis
was done for the Fermi reactor.® 7 an analysis by HOrvayZl of an explod-~
ing hydraulicsally loaded pressure vessel indicates a very sophisticated

method for calculation of the velocities of the missiles generated.



3. TYPES OF MISSILES CONSIDERED IN THE DESIGN
OF NUCLEAR POWER PLANTS

Information on analyses of missile hazards and designs for protection
against missiles was acquired for this review through personal visits to
the manufacturers of reactors and by reviewing the preliminary and final
safety analysis reports submitted to the AEC's Division of Reactor Licens-
ing. Heavy reliance was placed on the information obtained directly from
the manufacturers because the safety analysis reports do not contain de-~
tailed calculations. Three sample calculations were acquired. Additional
information was obtained from documents published by the Defense Documen-
tation Center for Scientific and Technical Information, architect-engi-
neering firms, and miscellaneous topical reports.

Table 1 lists typical missiles discussed in safety analysis reports.
These missiles and designs for protection against them are discussed first
in this report without direct reference to reactor systems, and then meth-

ods for protecting reactors from missiles are analyzed.

3.1 Equipment Missiles

Small items (i.e., small compared with the system), such as valve
stems, valve bonnets, thermowells, valves, piping, and reactor bolts have

become missiles in some conventional power plants.22

Pipes carring high-~
oressure fluids have exploded and sent out small fragments as missiles.

In principle the velocity of a missile can be computed from the mass of
the missile and the net force-time history. However, in only a few cases
can a net force-time history be predicted; an example is that of a valve
stem. When the exit velocity of a fluid propelling the misgile can be
estimated, it is frequently conservative to assume that the velocity of
the missile 1s the same as that of the fluid. The velocity of bolts can
be estimated by converting the strain energy into kinetic energy. This
method is very conservative because no losses such as friction, relaxation,
etc. are considered in this type of calculation. With the velocity of the
missile, its weight, and a shape factor known, the damage done by the mis-

sile can be calculated from empirical formulas for penetration and



Table 1.

Missiles Discussed in Preliminary Safety Analysis Reports and Amendments

Plants

Small Missiles

Large Missiles External Missiles

Rotating Machinery

Whipping Pipes

Masgive Vessel Fallure

. Dresden-2

Quad Cities

Millstone

Browns Ferry

Monticello

Paiisades

H. B. Robinson-2

San Onofre

Valve bonnets
Yalve stems
Thermowells

Valve bonnets

Valve stems
Recirculation-pump
flange joints
Thermowells

Smell flanges

Valve bonnets

Valve stems

Small flanges
Thermowells
Recirculation-pump
coupling bolts
High-horsepower pump
retaining bolts

Valve bonnets

Valve stems

Thermowells

Recirculation-pump
flange

Control-rod drive-shaft
housing

A1l vslve stems

A1l valve bonnets

A1l valves

A1l instrument thimbles
Various nuts and bolts
Pieces of pipe

Large valve bonnets

Tornado-carried
utility pole
Tornado-carried

compact car

Large valve bonnets

Tornado-carried
utllity pole
Tornado-carried

compact car

Large valve bonnets

Large valve bonnets

Tornado-carried long
wooden plank
Tornado-carried
passenger auto

Tornado-carried long
wooden plank

Large valve bonnets
Large valves

Pieces of pipe up to
10 in. in diameter
Complete control-rod
drive mechanism

Rotating components of
coolant recirculation
pump motors

Main turbines

Main turbires

Mein turbines

Rotating components of
coolant recirculation
pump motors

Mein turbine
Feedwater pump
turbines

RCIC turbine

Main turbine

Flywheel of the main
coolant pump

Al large pipes that
penetrate the contain-
ment vessel have anchors
to limit movement

Recirculation piping
has constraints to
limit movement

Restraints are added
tc limit the amount of
distorticn and movement

Not considered

Not considered

Considered incredible,
but circumferential and
longitudinal breaks
discussed briefly

Not considered

Not considered

Considered incredible,
but circumferential
and longitudinal
breaks discussed
briefly

Not considered

Not considered



Table 1. (continued)

Plents

Small Missiles

Large Missiles

External Missiles Rotating Machinery Whipping Pipes

Massive Vessel Failure

Indian Point No.

Point Beach

R. ®E. Ginna

Oconee

Turkey Point
Units 3 and 4

Dresden-3

Valve stems

Valves

Valve bonnets

Tanstrument thimbles
Various nuts and boits
Reactor vessel head bolts

Valve stems

Valve bonnets

Instrument thimbles
Various nuts and bolts
Reactor vessel head bolts

Valve siems

Valves

Valve bonnets

Instrument thimbles
Various nuts and boltis
Reactor vessel head bolts

All valve stems

All valve bonnets

All instrument thimbles
Various nuts and bolts
Reactor vessel head bolts

All valve stems

All valve bonnets

A1l dinstrument thimbles
Various nuts and bolts
Resctor vessel head bolts

Valve stems

Smzll velve bonnets

Thermowells and cother
small items of
instrumentation

large valve bonnets
Large valves
Complete control-rod
drive mechanism

Large valve bonnets
Complete control-rod
drive mechanisns

A1l large velves

Large valve bonneis

Complete control-rod
irive mechanisms

Lerge valve bonnets

Large valve bonnets
Complete control-rod
irive mechanisms

Large valve bonnets

Restraints are added

to limit the movement
of main primary com-
ponents because of =
cootant pipe rupture;
zuxiliary piping is not
provided with any
special supports

No problem exists

Tornado-cerried 12-ft- Main stesm turbiaes
long piece of wood

8 in, in dismeter

with a velocity of

225 mph

Cormercial aircraft

Recirculation-pump A1l large pipes that
motors penetrate the contain-
Mailn turbines ment structure have

anchors or limit stops
located outside the
vessel to limit movement
Recirculation lines
inside the containment
vessel have & system

of pipe supports to
limit pipe motion

Not considered

Not considered

Not considered

Not considered

Not considered

Considered incredible,
but circumferential and
longitudinal breaks
discussed briefly




perforation of the surrounding structures. Usually, in the case of mis-
siles of this size, the damage 1s slight because the velocities are low
(around 500 ft/sec) and the masses small. The shielding structures are
usually thick enocugh to have the structural strength to protect the pri-
mary system or the containment structure. The greatest danger from these
missiles is that they may hit or destroy some of the more vulnerable engi-
neered safety features, such as core cooling systems, although present de-
sign criteria require these systems be protected at all times.
Large items of equipment, such as large valve bonnets and control

rods and their drive mechanisms, could possibly be ejected with missile

force by the same phenomena as small vessels,

3.2 Whipping Pipes

The force of fluid escaping from a broken pipe can cause the pipe
section to move, but the elastic stiffness of the plpe tends to return it
to its original position. The resulting oscillatory motion is termed
'bipe whipping." A whipping pipe could cause considerable damage by
knocking loose other pipes and equipment and by hitting the wall of the
containment structure. Another type of behavior cconsidered is the devel-
opment of a plastic hinge at a support with the result that the moving
pipe would strike an object close by with considerable force. In the
present designs'of nuclear power plants, pipe hangers are strategically
located and the piping 1s routed to minimize possible damage to the main

components and engineered safety equipment in the event of pipe failure.

3.3 Rotating Machinery

The turbines and generators of a power plant are the largest pieces
of rotating equipment in the system and are considered the most probable
source of high-energy missiles. There have been some serious accidents
caused by brittle fractures of rotating machinery as a result of overspeed
(reaching the bursting speed), failure of control equipment, and failure
of defective parts. Repairs on machines after installation have also led

to component failure and the generation of missiles. Since there have
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been accidents in which over half the rotor has been converted into a
high-energy missile, the design for protection against such occurrences
must be considered very carefully. One manufacturer conducts a very com-
plete analysis of all possible missiles that can be generated from a
pastulated accident. Afterward he draws a "missile map" showing the tra-
jectories, velocities, masses, and final positions of all possible pro-
jectiles originating at the turbine-generator. By a careful study of
past accidents, the "worse-case” missiles for each section of the plant
can be sclected, and the proper design against such missiles can be under-

taken.

3.4 Jet Forces

Reactor primary pressure systems are designed to withstand the Jet
forces of the design-basis accident, which is considered to be the double-
ended failure of a large coolant pipe in a light-water-cooled power reac-
tor. This means that the reactor vessel, steam generator, pressurizer,
and main coolant pumps are designed to wilthstand the maximum jet force
from one severed pipe and do not translate, rotate, deflect, nor suffer
structural damage to the internal or outer surfaces of vessels. It is
not considered credible that the main vessels must withstand the jet forces

from two or more simultaneously severed pipes.

3.5 Missiles Generated by Natural Phenomena

Migsiles generated by natural phenomena, such as hurricanes, torna-
doesg, and floods, are in a class by themselves and are not generally con-
sidered by the designers of nuclear plants. It has been assumed in some
instances (see Table 1) that utility poles and small compact cars could
become missiles during tornadoes, but there seems to be little information
on the velocity of a projectile that has been picked up by a wind or on
how this velocity can be calculated. The missiles are usually assumed to
travel at a somewhat lower velocity than the maximum wind velocity of tor-
nadoes experienced in the site area. Also, the containment structure is

designed to take the assumed wind load produced by a tornado. Hurricanes
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are studied in much the same manner, but the assumed wind velocity is
usually smaller than for tornadoes. In tornadoes the maximum wind ve-
locity can be in the range of 500 to 600 mph, while for hurricanes it
rarely exceeds 200 mph.

The plant is assumed to be designed to withstand an earthguake with-
out damage, and therefore no missiles should be generated during an earth-
quake if the asssumed earthquake Intensity is not exceeded. No congidera-
tion of missiles generated by other forms of natural phencmena was found

in the design reports of nuclear plants.

3.6 Alreraft Accident Missiles

Alrcraft accidents involving nuclear power plants have been consid-

ered in some cases.?3

The data used for the assumed projectiles were ob-
tained from discussions with the Civil Aeronautics Board. Since the CAB
has stated that piston or Jet engines would usually stay intact during a
crash, alrecraft engines were the basic missiles considered in the calcu-
lations. It was shown by the calculations that the postulated missiles
would not breach the reactor containment structure.?? Unfortunately,
only commercial jet aircraft (passenger) were considered in the studies,
glthough it was stated that aircraft cargo could comprise a missile that
would readily penetrate a 4-~Tt-thick-veinforced concrete structure.

In anothervstudy, Kennedy24 congidered a C5A military transport air-
craft carrylng two ME0O tanks. Since the two tanks would be set one behind
the other in the alrcraft, there would be a tendency upon impact for both
tanks to act as a single projectile and strike the contalnment wall at the
same locatlion. The thickness of relnforced concrete needed to prevent
perforation was calculated to he 16 ft. Obviously, most reactor contain-
ment structures could not withstand this type of impact. Small military
Jet aircrafi, which attain speeds greater than 600 mph, might also pene-
trate the containment structure when traveling at those speeds. Kennedyz‘{P
pointed out that the overall effects of impact should be considered along
with the penetration studles, since the overall structure might fail under

the kinetic loading at some point other than that of impact.



12
4. CALCULATTONS COF THE EFFECTS OF MISSILES

The effects of missiles depend on their physical characteristics
(such as mass, shape of the impinging cross section, and length) and on
the constraints acting on the component hit by the missile. The effect
of the missile, that is, the damage done, depends also on the velocity,
the flight path, and whether or not the projectile rotates or tumbles.
Therefore it is necessary that these factors be calculated or assumed
with reasonable accuracy. Needless to say, for design purposes, it is
safer to overestimate the wvelocity of the missile than to underestimate
it. Simple conservative methods for calculating the velocities of mis-
siles are presented here to provide insight into the assumptions that
must be made and the difficulties thalt are encountered in altempts to

make more sophisticated types of apnalysis.

4.1 Sources and Energies

4.1.1 Piston-Type Missiles

In the case of a missile, such as a valve stem, that is acted upon
by a constant-force stream of fluid for a certain distance in a piston-

type action, the work-energy principle for calculating the velocity gives

\1/2
2PAL
v - (2 (1)
where
= the initial velocity at the end of the piston stroke (ft/sec),

P = pressure of the fluid (psi),
A = cross-sectional area of the piston (in.?),
L = length of the stroke (ft),
m = mass of the missile (1lb-sec?/ft).

In this simple formula, the true length of the stroke is not always known,

and usually a value for L is derived from past experience.
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4,1.2 Jet-Propelled Missiles

After a missile has been expelled from a pipe or chamber, the missile
may continue to be propelled by a jet of the escaping fluid and continue
in that jet for a significant distance. The Jjet, which has mass and ve-
locity, imparts an impulse to the missile.

The fluid expands into the atmosphere and quickly reaches a peak ve-
locity. The expansion process depends on the state of the fluid in the
container before rupture. If the fluild is in a gaseous state, it will
expand very rapidly and be dispersed quickly throughout the surrounding
atmosphere. Thus, it will not be able to act upon the missile very long.
Data obtained from the U.S. Department of Defense indicate that the ad-
vancing front of a jet of air suddenly released from an orifice expands
at angles up to 70 deg in going from the orifice pressure to atmospheric
pressure.??

Fluid in the liquid state, that is, well below the saturation tem-
perature (subcooled), will also expand quickly to atmospheric pressure
but will not disperse to such a great angle. If the pipe or vessel con-
tains a liquid at saturation or supersaturated temperature, the fluid
will expand into the atmosphere and become a two-phase fluid, with both
vapor and liguid phases.

The velocity of the fluid in the jet must be known before the energy
transferred to the missile can be calculated. For a liquid Jet impinging
on a missile, Bernoulli's equation can be used to calculate the wvelocity
if it is assumed that there is steady flow in the container that is the
source of the fluid.?® The pressure inside the liquid Jet can be assumed

to be atmospheric, and the velocity at the throat can be estimated by

1/2
v, = [vz + 2g(%;- - HL)] , (2)

where
VT = velocity of the liquid in the jet at the throat (ft/sec),
V = velocity of the liquid in the container of pipe (ft/sec),
g = gravitational constant (32.2 ft/sec?),
P = pressure in the container or pipe (psf),
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w = specific weight of the liquid (1b/ft?),
HL = energy lost by the expansion of the liquid inside the nozzle
(ft).

The energy loss, HL’ is usually assumed to be zero in making missile cal-
culations. The velocity of the jet will change as the liquid expands into
a larger stream. The maximum velocity is, of course, the throat velocity
and is used to make upper limit missile velocity estimates. The velocity
reduction due to the expansion of the jet with distance while it is im-
pinging on the missile is disregarded.

The velocity of a gas jet can also be calculated by Bernoulli's equa-
tion when the jet issues from a container wherein the fluid is undergoing
adiabatic steady flow. 1In this equation, absolute pressures must be used
because ideal gas conditions are assumed. Accordingly, the jet throat

velocity can be estimated by

vy - [V2 o {(Kfl) r [ m(;>(K—l)/KJ . HL} 1/2 , o

where
P = pressure in the container (psf abs),
P, = pressure in the throat of the jet (psf abs),
w = specific weight of the gas (1b/ft?),

K = adiabatic exponent.

Again, the energy loss, H is usually assumed to be zero, and the de-

I
crease in velocity of theLjet as it expands is neglected for calculating
missile velocities. The comnservatism involved depends on the distance
traveled from the throat and the type of expansion of the gas, because
all the state properties change at each point in the expansion process.

At the point of minimum cross-sectional area, the velocity of the
gas 1is limited to the acoustic velocity at the temperature and pressure
of the gas at that point. Therefore, when a gaseous fluid flows through
a convergent section, the jet wvelocity will be correspondingly limited.
The ratio between the pressure at the minimum cross-gection point and

the pressure in the vessel or pipe is called the critical pressure ratio
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and, neglecting losses, it is given by27

Py ( 5 >K/(K—l) ) )

'13;' K + 1

where P0 is pressure in the container (psf) and K is the adiabatic expo-

nent. The acoustic velocity is calculated from

kP, 2\ M2 12
Vo = W = (gKRT) s (5)

where

V. = acoustic velocity (ft/sec),
w_ = specific weight of the gas at the throat (1b/ft3),

gas constant,

= o O
]

= absolute temperature at throat.

Equation (5) can be derived from Eq. (3) if the velocity in the container
is zero or small compared with the acoustic velocity, the velocity of the
throat is assumed to be the acoustic veloclity, and losses are neglected.
Since the container velocity will be small in most cases, Eq. (5) can be
used without serious error. The same equations for gaseous flow from a
container can be derived from the laws of thermodynamics or by compres-
sible fluid-flow methods.?®

In a flashing jet, the two-phase expansion of the fluid makes 1¥
very difficult to calculate the velocity or pressure because of the many
unknowns, including, at any given point, the guality of the wvapor and
almost all other thermodynamic properties. The blowdown of saturated
fluids has received much analytical and experimental study and probably
will continue to be studied for many years to come. Some experimental
work has been done on model blowdown studies for light-water reactors.
Also, a very limited number of experiments has been done on missile gen-
eration by a two-phase fluid expansion at the National Reactor Testing

29

Station. It is hoped that this work will help solve some of the com-

plex problems related to missiles generated by two-phase fluids.
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The only method found for calculating the velocity of a two-phase
fluid without the use of a complex computer program is given in Ref. 25.
Tt is based on experimental data and should be accurate within the limits
of that data. The method is outlined below.

For a given length-to-diameter ratio (L/D) of a short circular tube,
Fig. 1 gives a value of V/VO, where V is the actual velocity and V, is
the average velocity of two-phase fluid flowing out of an orifice of the

same size as that of the tube; V_ can be calculated from the following

0
equation once a critical exit pressure is assumed:

5 1/2
- 28 (p ~
v, cd[p_ (2, Pe)] , (6)
i
where
Cd = discharge cocefficient or Euler number, EU,
Py = initial density of the fluid in the vessel (lb/ft3),
P, = initial pressure of the fluid in the vessel (psf),
P_ = exit pressure (pst).

The assumed value for the exit pressure is used to calculate the gquantity

AP =P, — P
i e

2

UNMCLASSIFIED
ORNL--DWG 64-8783

v/Vo

Fig. 1. Correlation of Dimensionless Velocity and Length-to-Diame-
ter Ratio of Short Tubes.
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and a value for Cy is then selected from Fig. 2. From these values, a

unique value for V, is determined. Thus, the quantity V can be obtained

from the value of V/Vb given by Fig. 1.
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Once V is determined, the Reynolds number can be calculated by the

following formula:
. i
Re = ——— 7
ol (7)

where by is absolute viscosity (lb-sec/ft?). A modified cavitation aum-
ber, C,, corresponding to the calculated Reynolds number may be obtained
from ig. 3. Comparison can then be made between the assumed critical
exit pressure and the exit pressure given by the following equation for
C_:
a
2g(Pi - Pe) L
c_ = S (8)
inz D

where I is length of the tube (ft) and D is the diameter or equivalent
diameter (ft).

If the assumed critical exit pressure does not correlate with the

calculated value, a new critical exit pressure is chosen and the procedure

is repeated. When the correct value of critical exit presgsure is found,

the correct velocity is also knowmn.
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Calculating the velocity of a jet impinging on a missile is thus
complicated by the unknown energy losses due to shape, friction, and ex-
pansion processes and other unknowns such as the angle at which the jet
expands and the state properties of the fluid as a function of distance
from the jet throat, In partial effort to overcome the difficulties, the
conservative assumption that the jet velocity is constant and equal to
the throat velocity is introduced into the calculations.

After the velocity of the jet is calculated, assumed, or measured,
the velocity of the projectile can be calculated by Newton's second law.
With the assumption that the jet expands with the angle 28, the velocity

equation becomes??

2
av  a?x ] pehoVe A

m
—_ = — (Vf -V), (9)
at  at? m o Ay

where

X = distance traveled (ft),

t = time (sec),

pe = density of the jet fluid (1v-sec?/ft%),
A = throat area (ft2),

o _
Ve = jet velocity at the throat (£t/sec),
A = cross-sectional area of missile (£t2),
Aj = jet area at X distance (£t2)

= W(ro + X tan B)? for circular jet,
r, = radius of throat (ft),
V = missile velocity (ft/sec).
The velocity of the jet is assumed to be constant and equal to Vf, inde~
pendent of distance from the throat. The solution for Eg. (9), which

gives the velocity of the missile as a function of distance traveled, ig??

v\ A K»
(l —’VED - 1n ( Vf> =Xy r, * X tan B’ (10)
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Vo) In {1 VO) + e
- DT B T RV
1 Vf Vf T,

where

KN
oA A
f0m
ngm,
mr tan B
VO = initial velocity of the missile at X = 0.

Equation (10) shows that the weight of the fluid striking the missile
decreases as the jet expands, starting with a meximum at the point of rup-
ture and decreasing as the wmissile moves farther and fartber away. Tor
constant conditions (variables in the equation that do not change with
distance), Bq. (10) can be used to directly calculate the velocity of the
missile for any distance X. In reality, however, the angle 8 and the
density of the fluid change with distance, which means that Eq. (9) must
be numerically integrated. Rather than to do this, a constant B and p
can be assumed for a small interval in X, and Eq. (10) can be used to
calculate the velocity change over the interval. Then the next assumed
values for B and p in the next interval of X can be used to calculate the
velocity change in that interval. This method can be repeated until the
missile has traveled the complete distance. A major difficulty is that
of properly selecting the changes of the angle 8 and the density of the
fluid with distance, andvmuch analytical and experimental work must be
done before these changes can be assumed correctly.

A value for the distance over which the jet acts on the missile must
be known or assumed. TFor a particular missile, a plot of distance versus
velocity might be drawn and the plot used to help the designer estimate
the distance over which the jet will act on the missile.

Another method® that can be used to calculate the velocity of a jet-
propelled projectile is to compute the force on the projectile by multi-
plying the stagnation pressure of the fluild relative to the missile by
the drag coefficient. The calculation of the stagnation pressure can be

based on Bernoulli's equation, and for an incompressible fluid can be

*A similar method is used by General Electric; letter to J. W. Michel,
ORNL, from J. C. Russ, Oct. 4, 1967,
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estimated by

B V2;‘)
P =P+ -5, (11)
where
P, = stagnation pressure (pst),
P = pressure of the fluid in the jet (psf),
V = relative velocity of the missile with respect to the fluid
(ft/sec),
o = density of the fluid (lb-sec?/ft%).

For a compressible fluid, under adiabatic conditions, the stagnation

pressure can be estimated by

_ vep 1 v\ k-2 (v
PS-P+——2——l>l+Z<:‘7;‘> W-W(ﬁ) + ... 5 (lZ)

where V_ is the acoustic velocity (ft/sec). Equation (12) applies to
all compressible fluids for ratios of V/VC (mach number) less than unity.
Since shock-wave and other phenomena occur for ratios greater than unity,
the adiabatic assumption is not sufficiently accurate, and the formula
no longer applies. However, the velocity of a jet will not exceed Vé,
and Eg. (12) will be valid. Equations (11) and (12) are concervative
because no losses are inéluded. In either case, the stagnation pressure
of the fluid relative to the missile can be approximated by the equation
VZp

PS R=5 (13)

The force acting on the missile can be calculated with the equation

F o= CAP (14)

where F is the force acting on the missile (1b) and C. is the drag coef-

D
ficient. With the assumption of a constant force, the velocity of the

missile is given by

m

CL AV X 1/2 o
Vﬁ,: S A— , (15)
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where Vm is the relative velocity of the missile with respect to the fluid
(ft/sec) and X is the distance traveled by the missile (ft). Since the
density of the fluid can vary with distance and the drag coefficient varies
as the relative velocity, Fg. (15) must be solved numerically or by a
method similar to the one discussed for Tq. (9).

Many simplifying assumptions have been made to arrive at Egs. (10)
and (15), and it is assumed that the calculational methods outlined are
conservative. As mentioned before, however, no experimental data have
been found to compare with the results obtained from the cquations. There-

fore, it must be recommended that these equations be used with care.

4.1.3 Self-Propelled Missiles

Self-propelled missiles can be generated from pipes, valves, or other
hollow structures that contain fluid at the time of rupture and are driven
by expansion of the fluid they contain. 1In order to calculate the final
velocity the missile may attain, detailed knowledge of the expansion pro-
cess and the critical discharge is required. A simple calculation, in
which the fluid in the missile is assumed to expand isentropically to the
ambient pressure and in which the kinetic energy of the missile is assumed
to equal the change in enthalpy of the fluid during this expansion, yields
gquite conservative results, since the energy of the fluid is considered

to be transferred into kinetic energy of the missile at 100% efficiency.

4.,1.4 Missiles from Rotating Machinery

In nuclear power reactors the turbines, coolant pumps, and other ro-
tating machinery have the definite possibility of generating missiles un-
der several accident conditions. Overspeed could lead to overstressing
of the rotating parts and therefore to failure, or overspeed might cause
the rotating equipment to reach the critical speed, which would result
in resonance of the system and possible generation of missiles. Of course,
brittle fracture and the presence of preexisting flaws would be more likely
causes of failure. For example, even though turbines are designed against
brittle fracture, it does not necessarily follow that no fracture can take
place in a turbine; therefore the generation of missiles by turbines should

be considered.
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In analyzing missiles from rotating machinery, it must be decided what
part might become a missile. Missiles that have been generated with a
particular piece of equipment can be studied, but if there is not suffi-
cient empirical informetion on the generation of the missile, the designer
must study the equipment and assume the worst possible missile-generation
accident for the piece of eguipment.

After the volume and mass of a postulated projectile have been as-
sumed, the next information needed is the maximum velocity that can be
attained under any conditions, accident or otherwise. After this, the
trajectory of the projectile can be calculated by using the standard dy-

namic formulas. >0

The energy lost by the perforation of the outer struc-
tural shells of the rotating equipment by the projectile must be calcu~
lated with empirical perforation formulas, which are discussed in Section
4.3. After the perforation of the outer structural shells, the continu-
ing trajectory of the projectile can be calculated to determine whether

it constitutes any danger to vital equipment in the reactor system.

4.1.5 Missiles That Can Be Generated by Stored Strain Energy

Reactor pressure vessel head bolts, other bolts, and tendons for
prestressed-concrete should be thought of as potential missiles. Large
amounts of strain energy are stored in these structural components and
can lead to high velocities in case of failure.

If all the strain energy is converted to kinetic energy, which is a
conservative assumption because no losses from friction or relaxation are
considered, the velocity can be calculated with the formulas

- @

and (16)
SR

where

<
fl

velocity of projectile (ft/sec),

=
it

modulus of elasticity (psf),
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W = specific weight of projectile (1b/ft?),
€ = strain in the bolt or tendon before the accident (in./in.),

o = stress in the bolt before the accident (psf).

4.1.6 Whipping Pipes

The whipping of a pipe can be degcribed as a complex elastic-plastic
multidegree-of-freedom motion; however, the following simple approxima-
tions to the equations of motion yield reasonably good results. First
the motion can be described as a simple one~degree-of-freedom elastic
vibration. The equation for this is

2 o
ay Wy = E(t) , (17)

at? "
where
wn = natural frequency of the system (first fundamental mode) = i
y = displacement,
t = time,
k = spring constant of the system,
m = mass of the system,
F(t) = forcing function (force caused by jet action).
Another possible eguation for the motion of the pipe is that for
simple one-degree-of-freedom rigid plastic vibration:
2 R F(t)
d
L2 | (18)
at? m m

where Re is resistance against movement. The resistance function Re de=
pends on where the plastic hinge develops, which in turn depends on the
assumed boundary conditions of the pipe.

An elastic-plastic analysis can be made when a nonlinear spring con-
stant is used in Eq. (17), and a technique similar to the Runge-Xutta
method can be used for obtaining the solutiocn for this case. Since the
forcing function is caused by the jet action of the fluid issuing from

the ruptured pipe, the velocity of the fluid jet must be known or assumed.
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The problem of determining the fluid velocity was discussed above. Once
a (conservative) value for this velocity has been obtained, it is consid~-
ered constant. Hence, the force acting on the pipe is constant, and Eqs.
(17) and (18) can be solved. The damage done by the whipping pipe is es-
timated through the use of the penetration formulas discussed in Section
4.3,

4.,1.7 Missiles Generated from Ruptured Vessels

The rupture of a vessel operating at high pressure can lead to some

very massive high-velocity missiles’?t

and can produce shock waves that
can, in turn, generate missiles and cause structural demage. Missiles
generated by a Véssel rupture can be either random fragments of unknown
mass and cross-sectional area or certain whole parts of the vegsel. In
the case of a cylindrical vessel, whole parts might be such things as the
top head, the bottom head, a longitudinal segment from the side wall, etc.
Accurate calculation of possible random fragment velocities and

masses 1s very difficult. Moore™? proposed the following formula for

the velocity of such projectiles:

- > (g B)1/2
v 1.09‘*(]?1:,3) , (19)
where for cylinders
<
R =t
l+~2—M
and for spheres
C
M
e 1+ El
5M

and

=
1t

; available energy released by isotropic expansion of pressurized
fluid to one atmosphere for one mass unit (ft?-1b/lb-sec?),

= mass of the fluid (1b-sec?/ft),

@]
i
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M = mass of vessel (lb-sec?/ft),
V = velocity of projectile (ft/sec).

Note that the mass of the entire vessel is used. This equation is an ex-

trapolation from the Gurney equation,32:33

whicn hag been verified by the
detonation of high explosives in cylinders with wide ranges of diameters
and thicknesseé.

The use of Gurney's formula in the form given by Eq. (19) for the
mich slower and lower-pressure explosions characteristic of pressure ves-
sels is, of course, without sound theoretical foundation. Moore compared
velocities predicted by Eq. (19) with velocities calculated from distances
of travel of fragments of exploded pressure vessels reported in the lit-
erature. The results indicated that the modified Gurney formula was con-
servative. However, the data that Moore used in his correlation came from
fire tube boilers and may not fit all cases. For example, if the vessel
rupture produced a few large missiles instead of many small ones, the
method might not give very good results.

The method described above was used to calculate the velocity of a

2-ton missile generated in an accident in England.31

In that case liquid
in the wvessel was subcooled, and only a few large missiles were generated.
Moore's method in this case did not give very good results in that the
calculated velocities gave distances of travel much less than those ob-
served. Since Gurney's equation was derived from weapons data to predict
the velocity of small fragments from bomb cases that were designed to
rupture into many small projectiles, it is believed that, if the pressure
vessel had ruptured into many small fragments, Moore's equation would
have given fairly good results.

The equivalent TNT method can be used te calculate the velocity of
the missile of the English accident with fair accuracy. 1In this case,
the stored energy is converted into a TNT equivalent explosion, and the
momentum of the missile is calculated from the corresponding impulse.
From the momentum, the velocity of the missile is easily calculated.
Another method that gives conservative results is based on the assumption

that all the stored energy is converted into kinetic energy of the largest
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missile. The velocity of the missile is then calculated from the kinetic
energy.

In the case where a pressure vesgsel ruptures into two parts that
become missiles, the energy must be partioned among the parts according

to masses of the parts, as shown in the formula’#*

e

, (20)

leg

g
10 B
i

'..l

where

E, = energy of part 1,
E, = energy of part 2,
M, = mass of part 1,

M, = mass of part 2.

Thus, the energy imparted to each fragment is inversely proportional to
its mass. The energy of each part is, in turn, converted inbto kinetic
energy of the missile.

In the calculations described, all the energy is assumed to be trans-
ferred to the projectiles, with losses ignored. Fluid losses would de-
pend upon the type of fluid and the configuration of the parting masses.
These losses could range from very large in some cases to very small in
others. Hence, the missile veloecity calculations, in any case, are con-

servative.

4.2 In-Path (Air) Resistance to Missiles

In the above discussion the resistance of the surrounding atmosphere
to the movement of the projectile was not considered. Since the air re-
gistance would lower the final veloecity of the missile, conservative wve-
locities are calculated when this resistance is neglected. 1In addition,
the velocity computations are simplified. However, the drag force can
be calculated by the formulas

2
F = Cph o
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where A is some characteristic area (ft?), usually the area projected on
a plane perpendicular to the relative motion of the fluid, and V is the
relative velocity of the fluid with respect to the body (ft/sec).

If the drag force is included in the missile equations, iterative-
process computer solutions will probably be required, and some of the
equations will be nonlinear. A further complicating factor is that drag
coefficients have been experimentally derived for only a few common shapes
and may not be applicable to most of the assumed missile shapes. There-
fore it is recommended that the drag forces be included in the calcula-

tions only if less conservatism is required.

4.3 Tmpact and Penetration

Once the velocity is known or assumed, estimates can be made, based
on existing formulas, of the damage the accident-produced missile can do.
Most of the formulas that are used today to calculate the penetration and
perforation of structures or targets have been empirically derived. There
have been attempts Lo derive theoretical formulas for penetration, but
these have not been too successful.>®

The study of missile penetration, which is called terwminal ballistics
by the military, is one of the oldest technologies, with experimentation
dating back to the early 1800's.27 1In spite of this there are no hand-
books on terminal ballistics commercially available.*® Even for the well-
defined physical situation of a projectile of known material properties,
size, shape, and velocity striking a plate with known properties, the data
are extremely scattered and often contradictory.

Combined projectile and target behavior can be classified in one of
three regimes: low-speed impact regime, transition jmpact regime, and
hypervelocity impact regime. The projectile velocity corresponding to
the breakup threshold on impact determines the lower wvelocity of the tran-

38

sition region. Since projectile deformation depends on both target

strength and projectile strength, it is understandable that the extent of

*There are classified handbooks that were compiled by the military.
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the transition region depends on the physical properties of both the pro-
jectile and target.

Most of the recent experimental work>® has been done for the tran-
sition regime. TIn the hypervelocity range, quite reproducible experimen-
tal results can be expected, since the materials behave as fluids under
the wvery high pressures and temperatures that exigt.>8

Most of the postulated missile~target combinations for light-water
reactors fall in the low-speed impact regime, except for cases where
wooden missiles are generated. Since ﬁhe structural components for light-
water reactors are concrete or steel, only penetration formulas for these
materials are discussed here. All the present formulas are emplirical and
cover only limitéd ranges. Characteristics of impact not included in
these formulas, such as shape Tactors, are not discussed because the

available data are not adequate to make useful quantitative correlations.

4,3.1 Concrete Penetration and Perforation Formulas

The unclassified equations for the penetration of concrete are listed

below, together with the limits of applicability when they are available.

39~41

The first equation is the modified Petry formula and is the most

commonly used:

2
D= KAp loglO <% + 215’000) s (22)
where
D = depth of penetration into an infinite thickness (ft),
issi welght

A = sectional pressure ( ___missile NG%%h ) (psf),

js) maximum cross-sectional area

V = terminal or striking velocity (ft/sec),

K = experimentally obtained material coefficient for penetration.®

BEquation 22 calculates the penetration into an infinite slab.

*These coefficients can be obtained from Refs. 39, 40, and 41.
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The formula derived*® to calculate penetration into a reinforced-

concrete slab of finite thickness is
b - D{l . e-4[(T/D>~2J} ) (23)

where

D/ = actual depth of penetration (ft),
D = depth of penetration for an infinite slab (ft),
T = thickness of the slab (ft).

When D is calculated from Eq. (22), the lower limit of thickness of rein-

forced concrete for which this equation holds 1540

D’ = 2D . (24)

Equation (23) is alsoc referred to as the Petry, or the modified Petry,
formula. The Ballistic Research Laboratories formula for reinforced coi=-

crete of finite thickness ig%ts4?

4/3
p 7.8 pi/s C;Ku:> / , (25)
1000

D? 00

where

D = diameter of missile (in.),

thickness of concrete slab that will be perforated (in.),

D:
W = weight of missile (fragment) (1b),
V = striking velocity (ft/sec).

The Army Corps of Engineers' formula for reinforced concrete of in-

. v s )
finite thickness 1543

1.5
X = 222 Woo.215 (V. +0.5D , (26)
(su)l/2 A 1000

where
X = penetration in infinite concrete (in.),

weight of missile (1b),

=
it

area of the missile (in.?),

o=
il
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D = diameter of the missile (in.),
V = striking velocity of missile (ft/sec),
Su = compressive strength of concrete (psi).

Limit case companions to Eq. (26) are also given.43 To calculate the

thickness that can just be perforated, the formula given is
e = 1.35D + 1.24X , (27)

where e is the thickness in inches. Also, the thickness for which a pro-

jectile will just scab the back side can be calculated from the formula
S = 2.2D + 1.35% , (28)
where S is thickness just to scab (in.). The limits on BEq. (26) are

1 in. <D <€ 16 in.,
0.4 1b < W < 2500 1b,
1500 psi € 8, < 8000 psi,

500 ft/sec < V < 3000 ft/sec.

These indicate that Eq. (26) is very limited in its application. Refer-

ence 43 contains nomographs a designer may use to calculate the thickness

required to prevent perforation.

The military's most documented formwla for an infinite slab was only

recently declassified. It ig4%

1.5
X =—282_ W po.23s (VN7 g s (29)
(su)"/2 D? 1000

where the symbols are those described above. Equation 29 is the same as

"Eq. (26), because A = 7D?/4; however, in this case,**
e = 1.23D + 1.07X (30)
and
S = 2.28D + 1.13K . (31)

The limits on Eq. (29) are the same as for Eg. (26).
Equations (23), (25), (27), and (30) for calculating the thickness

just to perforabe are plotted in Fig. 4 for a 6-in.-diam cylindrical
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Fig. 4. Comparison of Results Obtained with Formulas for Calcu-
lating Perforation of Reinforced Concrete by a Small Missile.

missile weighing 100 1b and in Fig. 5 for a 1l6-in.-diam missile weighing

2500 1b. As may be seen in the figures, the Corps of Engineers' formula

is more conservative than any of the others for the small missile, while

the Ballistics Research Laboratories' formula is the most conservative

for the large missile. The Petry formula, Eg. (23), is the least conser-

vative of all the equations for both missiles. This may be due to the

fact that the formula was derived earlier (1939) than the others.>® Tt

is recommended that this formula not be used for penetration calculations.
There are no known penetration or perforation formulas Tfor prestressed

or posttensioned concrete.

4.3.2 Steel Penetration and Perforation Formulas

The unclassified equations for the penetration or perforation of

steel are listed below with the known limits for each. The first formula

45

is the Stanford equation, which is the most commonly wused steel pene-

tration formula:

dl=

=5 2 W,
= 7% 550 (l6,000 72 + 1,500 i r) , (32)
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Fig. 5. Comparison of Results Obtained with Formulas for Calcu-
lating Perforation of Reinforced Concrete by a Large Missile.

where
E = critical kinetic energy required for perforation (ft-1b),
D = missile diameter (in.),
S = ultimate tensile strength of the target (steel plate) (psi),
T = target plate thickness (in.),
W = length of a square side between rigid supports (in.),
Wy = length of a standard width (4 in.).

The ultimate tensile strength is directly reduced by the amount of bilat-
eral tension stress already in the target. The equation is only good

within the following ranges:

0.1 < 7/D < 0.8,
0.002 < T/L < 0.05,
10 < 1/D < 50,

5 < W/ < g,

g < w/T < 100,

70 < ¥, < 400,
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where I, is missile length (in.) and the missile is assumed to be cylin-

drical; V. is velocity (ft/sec).

The Ballistic Research Laboratories' formula for steel is**

2

m3/2 . 0.5MV , (33)
17,400K?D3/2
where

T = steel wall thickness (in.),
M = mass of the missile (wt/g) (1b-sec?/ft),
V = velocity of the missile (ft/sec),
K = constant depending on the grade of the steel and is usually = 1,
D = diameter of the missile (in.).

Recht and Ipson46 derived a completely theoretical eguation that ap-
pears to be accurate within the limits tested. (This equation is not used

by reactor designers.) The equation is

(V2 ~ v2 )1/2
V= 2t , (34)

r 2
D T
1+ 0 <d> T

where f
{ BV AT
Vr = residual velocity (ft/sec), that is, velccity of the missile
after perforation, , .
. .
V = initial striking velocity (f£t/sec),
Vv, = minimum perforation velocity (ft/sec),

Q = ratio of steel plate (target) to missile material density
(steel missile),

D = plug diameter or hole diameter (in.) (since D is usually not
known, a value of 1 can be used for D/d),

d = missile diameter (in.) for a cylindrical missile,
T = steel plate thickness (in.),

L = missile length (in.).

The minimum perforation velocity, an, is given by

n2 s . i 1/2?
xn 8 1 4pSan2_ \
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where
pPCP t PCy
V= PpCoP el ’
Py = missile density (steel),
oy = plate material density,
Qp = longitudinal acoustic-wave velocity in missile material,
CS = longitudinal acoustic-wave velocity in plate material,
v = function related to dynamic shear strength of the plate mate-

rial, assumed to be constant (1.76 x.10% psi).

The limits of the equation are T/L.<'i/2 éﬁd T/DL< 1/2, and reasonably
correct results are obtained when the missile deformation is not severe.

As can be seen, all the penetration and perforation formulas for
steel were derived for small-diameter long~length cylindrical projectiles
and very thin targets. There does not seem to be any data for larger
missiles or thicker targets.

All these penetration and perforation formulas for concrete and
steel are based on normal impact. When the missile strikes the target
at an angle, the penetration depth is naturally reduced. In case of
oblique impact, the designer must exercise care to insure that he is

using the most conservative method.
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5. POSSIBILITY OF RUPIURE OF PRIMARY SYSTEM PRESSURE
VESSELS AND EFFECTS OF RESULTING SHOCK WAVES

The reactor vessel is one of the major components in a nuclear fa-
cility in that it performs the very critical functions of housing the
radioactive core and provides a pressure~tight membrane to retain the
coolant. Pressure vessel technology per se is nol new, and vessels have
been designed and fabricated that have good performance records of many
years duration. This was not always the case. TIn the early 1900's, as
a result of catastrophic failures of boilers, the ASME undertook the task
of providing a minimum set of standards for the design, materials, and
construction of a class of these devices. The first Boiler Code was pub-
lished in 1914. Through the intervening years, additional codes have been
written and published, with today's accepted standard for nuclear reactor
vessels being Section III of the ASME Code. The primary intent of these
codes is to establish levels of safety, and when applied within the bounds
of good engineering judgment and the limitations set forth, a new product
of adeguate quality should be produced.

It is Important to emphasize that it is not now possible to arrive
at an absolute position on many aspects of vessel design and construction,
and furthermore, in order to evaluate the incredibility of failure of a
pressure vessel when incorporated into a system such as a power reactlor
complex, limits must be specified for the environmental conditions. The
nuclear systems designer specifies a set of service conditions, including
abnormal events, that form the basgis for design input. The vessel designer
provides analyses that demonstrate the adequacy of the structure for these
specified service conditions, and fabrication 1s performed with consider-
able guality control so that there is no apparent reason for poor perfor-
mance within the design limits specified. A system of checks and balances
is invoked throughout the course of a project that establishes multiple
review of the design, material, fabrication, and quality control. Checks
are made on the completed vessel that insure 1ts capability to withstand
overpressure loading, and measurements are made to check deflections and

displacements of the loaded vessel to back check the design predictions.
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The net result is that all evidence*” indicates that the industry is
producing high-quality vessels in terms of the standards szet forth and
required by the Code, since these requirements are generally exceeded in
all phases of the manufacturing process. This practice has evolved be-
cause of the recognized importance of vessel integrity to safety and plant

availability.

5.1 Vessel Rupture

Failures of the primary system pressure vessels, such as the reactor,
steam generator, and pressurizer vessels, are not, as most manufacturers

state, incredible, but rather of low probability, even though this cannot

be stated with any mathematical precision. The manufacturers are not con-
cerned with rupture of such Vessels because they are convinced that these
vessels can be designed to prevent brittle fracture under hydrostatic
loading. Since only simple, brief discussions of this type of accildent
are given for some reactor plants, the public documents, such as the pre-
liminary safety analysis reports, leave the impression that this kind of
accident is not considered. Further the designs of containment structures
do not provide for the consequences of rupture of high-presgsure components.

Considerable confidence has been developed in techniques for design-
ing to prevent crack initiation. : However, design techniques baszed on in-
suring crack arrest are less certain, especially in the case of pneumatic
loading. An up~to-date discussion of the staté of the art in the United
States and Great Britain is given in Ref. 47.

The large amount of damage that can be done by brittle fracture of a
vessel under hydrostatic loading was demonstrated on December 22, 1965,
when a large thick-walled nonnuclear pressure vessel failed during proof
testing in England. 3} A general view of the rﬁptured vessel is shown in
Fig. 6. The vessel was a long cylinder with end closures, one welded
and the other bolted; and was intended for use in an ammonisa plant. The
cylindrical part of the vessel was 52 ft 8 1/2 in. long, 5 £t 7 in. in
diameter, and had a wall thickness of 5 7/8 in. TFailure occurred by
brittle fracture at a proofl test temperature of 50°F and an internal

pressure of 5000 psi. Several heavy fragments separated completely from
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the vessel, including one that weighed two tons. This large plece passed
through the workshop wall and traveled a total distance of 152 ft (see
"Fig. 7). A detailed study of this case is given in Ref. 47.

In the case of a vessel filled and pressurized with water at high
temperature, or gas,48 the consequences of fallure would be much more
severe. British studies*®"?! have indicated that under conditions where
a part of the volume (20%) is gas filled, the failure behavior would be
the same as if the vessel were entirely gas filled. Also, a blowdown

study performed in Japan®?

on a water-filled vessel with temperature and
pressure of 535°F and 1000 psig confirmed that the behavior of the system
during blowdown was similar to that of a steam-pressurized vessel. This
means that the déstructive potential of high-pressure water systems 1s
not greatly different from that of pneumatically loaded systems.
Analytical and experimental investigations, such as the Heavy Sec-
tion Steel Technology Program* (HSST) at Oak Ridge National Laboratory for
developing information on fracture mechanics,’the ARC-PVRC Program for
studying nozzles and reinforced openings in presgsure vessels,* the ARC-
PCRV Program for investigating piping, pumps, and valves for nuclear ser-
vice,* and the pipe rupture studies at Battelle Memorial Institute and
General Electric Company, are expected to make the design of pressure sys-

tems to prevent fracture more accurate and reliable.

5.2 Shock~Wave Effects

The only shock wave (pressure wave) considered in the preliminary
safety and analysis reports is the pressure pulse in the loss-of-coolant
accident. There are no discussions of the effects of shock waves that
would be generated by the rupture of a main vessel, and it is assumed
that containment structures are not designed for this type of shock load-
ing. Shock waves are, however, of interest in this report because not
only can they generate missiles but the shock wave itself can be consid-

ered a missile.

*See progress reports from ORNL Nuclear Safety Program for reports
of current developments on these projects. The most recent is USAEC Re-
port ORNL-TM-2230, May 30, 1968,
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5.2.1 Generation of Shock Wave

An explosion® implies a process by which a pressure wave of [inite
amplitude is generated in a fluld by a rapid release of energy. Widely
different types of energy sources can be classed as explosives under this
definition. The stored energy in a compressed gas or vapor, either hot
or cold, can be such a source, as well as the failure of a high-pressure
gas storage vessel or steam boiler and the muzzle blast from a gun. Elec-
trical discharges, rapid vaporization of fine wire, and metal-water reac-
tions can also produce strong pressure waves in a fluid. The more usual
energy sources for explosions are, however, either chemical or nuclear
materials that are capable of producing vieclent reactions.

The sudden expansion of a gas, whether from a bursting pressure ves-
sel or from heating by a lightning bolt, or some other rapid energy input,
results in a pressure disturbance that moves away from the source at a
velocity directly related to the peak pressure. The impingement of such
a disturbance on a wall or a potential missile results in pressures that
may exceed the initlating pressure, particularly if the disturbance has
developed a steep front or has become a shock wave in passing through the
air.

The tendency of a strong pressure wave to become a shock wave is ex-
plained simply by the fact that the speed of sound in a gas, such as air,
increases as the pressure 1s increased adiabatically (due to the increased
temperature). Thus the high-pressure peak of a sound wave always tends
to catch up with the preceding low-pressure valley, much as the peak of
an ocean wave catches up with the valley as the wave enters the shallow
water near the shore.

Neglecting attenuation, the number of wave lengths, N, that a sinu-
soidal wave will travel before it forms*¥* a shock wave is given by

P

N - 0

=TT
AP(2K — 1)

*Explosion here is assumed to mean a detonation type of energy re-
lease. . "
*¥*¥Colloguially to shock up.



42

where Pg is the ambient pressure, AP is the wave amplitude, and K = Cp/cv’
that is, the ratio of the specific heat atl constant pressure to the spe~
cific heat at constant volume.

Friction in the medium, on the other hand, attenuates the higher har-
monic components of a complex wave more rapidly than the fundamental com-
ponent and tends to reduce the wave to a simple single-mode harmonic form.
Thus, ordinary low-amplitude acoustical waves may be treated as harmonic
waves.

In a large pressure disturbance, the attenuation of higher components
is ingsufficient to prevent the pressure peak from catching up with the
edge of the wave front, and the result is a step increase in pressure,
or a shock wave. Shock waves move at velocities that correspond roughly
to their peak pressure and, hence, at greater than the sonic speed of
low-amplitude acoustic waves. The transmission of shock waves is inher-
ently a nonlinear process, wherecas acoustic wave propagatlon can be ade~

quately described by linear theories,?3

5.2.2 (lassical Shock Waves

The analysis of classical shock or blast waves in air is based on
the assumption that the explosion that creates the waves occurs in a still
homogeneous atmosphere. A pressure wave is generated by the sudden re-
lease of energy that forces the surrounding atmosphere away from the deto-
nation point, with the peak of the pressure wave traveling faster than
the rest of the wave, as shown schematicglly in Fig. 8, curves a and b.

At some later time, curve ¢, the peak pressure has advanced to the front
of the pressure wave and created an abrupt change in the atmospheric pres-
sure as the wave continues to propagate. On further expansion, inertial
effects produce overexpansion and a consequent rarefaction at the explo-
sion center. The overall pressure configuration then consists of an
abrupt pressure discontinuity followed by positive and negative pressure
phases {curve d). This latter characteristic is maintained in further
propagation of the blast wave.

The positive pressure phase is, in general, far more intense than

the negative phase. Negative pressures are limited in magnitude to 1 atm.
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Fig. 8. Development of Explosive Shock. (a) Assumed initial pres-
sure pulse and successive configurations. (b) and (c) Waves formed by
differing speeds of shock-wave parts. (d) Typical pressure-distance curve
for some time after a point-source explosion.

It may be noted that inertial effects responsible for the negative phase
could give rise to additional pressure reversals and to pressure oscilla-
tions in the atmosphere. Such reversals are Important in underwater ex-
plosions but are not ordinarily observed or reported for explosions in
air, presumably because of the relatively low density and because dissi-
pative processes rapidly attenuate them.

The pressure-time history of a typical blast wave as observed at a
location removed from the center of the explosion is shown in Fig. 9.
At an arrival time of tX seconds after the explosion, the pressure at
this removed location suddenly Jjumps to a peak value of overpressure. A
properly oriented streamlined object at this location is then subjected
to an instantaneous crushing force equal to the product of this over~
pressure and the surface area of the volume enveloped during passage of
the blast wave. This is not a stable condition, and the overpressurs
immediately begins to decay following a pressure-time relaticn, such as
that 1llustrated and described as quasi-exponential in character.

Descriptions of this type of blast wave raguire specification of

three independent characteristics. One of these is the initial shock
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Fig. 9. Typical Pressure-Time Curve for an Explosive Blast Wave.

intensity, which is specified, perhaps, by the peak overpressure but
also by any related intensity item, such as particle velocity. The sec-
ond is the duration of the positive phase of the blast wave (tD). The
third is the impulse product, the area under the positive phase of the
curve, for the pressure forces in the blast. An additional related pa-
rameter is the time (tx) required for the shock front to travel from the

center of the explosion to the location of concern. °%

5.2.3 Reflection of Shock Waves

A normally reflected shock front shows characteristics different
from those of the incident shock wave, for it is moving through a differ-
ent medium; in reflecting, it returns through the atmosphere it has com-
pressed. The reflected overpressure i1s always considerably greater than
the incident overpressure. For weak shocks, it is twice as great; for
strong shocks in a perfect diatomic gas it can be eight times as great;
in a real diatomic gas this multiplying factor can be as high as 16 for
incident shocks of 1000 atmospheres.’? The reflected overpressure pro-
vides the force for the instantaneous dynamic load imposed on a surface
of a structure whose surface is normal to the advancing shock front.

In a closed structure, a shock wave and its reflections will cause
repeated transient loadings of the walls until dissipative mechanisms
convert the shock-wave energy into static pressure and temperature in-

creases. The complex reflection and refraction to be expected in an
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equipment-filled containment vessel may also result in discrete regions
where waves reinforce each other. However, the initial shock losding to
the walls 1s expected to be of greater magnitude than any of the re-

flected loadings due to energy-dissipation processes.

5.2.4 Importance of Shock Waves in Reactor Accidents

Shock waves generated by the release of nuclear, chemical, and stored
energy within a reactor system can produce two undesirable effects.’® The
shock wave itself can do structural damage, and missiles created by the
shock wave may penetrate the containment structure. At present there is
little experimental information on the energy released by a nuclear ex-
cursion that can be used reliably to calculate the related blagt effects.
Arguments are raised against using calculations based upen TNT data on
the ground that the method is overly conservative. However, an analysis
by Proctor’7 of the SL-1 accident showed that the TNT method predicted
the damage done by this excursion accident very well. The SL-1 accident
and the Borax-I1 and SPERT-I reactor tests indicate the manner in which
energy can be released and the damage that is possible from a nuclear ex-
cursion accident.®® The SI-1 excursion caused the entire resctor vessel
to behave as a missile; it moved upward 9 ft before falling back into its
cell., The physical phenomena associated with such accidents are nct well
understood, and there seem to be no reliable technigues for predicting
the energy release and the related blast effects prior to the accident,
as pointed out by‘Proctor.57

Chemical energy release in light-water-cooled reactors usually means
metal-water reaction. Explosions have been caused by metal-water reaction
in other industries that resulted in considerable structural damage,>?s 60
Detonations of gaseous combustibles, organic liquids, and hydrogen, which
were studied on a limited scale, ®1,%2 have been found to ignite fires and
to cause much structural damage over large areas.®3? For TNT and pentolite,
much experimental information has been gathered, and the data have been
put into a form10s 64,65 that is very useful for designers faced with the
problem of chemical energy release.

The release of stored energy from a ruptured vessel has been shown cx-

perimentally to generate shock waves.®% 67 The fact that steam will act
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approximately the same as air or any other gas has been demonstrated by
accidental explosions of steam boilers.®® The rupture of hydrostatically
loaded vessels can release large quantities of energy in the form of very
high energy missiles.?9 31 Fey tests or experiments have been done on
shock waves developed from the rupture of completely hydrostatically
loaded vessels, although shock-tube studies show that heated pressurized
water will generate a finite compression pulse in the adjacent air. 62
These findings indicate that the rupture of high-pressure storage
vessels and other high-pressure systems could lead to creation of shock
waves. lFragments generated by the brittle fracture of pressure vessels

could be propelled by the shock wave of the expanding liquid.

5.2.5 Calculations of Maximum Deflections and Stresses

The impulse of the shock wave delivered to a structure will cause
the structure to respond dynamically and produce at least a transient vi-
bratory response. Since the experimental reflected-shock-wave data are
probably accurate only to within about 10 to 15%,43 most analysts repre-
sent complex structures as simple lumped-parameter systems with one de-
gree of freedom, as shown in Fig. 10(a). A recent comparison’9 71 pe-
tween the analytical method and experimental data has shown that this
method is valid for engineering purposes. The dynamic equation for such

a model is

where

y = displacement,

t = time,

= natural frequency of the system (first fundamental mode ),
W2 = E,

n m

k = spring constant of the system,
m = mass of the system,

¥(t) = forcing function.



47

ORNL-OWG 68-9610

T
0

PRESSURE —»=
PRESSURE

TIME = o D TIME
{a) (b) (c)

Fig. 10. (a) Lumped-Parameter Single-Degree-of-Freedom System;
(b) Assumed Triangular Pulse; (c¢) Initial Impulse.

If the form of the forcing function or reflected pressure-time his-
tory of the shock wave 1s known, the deflection of the structure due to
the action of the shock wave can be calculated from the natural frequency
and mass of the structure. The reflected pressure-~time history is usually
assumed to be a triangular pulse, as shown in Fig. 10(b). A method of
solution for Eq. (36) corresponding to this case was derived in Ref. 71.

The duration of the pressure pulse is sometimes very much shorter
than the natural periocd of the structure. If it is one-thirtieth or less
of the natural period of the structure, the so-called "initial impulse"
method,72 which is simple and accurate, can be used to solve Eg. (36).

In this method, the maximum reflected pressure is taken to approach in-
finity while the duration approaches zero, but the impulse, defined as

the integral of the pressure P} over the time to to t is taken as a

DJ
constant. If the period of the pressure wave is much smaller than the
period of the structure, this is the way the structure sees the pressure
pulse. A graphical representation of the initial impulse is shown in

Fig. 10(c). The solution to Eq. (36) by the impulse method is7’t

y = mwo sin W t , (37)
n



o~
(04}

where A is the area of the struck surface of the structure and Ig i1s the
initial impulse per unit area (area under the pressure-time curve).
Equation (37) gives the maximum deflection of the structural compo-
nent, and from this the maximum stress caused by the shock wave can be
derived. With the value of the maximum stress known the designer can de-

termine whether the structure will survive the blast.

5.2.6 Effects of Shock Waves on Concrete Structures

Concrete walls, from which most of the present containment structures
are made, can have four possible modes of failure: (1) spalling of the
rear surface of the wall, which forms secondary missiles, (2) local fail-
ure due to excessive shear stresses, (3) flexural failure, and (4) total
destruction of the wall, with the production of large numbers of secondary
missiles. All four modes of failure are possible when a detonation is
close to the wall. However, if the detonation is far from the wall, =z
plane shock wave is formed, and only the latter two modes of failure can
occur. 72  The occurrence of any one of the failure modes will depend on
the configuration and strength of the wall, the energy release of the
shock wave, and the location of the energy release relative to the wall.

The stresses induced by a shock wave are transmitted through con-
crete at velocities of thousands of feet per second in the form of a
stress wave. Two predominant types of waves are encountered. The primary
or longitudinal wave travels parallel to the directlon of shock-wave
propagation at what is called the dilatational velocity. The particle
motion in the compression wave also travels in this direction. The sec-
ondary or distortional wave is formed by the shear distortions and moves
in the same directlon as the primary wave, but its particle motion is
perpendicular to the direction of the shock-.wave propagation. The shear-
ing stresses are of lower intensity than the compression stresses and
move with a velocity less than that of the longitudinal wave. In simple
practical analyses, only the effects of the compressional stresses are
considered.

A material is said to spall when one or more segments are displaced

from the main body. As the longitudinal wave propagates through the wall
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and impinges upon the rear free surface, reflection occurs in
of a tension wave that is identical in shape and magnitude to
pression wave. At some point, the tension strains exceed the
strains, and the preexisting microcracks in the concrete grow

tensile capacity is exceeded.

the form
the com-
compressive

until the

The spalled sections trap a portion of

the stress wave and eject from the main body with a higher velocity.

Simple formulas for caleulating the initial velocity and thickness
of a spall are 3
c t 7 c It/
T o= sDt_ s’rt , (38)
2P P2
r r
144,
= — /
v ne. (2Pr ft) s (39)
and
E(1 —~v) 1/2
C = [ ] » (40)
8 m(l + v)(1 — 2v)
where
T = thickness of spéll in ft,
C, = dilatational velocity in ft/sec,
tD = pressure pulse duration in msec,
fé = tensile strength of concrete in psi,
Pr = reflected pressure at the wall in psi,
Ir = reflected impulse of the shock wave acting on the wall in
' lb-msec/in.z,
V = velocity of spall in ft/sec,
m = mass per unit volume in lb-sec?/ft%,
E = Young's modulus of concrete in psi,
Vv = Poisson's ratio of concrete.
To find the total weight of a spalled body, it is assumed’? that the
spalled area on the free rear wall corresponds to the base of a cone that

has an included angle of 80 deg and an altitude equal to the normal
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distance between the rear of the wall and the center of the source of the
shock wave. The thickness is calculated from Eq. (38). (For more com-

plicated spalling, such as multiple spalling, see Ref. 73.)

5.2.7 Effects of Shock Waves on Objects That Can Become Missiles

A shock wave striking a free object, such as a piece of pipe or a

valve, can produce a missile with the velocity25

P ta
r

V = =

4
- ) (41)

A
r
m

where A 1s the cross-sectional area of the missile normal to the direction
of the shock wave and m is the mass of the missile,.

Additional information on shock waves of more complex nature, such
as spherical or two-dimensional shocks, may be found in Refs. 55, 74, 75,

and 76.

5.2.8 &hock-Wave-Resistant Design

5.2.8.1 Determining the Energy of the Shock Wave. The design of a

structure for protection from a blast or shock wave is principally a dy-
namics problem in which the blast wave acts as the forcing function, In
light-water-cooled reactors the source of the shock wave could be the
rupture of main vessels, such as the reactor, steam generator, and pres-
surizer vessels. Metal-water reactlon or a nuclear excursion could add

to the energy of the shock wave, but in present-day commercial light-water-
cooled reactors, the stored energy of the system would be the primary
source of energy. There is no known method for accurately calculating

the shock wave from a ruptured vessel contalning saturated water at a

. 29569, 77 gaturated water

high pressure. However, it is well known thai
will flash into steam in an explosive manner when the pressure is suddenly
released. The designer can therefore make a conservative estimate of the
shock-wave energy based on the change in enthalpy during an isentropic
expansion. The explosion could then be treated as an equivalent TNT ex-

plosion.
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5.2.8.2 Dynamic Model of the Structure. When a value for the shock-

wave energy has been established, the mathematical model to be used for
analyzing the containment structure can be selected. As noted previously,
a lumped-parameter dynamic model is normally used, and the containment
structure is assumed to have a single degree of freedom. A more accurate
model 1s not usually justified because of the approximate description of
the shock wave. It is not the intent here to go into details on the mod-
eling of structures for dynamic analysis; rather, reference should be
made to available literature, 78-8C

| In order to model a structure by a single-degree-of-freedom system,
1t is necessary to know the first fundamental natural frequency of the
structural compohent, which can be derived. Reference 81, however, con-
tains tables and graphs of this frequency for many standard structural
components. After the natural frequency of the structure and pulse shape
of the shock wave have been assigned, the fundamental vibration response
of the structure can be calculated. The maximum amplitude can then be
found, and the maximum elastic stress can be calculated. Such a tech-
nique is discussed in detail in Ref. 71. Static stresses already present
due to the design loads can be added for making the failure evaluation.

5.,2.8.3 Effects of the Dynamic Loading on the Structure. When a

pressure wave strikes the front surface of a wall, the wall bends and de-
flects. If the shock is.not sufficiently large to cause failure, the wall
responds elastically and returns to its 1lnitial position after the dis-
turbance has decayed. If the stresses exceed the elastic limit, the wall
deforms plastically and may fail. Failure will depend on the magnitude

of the load and the load-carryling properties of the wall, such as the
moment of inertia and shear capacity. A reinforced-concrete wall may
experience only minor cracking.

5.2.8.4 Design of Concrete Walls for Accommodating Dynamic Hffects,

There are several methods for designing a reinforced-concrete structure
to withstand shock loading (Refs. 11, 71, 73, 79, 80, 81) based on the
known dynamic or elastic properties of reinforced concrete. It 1s sug-
gested that designers of containment structures use sevefal of these
methods to obtain comparisons for analyzing thelr designs. The design

of prestressed-concrete structures, however, is less well established
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for shock loadings beyond the elastic limit. Failure criteria based on
the elastic yileld stress may be overly conservative, and additional re-
search in this area is needed.

5.2.8.5 Effects of Missiles CGenerated by the Shock Wave. Even when

the stress level in the structure has been found to be acceptable for
shock-wave loadings, there is still the problem of possible missiles gen-
erated by the shock wave. This problem can be very complex and must bhe
studied carefully; its severity depends upon the physical characteristics
of the containment structure and the vibration response of the system.
Possible missiles are spalls from the back surface* of the containment
walls, as well as from internal walls within the containment structure.

Any object that is not rigidly fixed in place can also become a missile.

*When reviewing the literature, it should be remembered that military
designers define spalling as the ejection of fragments from the front sur-
face and scabbing as the ejection of fragments from the back surface.
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6. DESIGN FOR MISSILE RESISTANCE

The first step in the design of missile-resistant structures is to
define the possible missiles and to calculate their mass, veloclity, cross-
sectional area, direction, and structural properties. Structural prop-
erties greatly influence the penetrating ability of the missile. With
these factors known, barriers can be designed to control the missiles in

any given direction.

6.1 Reinforced-Concrete Protective Structures

Two basic design premises for the ultimate containment of a nuclear
plant accident are preservation of leaktightness and protection of engi-
neered safety features. Most protective structures used for commercial
light-water-cooled reactor plants are made of reinforced or prestressed
concrete, which is strong in compression but weak in tension, and when
overstressed, fails din a brittle manner. Reinforcement tends to supply
tenglle strength and to reduce the comseguences of brittle cracking,
such as mass cracking, splintering, scabbing, and spalling that would
result from a direct impact. The added resistance to penetration offered
by the steel is too small, however, to warrant any large increase in per-
centage of steel for this purposem43;44

Studies of the use of specialty concrete to improve the resistance
to projectile penetration did not indicate sufficient increase in resis-
tance to justify their use.*3»%%  Results of gmall-projectile.tests and
some evidence from tests of larger projectiles show that resistance to
penetration is enhanced by increasing the compressive strength of the
concrete, as measured on standard test cylinders. For a given projectile
at a given striking velocity, the penetration in conecrete is approximately
proportional to the inverse of the square root of the compressive strength.
There is also some evidence that penetration 1s decreased somewhat by an
increasse in maximum aggregate size, especlally if the aggregate size is
greater than the dlameter of the projectile. The penetration of concrete
under impact is considered to be principally a crushing action on which

the reinforcement has little effect.
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Thus thickness, compressive strength, and stress levels are the most
important parameters that affect the ability of concrete structures to
withstand missile penetration. Reinforcement should te based primarily
on the overall design loads, such as the static loads, shock-wave loads,
and the general effects of the projectile impact. The walls should he
designed specifically to withstand the effects of the projectile impact
only if the impact will greatly increase the stress level in the struc-
ture. The response of the structure to impact, however, should be studied
to insure that even if the projectile does not perforate the structure the

overall effects will not cause failure at some other point.39

6.2 Methods to Control Spalling

Projectile-produced front and back face spalling of concrete struc-
tures can also generate dangerous missiles. If a concrete wall cannot be
designed to prevent back face spalling, a cover plate can be attached to
prevent damage from flying spalls. Steel antispall plates must be tied
to the concrete by strongly welded lugs or heavy bolts at frequent inter-
vals. Tests%*3%% have shown that the shock from deep penctration is
enough to cause antispall plates welded directly to shear steel to fail
over a large area and thus make the plate a potential missile. A very
strongly attached plate adds up to about 10% to the perforation resistance
of a concrete slab. Spall plates can also be attached to the front sur-
face to reduce front spalls and to add to the projectile penetration re-
sistance of the structure.

Blast mats, which are woven mats of steel cable or manila rope, have
been used by other industries during blasting operations and around haz-
ardous pressure vessels to stop missiles. Unfortunately, there are no
rational methods for quantitatively estimating the effectiveness of these

mats.1?



7. CONCLUSIONS AND RECOMMENDATIONS

7.1 Vessel Rupture

It was nobt the intent of this review to assess the credlbility of
reactor pressure vegsel rupture. However, if the rupture of the main
vessels were considered a credible accident, it would he necessary to
consider the large amounts of energy that would be released. The con-
tainment structures would have to be designed to withstand both the dy-
namlc effects of shock waves and the impacts from missiles generated by
the vessel rupture.82

The energy that would be delivered to fragments, or pleces, of the
primary vessel if it ruptured would be estimated by using Eg. (20), with
the total energy being equal to the change in enthalpy of the fluid for
an isentropic expansion process to amblent pressure. If a less conserva-
tive estimate were desired, data on the rupture processes would have to
ve gathered.

The lilmiting of motions and stress levels of components inside the
contalnment structure is, of course, essential to reducing the possibility
of missile generation from nonpressurized components. Therefore, 1T cata-
strophic pressure vessel failure were considered credible, complete dy-
namic analyses would be required for all components in possible paths of
shock waves. Since there are few data®? on the fluid expansion process
during the rupture of a pressure vessel contalning high-pressure watexr
at the saturation temperature, the energy stored in the vessel should be
assumed to give an eguivalent TNT type of explosion, and the Impulse de-
livered to possible missiles generated by the shock wave and to the con-

tainment structure should be calculated on this basis.

7.2 Missiles

Designers must calculate the effects of missiles generated by other
credible mechanisms. Conservative velocities for Jet-propelled missiles
can be calculated without knowing the true expansion processes that

cause the acceleration. This type of calculation is sultable for small
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missiles, but for large missiles the conservatism may be too great. Ad-
ditional research in this field will be needed to develop accurate equa-
tions. The jet-propelled missile tests being done at the National Reactor
Testing Station®? are examples of the research needed.

The effects of Jjet forces from an unrestrained pipe rupture could
turn one of the primary components into a large missile that might seri-
ously damage the contalnment structure. Piping should be designed so
that whipping action cannot take place, or a structural barrier should
be placed between the piping and any equipment it might damage. All
pipes that penetrate the containment structure should have constraints,
both on the inside and the outside of the structure, to prevent movement
so0 that the containment barrier will not be violated.

A complete analysis of all missiles that can be generated by the
failure of a plece of rotating equipment should be conducted with exist-
ing techniques, and a missile map should be drawn to show trajectories,
velocities, masses, and final position so that equipment can be protected.
There seem to have been no detailed studies of missiles from equipment,
such as coolant, feedwater, or recirculation pumps that turn at fairly

high rates of speed (~1200 rpm).

7.3 Penetration and Perforation Formulas

Most of the penetration or perforation formulas for concrete and
steel were derived empirically by military designers for bullets, artil-
lery shells, bombs, etc. The ranges over which these formulas can be
used are limited, and the projectiles used in the tests were always long
narrow cylinders with ogival noses designed especially for maximum pene-
tration of comparatively thin targets. Since the missiles that would be
generated in nuclear reactor accidents, in general, would be rough frag-
ments not designed for penetration, use of the military formulas should
give conservative results. However, large fragments from failed turbines
and other heavy equipment and possible missiles from alrcraft accidents
are outside the limits of the formulas. The modified Petry formula, the

most commonly used concrete-penetration formula, is the least conservative
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of those available. The formulas of the Ballistics Research Laboratories,
the National Defense Research Committee, and the Army Corps of Engineers
give better results but are still unsatisfactory for the larger missiles.
There are no formulas avallable that are specifically Tor use with
prestressed~ or posttensioned-concrete structures. Whether or not the
formulas developed for reinforced-concrete structures are adequate and/or
conservative has not been experimentally determined. Fundamental engineer-
ing research will be required to develop adequate penetration formulas for
the range of possible missile generation accidents postulated for light-

water-cooled reactors.

7.4 Present.Design Philosophy

The structural protection against missiles presently designed into
reactor containment systems is that provided by the 4 or 5 ft of reinforced
concrete used for biological shielding. This would offer adequate protec-
tion against small missiles, but it might not be adequate for protection
against the more massive missiles generated by a failed turbine rotor, a
ruptured pressure vessel, a natural disaster, or a commercial alrcraft
accident. Present design philosophy is to consider such missiles as in-

credible and therefore outside the design requirements of the plant.

7.5 Handbook

There is no one document or collection of documents with which to
compare the methods of analysis currently in use for missiles that might
oceur in light-water-cooled reactors. The present discussion is based
largely on personal communicatlons with manufacturers, because there were
relatively few documents available for reference. A handbook for missile
analysis in light-water-cooled reactors should be assembled as a Joint
effort between the manufacturers and the AEC. Such a handbook would fill
gaps in the present state of the art and lead to better technigques than

those currently used.
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