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FOREWORD 

The recent  surge i n  the  bui ld ing  of lal-ge nuclear  power p lan ts ,  p a -  

t i c u l a r l y  with the  pro jec ted  d e s i r a b i l i t y  of using urban s i t e s  f o r  such 

i n s t a l l a t i o n s ,  has focused a t t e n t i o n  on many aspec ts  of t he  A E C ' s  respon- 

s i b i l i t i e s  for  l i cens ing  r eac to r s  and insur ing  the publ ic  sa fe ty .  

the  indus t ry  is  "young, '' meaningful, long- term operat ing experience i s  
sparse  and the  d e f i n i t i o n  of the  poss ib le  accident  s p e c t m ,  as wel l  as 
a set of firm design requirements, i s  subjec t  t o  a l a r g e l y  a n a l y t i c a l  

approach t h a t  necessa r i ly  involves conservative judgments. 

s igns  become standardized and operat ing experience on the  newer Parge re- 

ac to r s  i s  gained, the  inev i t ab le  process  of refinement and of  acquir ing 

confidence i n  the  operat ion o f  t he  p l a n t s  w i l l  occur. 

slow evolut ionary approach t o  acquir ing f i r m  design standards and c r i t e r i a  

i s  not f e l t  t o  be conducive t o  achieving the g r e a t  na t iona l  b e n e f i t s  of 

atomic energy within a reasonable time, i n  terms of the conservation of 
resources, combating air pol lu t ion ,  and the  multi tude of  gains  r e s u l t i n g  

from low-cost e l e c t r i c i t y .  

Since 

A s  p l a n t  de- 

This r e l a t i v e l y  

A s  p a r t  of the  e f f o r t  t o  improve on t h i s  qpr'oach, t he  Regulatory 

Review (Mitchel l )  Panel recommended t h e  formation by the AEC of  a Steer-  

ing Committee on Reactor Safety Research t;o coordinate the needs o f  the  

Regulatory Program with the d i r ec t ion  of the  s a f e t y  research and develop- 

ment programs. This Committee, i n  turn,  recommended t h a t  several studies 

be undertaken t o  provide guidance f o r  t he  research and development pro- 

j ec t s ,  and t h i s  was ,  i n  turn, implemented by the  AEC Division of' Keactor 

Development and Teclvlology i n t o  the s e r i e s  of  discussion r epor t s  herein 

described. It w a s  intended t h a t  these r epor t s  provide a comprehensive as- 

sessment of the present  s t a t u s  of  s p e c i f i c  aspects  of  nuclear s a f e t y  and, 

by ident i fy ing  accepted technology and the technology needing fu r the r  
experimental ve r i f i ca t ion ,  t h a t  they enhance the understanding and con- 

fidence i n  t h i s  new industry.  

Accordingly a number of the  sa fe ty  aspects  of  l a rge  l ight-water  power 

r eac to r s  were se lec ted  by the  AEC* as subjec ts  f o r  de t a i l ed  study t o  

*Letter from Milton Shax (Director ,  AEC Division of Reactor Develop- 
nent and Technology) t o  ORNL, March 28, 1966. 
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a s c e r t a i n  whether gaps i n  knowledge e x i s t  and where a research and develop- 

ment program could be of bene f i t .  The subjec ts  se lec ted  cover many of  

the areas  for which inadequate f a c t u a l  bases e x i s t  aad i n  which research 

tha t  dupl icates  expected conditions i s  very d i f f i c u l t  t o  perform. 
genera l  the  subjec ts  are i n  areas  considered c r i t i c a l  i n  t he  s a f e t y  

ana lys i s  of power r eac to r  i n s t a l l a t i o n s .  Eight subjec ts  were i d e n t i f i e d  

and a state-of-technology type of discussion repor t  was prepared on each. 

The reports ,  which are d i rec ted  pr tmasi ly  toward a technical-management 

audience, genera l ly  compare ex i s t ing  o r  planned p l a n t  appl ica t ions  w i t h  

what i s  capable of being done a t  t h i s  time. Such comparisons h a w  helped 

t o  ident i*  inadequacies i n  assumptions, ava i lab le  data, o r  general  bas i c  

knowledge SO tha t ,  together  with the opinions of  experts  i n  a particular 
f i e ld ,  areas of meaningful research and d-evelopment have been i d e n t i f i e d ,  

In 

This repor t  i s  one of the  s e r i e s  of e igh t  companion repor t s  l i s t e d  

be low : 

T i t l e  
o m - N S  IC 

Author No. 
--.- 

Missi le  Generation and Protect ton i n  R. C. Gwaltney 
Light - Wa t e r  - Cooled Power Reactor 
P lan ts  

Po ten t i a l  Metal-Water Reactions i n  M. A.  McLain 
Light-Water-Cooled Power Reactors 

22 

23 

Emergency Core-Cooling Systems for C.  G .  Lawson 24 
Light - Wate r- Coole d Power Re a c t  o m  

Feature i n  Light-Water-cooled Power C. E. Guthrie, and 
Re ac to r s  G. @. Batt le ,  Jr, 

A i r  Cleaning as an Engineered Safeby G.  W. KeilhoLLz, 25 

Testing of Containment Systems Used F. C.  Zapp 
with Light-Water-cooled Power Reac- 
t o r s  

26 

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

Des ign C. G.  Bell. 

Light-Water- Cooled Power Reactor 
Plants  

Earthquakes and Nuclear Power P lan t  T. F. Lomenick and 25 

Protect ion Instrumentation Systems i n  C .  S Walker 29 
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Although not  s p e c i f i c a l l y  one of t h i s  s e r i e s ,  a r e l a t e d  discussion 

r epor t  on r eac to r  pressure  vessels ,  OWL-NSIC-21, ed i t ed  by G .  1). Whitman, 

G. C .  Robinson, and A. W. Savolainen, has al..so been prepared a t  ORNL. 

The general  approach i n  the  prepara t ion  of  these r epor t s  w a s  t o  s e l e c t  

a primary author- invest igator  knowledgeable i n  the  subjec t  area and t o  

e s t a b l i s h  committees of  exper t s  t o  review the  work a t  seve ra l  s tages  during 

i t s  prepara t ion .  

ou ts ide .  

from o the r  na t iona l  labora tor ies ,  un ive r s i t i e s ,  and p r iva t e  research in- 

s t i t u t e s  - i n  all, 52 individuals  p a r t i c i p a t e d  and are i d e n t i f i e d  i n  the  
r epor t s .  

w r i t t e n  by a subcontractor,  who i s  s i m i l a r l y  iden t i f i ed .  

correspondence and/or v is i ts  were made t o  many sources of information, 

p a r t i c u l a r l y  t o  r e a c t o r  operators,  suppl iers ,  archi tect-engineers ,  and 

pub l i c  u t i l i t i e s ,  as w e l l  as t o  the  appropriate  na t iona l  l abora to r i e s .  

This wide use of acknowledged exper t s  w a s  made i n  an attempt t o  include 

t h e i r  opinions and knowledge toward the u l t imate  goal of achieving, through 

in tens ive  research and development programs, well-defined design c r i t e r i a  

t o  insure the  publ ic  hea l th  and s a f e t y  and t o  maintain a v iab le  nuclear 

power industry.  

clusions and recommendations t h a t  r e f l e c t  t h e i r  own judgment and not t h a t  

of any p a r t i c u l a r  group, such as the A E C ,  r eac to r  designers, o r  u t i l i t i e s .  

I n  most subjec t  areas more information wits developed than it has been 

Review groups were formed both from wi.khin ORNL and 

The e x t e r n a l  review committee members were drawn p r i n c i p a l l y  

I n  some cases, p a r t  of the ma te r i a l  used w a s  developed and/or 

In  a l l  cases, 

However, i n  a l l  instances the  authors have expressed con- 

poss ib le  t o  include i n  the  body of the  repor t s  prepared i n  t h i s  s e r i e s .  

I n  some instances,  such information has been included i n  the  appendices 

and i n  o ther  instances t h i s  information w i l l  be included i n  inore tec’mi- 

cally or ien ted  repor t s  t o  be published i n  the  near fuixxe. 11 addition, 

it i s  expected tha t  add i t iona l  discussion repor t s  w i l l  be written on some 

of the many o ther  s a f e t y  aspects  of l a rge  water-cooled reactors ,  as wel l  

as o ther  types of r eac to r s  as they come i n t o  wider usage. 

J. W. Michel 
Coordinator, Discuss ion Papers 
Oak Ridge Nat ional  labora tory  
Wm. B. C o t t r e l l  
Director,  Nuclear Sa fe ty  Program 
Oak Ridge National Laboratory 
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The Nuclear Safe ty  Information Center w a s  e s t ab l i shed  i n  March 1963 
at the  Oak Ridge Nat ional  Laboratory under the  sponsorship of the  U.S. 

Atomic Energy Commission t o  serve as  a foca l  po in t  for the  co l lec t ion ,  

s torage,  evaluation, and dissemination of nuclear s a f e t y  information. 

A system of  keywords i s  used t o  index the  information cataloged by the  

Center. The t i t l e ,  author, i n s t a l l a t i o n ,  abs t rac t ,  and keywords f o r  each 

document reviewed i s  recorded on magnetic tape at the  c e n t r a l  computer 

f a c i l i t y  i n  Oak Ridge. 

following ca tegor ies  : 

" h e  references are cataloged according t o  the  

1. General Safety C r i t e r i a  
2. S i t i n g  of Nuclear F a c i l i t i e s  
3 .  
4 .  Aerospace Safety 
5.  Accident Analysis 
6. Reactor Transients,  Kinetics,  and S t a b i l i t y  
7. F iss ion  Product Release, Transport, and Removal 
8. 
9. Nuclear Instrumentation, Control, and Safe ty  Systems 

Transportation and Handling of Radioactive Mater ia ls  

Sources of  Energy Release Under Accident Conditions 

10. E l e c t r i c a l  Power Systems 
11, Containment of Nuclear F a c i l i t i e s  
12. Plant  Safe ty  Features 
13. Radiochemical Plant  Safety 
14. Radionuclide Release and Movement i n  the Environment 
15. Environmental Surveys, Monitoring and Radiation Exposure of Man 
16. Meteorological Considerations 
17. Operat ional  Safety and Experience 
18. Safe ty  Analysis and Design Reports 
19. Bibliographies 

Computer programs have been developed t h a t  enable N S I C  t o  (1) pro- 

duce a qua r t e r ly  indexed bibliography of i t s  accessions ( i ssued  with 

ORNL-NSJC r epor t  numbers); ( 2 )  operate  a rout ine  program of Se lec t ive  

Dissemination of Information (SDI)  t o  individuals  according t o  t h e i r  par- 
t i c u l a r  p r o f i l e  of i n t e r e s t ;  and (3) make re t rospec t ive  searches of the 

references on the  tapes .  

Other se rv ices  of  t he  Center include p r i n c i p a l l y  (1) preparat ion of 
s t a t e -o f - the -a r t  r epor t s  ( i s sued  with ORNL-NSIC repor t  numbers); (2 )  co- 

operat ion i n  the prepara t ion  of the  bimonthly technica l  progress review, 

Nuclear Safety; ( 3 )  answering t echn ica l  i nqu i r i e s  as time i s  avai lable ,  
and ( 4 )  providing counsel and guidance on nuclear s a fe ty  problems. 
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Services of  the NSlC are  available wii;Plo~~’~ @hare@ Lo goverrment 

agencies, research and educational i n s t i t u t i o n s ,  and the  nuclear indus- 

t ry .  
of m y  documents (except N S I C  reports) ,  although a11 docmeats nBy be 
exmined a t  the  Center by qualified personnel. 

capab i l i t i e s  a i d  operation of the  Cerites may be addressed to 

Under no circumstances do these services  include furnishing copies 

Inqu i r i e s  concerning the 

J. M, Huchanan, A s s i s t a n t  Director  
Nuclear Safety lnfoLmaation Center 
Oak Ridge National Laboratory 
Post  Office Box Y 
Oak l{idge, Tennessee 37830 
Phone GL5-4g3-8621, E x t .  3-7253 
FTS 615-483-7253 
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ABSTRACT 

The s t a t e  of cur ren t  technology of mis s i l e  generat ion and pro tec t ion  

i n  r e l a t i o n  t o  the  c a p a b i l i t y  of meeting the  re levant  design c r i t e r i a  f o r  

nuclear  power p l a n t s  i s  presented. 

p r a c t i c e s  i n  o ther  i n d u s t r i e s  are discussed, arid the  available ca lcu la-  

t i o n a l  techniques and t h e i r  bases and de f i c i enc ie s  are described. A gen- 
e r a l  desc r ip t ion  i s  a l s o  included of the cause and na ture  of  shock waves, 

t he  var ious kinds of missiles t h a t  could be generated i n  the  event o f  

rupture  of a primary system vesse l ,  and the cons idera t ions  involved i n  

designing t o  p r o t e c t  aga ins t  t he  harmful e f f e c t s  of shock waves and m i s -  
siles. 

s igns  i s  given, gaps i n  t h e  re levant  cu r ren t  technology a r e  discussed, 

and recommendations a r e  made f o r  f u r t h e r  research and development i n  t h i s  

field. 

As p a r t  of t h e  cu r ren t  technology, 

A summary of the cur ren t  p rac t i ce  for nuclear  power r eac to r  de- 

. ........................ . .........,.... ’ ..,..,..,..... ..... 
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1. INTRODUCTION AND SUMMARY 

The genera,tion of missiles from explosions or equipment failures in 

industrial operations is a rare event, but allowance is commonly made 

for this possibility as an integral part of the original plant design 

and operating procedures. 

volving large quantities of stored energy and in those in which luge or 

high-speed rotating equipment is employed. Both these conditiom exist 

in commercial light-water-cooled power reactor plants, and consideratLon 

of such events is required in the proposed mC General Design Criteria. 

The most specifically related criterion, No. 40, states that rr...I?rot~~- 

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 thc 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 phenomena as tornadoes. 

This is particularly true in operations in- 

It is current design practice to assume that items such as valve 

stems, bolts, valve bonnets, and instrument thimbles are the most probable 

missiles. 

rate concrete shielding around reactors or concrete containment st,ructures. 

Less probable but possible missiles are large v a l ~ e  bonnets, turbirle r o t o r  
pieces, and other rotating masses. These could perforate the contsi-men5 

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. 

&cause of their small masses, they would be unable to perfo- 

The present methods used to analyze missile generation and missile 

effects are discussed in this report, and their deficiencies are pointed 

out. 

documents are discussed, and their probable effects are reviewed. Lri 

general, the analytical techniques used to calculate the velocities of 

presently postulated missiles can be considered conservative because of 

Also, missile accidents that are not presently considered in public: 



t he  assumptions made i n  the  der iva t ions  o f  t he  equat ions,  One exception 

i s  the method used t o  analyze _oropul.sion of the  mis s i l e  by j e t s ,  which i s  

a complex phenomenon. Experimental s tud ie s  should be undertaken t o  de- 

velop more r e a l i s t i c  and accurate  equations f o r  eva1uatin.g thls  type of 

mis s i l e  

The penetra-t ion and per fora t ion  formulas present ly  used f o r  r e in -  

forced concrete were derived f o r  m i l i t a r y  appl ica t ions  i n  which the m i s -  

s i l e s  considered were o f  masses and shapes qu i t e  unl ike those t o  be ex- 

pected i n  reac tor  p l an t  accidents .  Therefore, these  formulas m y  not  be 

e n t i r e l y  appl icable  t o  1-lght-water reac tors .  The modified Petry formula 

i s  the  l e a s t  conservative of the  comnonly used concrete-pene’tratioii for- 

mulas, and i t s  use i s  not  recommended. Other formulas, which give b e t t e r  

results, a r e  offered.  

The s t ee l -pe r fo ra t ion  formulas were empirjxadly derived f o r  s1m1-1- 

diameter I-ong-length c y l i n d r i c a l  nlj-ssiles and very t h i n  t a r g e t s .  Here, 

both the  t a r g e t  and the miss i le  may be unl ike those which e x i s t  in a nu- 

c l ea r - r eac to r  accident ,  except Tor -the case of the  e j e c t i o n  of  a con t ro l  

rod, and the  formulas should be used with g rea t  care.  

Manufacturers consider f a i l u r e s  of the  primary pressure vesse ls  t o  

be incredib le  and do not design aga ins t  t h i s  event; i n  present-day reac-  

t o r s .  Snould the  primary cooling sysLem rupture ,  however, t h i s  accident  

could cause the  des t ruc t ion  of the  containment; s t ruc tu re  by ei.ther the  

shock wave produced o r  the l a rge  mis s i l e s  genera’ced o r  both. If such a 

f a i l u r e  were considered c red ib le ,  deslgns would need t o  be s i g n i f i c a n t l y  

modified. This would imply the  development o f  bet’cei- a n a l y t i c a l  tech- 

niques: as wel l  a s  design innovations.  

A handbook on mis s i l e  generat ion and pro tec t ion  i s  needed t o  allow 

intercomparison of techniques and ef fec t iveness  o€ miss i le -pro tec t ion  de- 

s igns and t o  s e t  t he  b a s i s  f o r  s tandard iza t ion  o f  such design. The aiia- 

l y t i c a l  and. experiiiiental s tud ie s  necessary t o  produce such a handbook 

should be i n i t i a t e d  immediately. 
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2. BACKGROUND 

2.1 Past Practice for Prototype and Experimental Reactors 

The primary dictum of nuclear power plant design is to provide engi- 

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 this is 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.1’9 

that could be released under any type of accident. Three sources o f  en- 

ergy were considered to be available for the  explosive accident: 

chemical, and stored. An examination of energy levels and modes of re- 

lease provided the designer with an estimate o f  the maximum amount of 

energy that could be released under the worst accident case. The missiles 

that could be generated under accident conditions were a,lso studied, and 

calculations were made to estimate the damage that could be caused by 

these missiles. 

The energy of the explosion was based on the maximum energy 

nuclear, 

Some tests were actual1.y performed on containment cells or their 

models to see whether they could sustain the equivalent TNT blast, of an 

accident. 4? * By such tests, better designs were conceived 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 a lso  theoretically analyzed, 3, 

generation of missiles by shock waves was investigated. Some o f  the 

postulated missiles were blast-wave-generated spalls from the walls; 

others were parts of the structure that could be propelled by the shock 

waves. Another method of containment design was simply that of assuming 

a certain equivalent TNT explosion and constructing walls to withstand 

and the possible 



the pressure  and impulse t h a t  would be caused.9 

ilata were obtained from empir ical  rclatioiis based on explosive t e s t  data,” 

while the dynamic responw and s t r e s s  ana lys i s  of the  wal l s  were based on 

empir ical  and t e s t e d  formulas used i n  connection with hardFned s t ruc tu res .  

The pressure and impulse 

11 

2.2 Prac t ice  -..- i n  Other I i idustr ies  

Analyses s imi l a r  t o  those conduc-Led f o r  aucI.eai- r eac to r s  have been 

made i n  the chemical. i.ndu.stry, where hazardous exothermic reactTons o r  

mcon t ro l lkd  pressure may rupture  vesse ls  and cause damage t o  su.rroimding 

s t r u c t u r e s  or t o  the  operators .  Here again, the containment c e l l s  a r e  de- 

signed t o  withstand R TN’I’ explosion equivalent  t o  t he  maximum amount of 

energy t h s t  can be re leased  i n  an a c c i d e n t . l 2 , I 3  However, use i s  made of 

openings i n  containment walls, f rangib le  blowout wal ls ,  and veats .  These 

p rac t i ces  a r e  not acceptable ia the nuclear indust-ry because of p o t e n t i a l  

f i s s ion-gas  re lease .  Tn nuclear r eac to r  p lan ts ,  even mis s i l e s  tha t  i n  

o ther  p l a n t s  might be in te rcepted  by ex te rna l  b l a s t  mats must be contained 

because per fora t ion  of t h e  coiitainment envelope might allow excessive 

amounts of f i s s i o n  products t o  escape. 

In s p i t e  of t h e  more s t r i n g e n t  requirements of nuclear  sa fe ty ,  some 

of the  design methods used i n  t h e  chemical indus t ry  can be very use fu l  

t o  the  designers  i n  t he  nuclear  fiel.?.12J13 For example, design tech-  

niques have been derived f o r  t he  conhinrnent  of expl-osi-ons i n  piping and 

pressure vesse ls .  Reference 17 presents  a simple design procedure 

and cha r t s  foi- analyzing hazardous pressure systeiiis, calculat2ri.ng the  ve- 

l oc i t , l e s  of miss i l e s  tha. t  can be generated from pressure systems, and 

ca l cu la t ing  the b l a s t  pressure from the rupture  of a vessel. containing 

sa tu ra t ed  water a t  high pressures .  

2 .3  Examples of Analyses of IRgh-,D-ressure-.~~stem Accidents ._._~ .._.. 

One of the  most complete analyses of a high-pressure system i s  de- 

scr ibed i n  Refs. l€!, 19, and 20. I n  t h i s  ana lys i s  a gas autoclave con- 

’Laimen’i, system i s  fiesigned t,o witdistaind t h e  blast that; would be generated 

by a b r i t t l e  I”ractu-2 of the  pressirre vessel .  I n  addi t ion,  the  contaiament 
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c e l l  is designed t o  contain missiles generated by the rupture of the 
vessel, which is postulated to fail in any of three modes: 

of the top plug, a blowout o f  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 r i s e  is reduced to wi th in  

the design limits. The containment cell can withstand the other two modes 

of failure without any added safety features. 

was done for the Fermi reactor. 6j 

ing hydraulically loaded pressure vessel indicates a very sophisticated 
method for calculation of the velocities of the missiles generated. 

a blowout 

The same type of analysis 

An analysis by Horvay21 of an explod- 



3. TYPES OF MISS1I;ES CONSIDERED I N  THE DESIGN 
OF NUCLEAR POWER PUNTS 

Information on analyses  of  rnissri2.e hazards and designs f o r  p ro tec t ion  

aga ins t  mi s s i l e s  was acquired f o r  t h i s  review through personal  v i s i t s  t o  

the  manufacturers of  r eac to r s  and by reviewing the  prel iminary arid f i n a l  

s a f e t y  ana lys i s  r epor t s  submi-t-Led t o  Lhe AEC's Division of Reactor Licens- 

ring. Heavy r e l i ance  was placed on the  information obtained d i r e c t l y  from 

the  manufactiirers because the  s a f e t y  ai?al.ysris reporbs do not contain de- 

t a i l e d  ca lcu la t ions .  Three sample ca l cu la t ions  were acquired, Addltional 

i n f o r m t i o n  was obtained from documents published by the Defense Docmen- 
- ta t ion  Center f o r  Scien-tj. t i c  and Technical Information, archi . tect-engi-  

neering f i y m s ,  and miscellaneous t o p i c a l  repoi- ts .  

Table 1 I.ri.sts t y p i c a l  mi s s i l e s  discussed, i n  safeky ana lys i s  repor t s .  

These mis s i l e s  and designa f o r  pro tec t ion  against, them are discussed f i r s t  

.i.n khis r epor t  without d i r e c t  reference t o  r eac to r  systems, and then mneth- 

ods f o r  p ro tec t ing  r eac to r s  from miss i l e s  are analyzed. 

3.1 Equipment Ni .ss i les  

3nall  i.tems (i. e . ,  small compared with the  sys-tem), such as valve 
stems, valve bonnets, therrriowells, valves,  pj.ping, and r eac to r  b o l t s  have 

become mis s i l e s  i n  sone co~.1veniioi1al power plants .  22 =pes ca r r ing  high- 

pressure f l u i d s  have exploded. and sen-t out; small fragments as mis s i l e s .  

I n  prir1cipl.e t he  ve loc i ty  of a mis s i l e  cam be ccimputed from the  mass of 

the  mis s i l e  and. the  n e t  force-time h is tory .  However, in only a few cases  

can a ne t  force-time h i s t o r y  be predicted;  an example i s  t h a t  of a valve 

stem. Idhen 'die e x i t  ve loc i ty  of a f l u i d  pi-opelling %he mis s i l e  can be 

estimated, it i s  frequent ly  conservative t o  assume t h a t  the  velocity- of 
the  mis s i l e  i.s the same a s  t h a t  of the  fluid.. The ve loc i ty  of b o l t s  can 

be estimated by converting the  s t r a i n  energy i n t o  k i n e t i c  energy. This 

method is  very conservative because no losses such as f r i c - t i on ,  re laxa t ion ,  

e t c .  a r e  considered i n  t h i s  type of ca.lcu,l.ation. With the  ve loc i ty  of the  

missil-e, i t s  welght, and a shape f a c t o r  known, the  damage done by the  m i s -  

s i l e  can be ca lcu la ted  from empir icd-  formulas f o r  pene t ra t ion  a n d  
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Table 1. Miss i les  Discussed i n  Sreliminary Safety Analysis Reports and Amendments 

Massive Vessel Fa i lu re  P lan ts  Small - i s s i l e s  Large ,Wssiles External  Miss i les  Rot a t  i a g  Y&c h ine r y  Whipping Pipes 

Dresden-2 

Qcad C i t i e s  

Millstone 

Browns Ferry 

Monticello 

Pal isades 

Valve bonnets 
Valve sterns 
Taermowzlls 

Valve bonnets 
Valve stems 
Recirculation-pump 

The rmowell s 
Small f langes  

Valve bonnets 
Valve stems 
Slnall f langes  
The rmowells 
Recirculation-pump 

High-horsepower pump 

Valve bonnets 
Valve stems 
Thermowells 
R e  c i r c u l a  t ion - p ump 

f lange j o i n t s  

coupling b o l t s  

re ta i r i ing b o l t s  

f lange 

H. B. Robinson-2 Control-rod d r ive - sha f t  
housing 

San Onofre All  valve stems 
A l l  valve boAmets 
All valves 
Al l  instrument t h i n b l e s  
Various nuts  and b o l t s  
Pieces of pipe 

Large valve 'bonriets 

n -  iornado-carr ied 
u t i l i t y  pole 

Tornado-carried 
compact ca r  

Large valve bonnets 

Large valve bonnets Tornado-carried 
u t i l i t y  pole 

Tornado - c u r  Ted 
compact c a r  

Large valve bonnets 

Tornado-carried long 
wooden plank 

Tornado-carried 
passenger au to  

Rotating componen-Ls of  A l l  l a r g e  pipes t h a t  Not considered 
coolant r e c i r c u l a t i o n  pene t r a t e  t h e  contain-  
pmp motors ment v e s s e l  have anchors 
Main t u b i n e s  t o  l i m i t  movement 

Main t u r b i c e s  Not considered 

Recirculat ion piping Considered incredib le ,  Main tu rb ines  
Rotating components of has cons t r a in t s  t o  but  c i rcumferent ia l  and 

coolant  r e c i r c u l a t i o n  l i m i t  movement long i tud ina l  breaks 
pump motors discussed b r i e f l y  

W i n  turb ine  
Feedwater pump 

RCIC t u rb ine  
turb ine  s 

&in  turb ine  

Tornado-carried long F l p h e e l  of the  main 
wooden plank coolant  pump 

l a r g e  valve bonnets 
Large valves  
Pieces of pipe up t o  
10  in .  i n  diameter 

Complete control-rod 
d r ive  mechanism 

Not considered 

R'os corisidered 

Res t r a in t s  a r e  added Considered incredib le ,  
t c  l i m i t  t he  amount of bu t  c i rcumferent ia l  
d i s t o r t i c n  and movemeiit and long i tud ina l  

breaks b r  i e f l y  discussed 

Not cons i de r e d 

Not considered 
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Table 1. (cont inued)  

P l a t s  Small Miss i les  Large Miss i les  External  Miss i les  RoCy s t i n g  Mac ninery T , ipping  Pipes Massive Vessel Fa i lu re  

Indian Point KO. 2 Valve stems 
Valves 
Valve bonnets 
Instrumens thimbles 
7~d;ious 5 - 0  n u t s  and b o l t s  
Reactor ves se l  nead b o l t s  

Point Be a c h 

R. E. Ginna 

Ocoree 

Valve stems 
Valve bonnets 
Instrument thimbles 
Various nuts  and b o l t s  
3eaczor ves se l  head b o l t s  

Valve sTems 
Valves 
Valve bonnets 
Ins  t r m e  n t  t kiimble s 
Various nuts  and b o l t s  
Reactor vessel  head b o l t s  

All valve stems 
A l l  valve bonnets 
All instrument thiribles 
Various nuts  and b o l t s  
Reactor v e s s d  head b o l t s  

Turkey Point  All valve stems 
Units 3 and 4 A l l  valve bonnets 

A l l  i n s  t r - m e n t  thimbles 
Various nuts  and b o l t s  
Reactor ves se l  head bolts 

Dresden-3 Valve stems 
Small valve bonnets 
Thermowells and o ther  

m a l l  i tems of 
instrumentat ion 

Large valve bonnets 
Large valves  
ComFlete control-rod 
d r ive  rnechaaism 

Large valve bonnets 
Complete control-rod 
d r ive  me c hani  sms 

A l l  l a rge  valves  
Large valve bonnets 
Complete control-rod 
dr ive  mechanisms 

h r g e  valve bonnets Tornado-carried 12 - f t -  i%in s t e m  Lurbines 
long piece of wood 
8 in .  i n  diameter 
with a ve loc i ty  of 
225 mph 

Large valve bonnets Commercial a i r c r a f t ,  
Completz control-rod 
d r ive  mechanisms 

L u g e  valve bonnets 

Not considered Res t r a in t s  a r e  added 
t o  l i m i t  t he  movement 
of main p-rimarjr com- 
ponents because of z 
coolant  pipe rcp7a-e;  
a u x i l i a r y  piping i s  not 
provided with any 
spec ia l  supports 

Not considered 

No problem e x i s t s  Not considered 

Rot Considered 

Not considered 

A l l  l a r g e  pipes  t h a t  Considered incredib le ,  Re c i r c  u l a  t ion  - pxq? 

Kain t ,mbines  ment s t r u c t u r e  have long i tud ina l  breaks 
anchors o r  l l m i t  s tops  discussed b r i e f l y  
loca ted  outs ide  the  
v e s s e l  t o  l i m i t  movement 

iriside the  contaixnent 
ves se l  have s system 
of pipe supports  t o  
l i m i t  pipe motion 

motors pene t ra te  t h e  contain-  bu t  c i r cunfe rec - t i a l  and 

Reci rcu la t ion  1 ine s 
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per fo ra t ion  of the  surrounding s t ruc tu res .  Usually, i n  the  case of m i s -  

siles of t h i s  s i z e ,  the  damage i s  s l i g h t  because the  v e l o c i t i e s  a r e  l o w  

(around 500 f t / s e c )  and t h e  masses small. The sh ie ld ing  s t r u c t u r e s  a r e  

usua l ly  t h i c k  enough t o  have t h e  s t r u c t u r a l  s t r eng th  t o  p ro tec t  the p r i -  

mary system or t h e  containment s t ruc tu re .  

mi s s i l e s  i s  t h a t  they may h i t  o r  destroy some of the  more vulnerable engi- 

neered s a f e t y  fea tures ,  such a s  core cooling systems, although present  de- 

s ign  c r i t e r i a  requi re  these  systems be protected a t  all times. 

The g r e a t e s t  danger from these  

Large items of equipment, such as large valve bonnets and con t ro l  

rods and t h e i r  d r ive  mechanisms, could possibly be e j ec t ed  with mis s i l e  

force  by the  same phenomena as small vessels. 

3.2 Whipping Pipes 

The force  of f l u i d  escaping from a broken pipe can cause t,he pipe 

sec t ion  t o  move, but  the  e l a s t i c  s t i f f n e s s  of the  pipe tends t o  r e tu rn  it 
to  i t s  o r i g i n a l  pos i t ion .  The r e s u l t i n g  o s c i l l a t o r y  motion i s  termed 

"pipe whipping." 

knocking loose o the r  pipes and equipment and by h i t t i n g  the  wall of the 

containment s t ruc tu re .  Another type of behavior. considered i s  the  devel- 

opment of a p l a s t i c  hinge a t  a support with t h e  r e s u l t  t h a t  the moving 

pipe would s t r i k e  an objec t  close by with considerable force.  In  the  

present  designs of nuclear power p lan ts ,  pipe hangers a r e  s t r a t e g i c a l l y  

loca ted  and t h e  piping i s  routed t o  minimize possible  damage t o  t h e  main 

components and engineered safe ty  equipment i n  the  event of pipe f a i l u r e .  

A whipping pipe could cause considerable damage by 

3.3 Rotating Machinerv 

The turb ines  and generators  of a power p lan t  a r e  the  l a r g e s t  pieces  

of r o t a t i n g  equipment i n  the  system and are considered t h e  most probable 

source of high-energy miss i les .  There have been some ser ious  accidents  

caused by b r i t t l e  f r a c t u r e s  of r o t a t i n g  machinery as a result of overspeed 

(reaching the  burs t ing  speed),  f a i l u r e  of cont ro l  equipment, and f a i l u r e  

of defec t ive  p a r t s .  Repairs on maci-iiric.6 a f t e r  i n s t a l l a t i o n  have a l s o  l e d  

t o  component f a i l u r e  and t h e  generat ion of missiles. Since the re  have 



been accidents  i n  which over ha l f  the  r o t o r  has been converted i n t o  a 

high-energy miss i le ,  the  design f o r  pro tec t ion  aga ins t  siich occurrences 

must be considered very careful1.y. One manufacturer conducts a very com- 

p l e t e  a,nalysis of a l l  poss ib le  mis s i l e s  tha-t csn be generated from a 

pos tu la ted  accident .  

j e c t o r i e s ,  v e l o c i t i e s ,  masses, and f i n a l  pos i t i ons  of all. poss ib le  pro- 

j e c t i l e s  o r ig ina t ing  a t  the  turbine-generator.  

past accidents ,  t he  

can be se lec ted ,  and the  proper design aga ins t  such mis s i l e s  can be under- 

taken. 

Afterward he draws a "missile inapr' showing the  t r a -  

By a ca re fu l  s tudy of 
I f  worse-case" mis s i l e s  f o r  each sec t ion  o f  the  p l a n t  

3.4 Jet Forces 

Reactor primary pressure systems a r e  designed t o  withstand t h e  j e t  
forces  of -the design-basis  accident,  which i s  considered t o  be the dou'ol-e- 

ended. f a i l u r e  of a l a rge  coolant pipe i n  a l ight-water-cooled power reac-  

tor. This means t h a t  the  r eac to r  vesse l ,  s-team generator ,  p ressur izer ,  

and main coolant  pumps a r e  desfgned to withstand the  maximum j e t  force 

from one severed pipe and do not t r a n s l a t e ,  r o t a t e ,  d e f l e c t ,  nor s u f f e r  

s t r ' uc tuml  damage t o  the  internal.  o r  ou ter  surfaces  of vesse ls .  It is 

not  considered c red ib le  t h a t  the main vesse ls  m x i t  withstand t h e  j e t  forces 

froni t w o  o r  more simultaneously severed pipes. 

3.5 Missi les  Genera-Led bv Natural  Phenomena 

Missi les  generated by na tu ra l  phenomena, such a s  hurr icanes,  'coma- 

does, and floods, a r e  i n  a c l a s s  by themselves and a r e  not  genera l ly  con- 

s idered by the  designers  of nuclear p l an t s .  

ins tances  (see Table 1) t h a t  u t i l i t y  poles  and small  compact ca r s  cou1.d 

become mis s i l e s  during tornadoes, but  t he re  seems t o  be 1 i I ; t l e  information 

on the  vel-ocity of a p ro jec - t i l e  t h a t  has been picked up by a wind o r  on 

1ioi.i t h i s  ve loc i ty  can be calcula.ted. 

t r a v e l  a t  a somewhat lower ve loc i iy  than the  maxiram wind ve loc i ty  o f  t o r -  

nadoes experienced i n  the  s i t e  a rea .  Also, the  containmen-t s t ruc tu re  i s  

designed t o  take the assumed wind load produced by a tornado. Ilurricanes 

It has been assumed i n  some 

The mis s i l e s  are usua l ly  assumed t o  
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a r e  s tud ied  i n  much the  same manner, b u t  t he  assumed wind velocit jr  i s  

usua l ly  smaller than for .  tornadoes. In tornadoes t h e  rnaximim wind lie- 

l o c i t y  can be i n  the  range of 500 t o  600 mph, while for hurr icanes it 

r a r e l y  exceeds 200 mph. 

The p l an t  i s  assumed t o  be designed t o  withstand an earthquake with- 

ou t  damage, and the re fo re  no mis s i l e s  should be generated during art ea r th -  

quake i f  the  assumed earthquake i n t e n s i t y  i s  not exceeded. 

t i o n  of mis s i l e s  generated by o the r  forms of' n a t u r a l  phenomena was found 

i n  the  design r epor t s  of nuclear  ;plants. 

No considera- 

3.6 Ai rc ra f t  Accident Missi les  

A i r c r a f t  acc idents  involving nuclear  power p l a n t s  have been consid- 

e red  i n  some 

t a ined  from discussions with t h e  C i v i l  Aeronaintics Board. Since the  CAI! 

has s t a t e d  t h a t  p i s ton  o r  j e t  engines would usua l ly  s t a y  i n t a c t  during a 

crash,  a i r c r a f t  engines were the bas i c  mis s i l e s  considered i n  t he  calcu- 

la t ior i s .  

would not breach the  reactor. containment s t r u c t u r e .  23 

only commercial j e t  a i r c r a f t  (passenger) were considered i n  the s tud ie s ,  

al though it vas s t a t e d  t h a t  a i r c r a f t  cargo could comprise a mis s i l e  t h a t  

woiuld r e a d i l y  pene t ra te  a 4-Ct-thick-reinforced concrete s t ruc tu re .  

The da ta  used f o r  t he  assumed pro jee t i l -es  were ob- 

It was shown by t h e  ca l cu la t ions  that the pos tu la ted  mis s i l e s  

Unfortunately, 

I n  another  study, Kennedy24 considered a C5A m i l i t a r y  t ranspor t  a i r -  

c r a f t  car ry ing  two M60 tanks.  Since t h e  two tanks would be s e t  one behind 

t h e  o the r  i n  the  a i r c r a f t ,  t he re  would be a tendency upon impact f o r  both 

tanks t o  a c t  as a s ing le  p r o j e c t i l e  and s t r i k e  the  containment TGIU a t  the  

same loca t ion .  

per fora t ion  was ca lcu la ted  t o  be 16 f t .  

ment s t r u c t u r e s  could not withstand t h i s  type u€ impact. Small m i l i t a r y  

j e t  a i r c r a f t ,  which a t t a i n  speeds g r e a t e r  than 600 mph,  might also pene- 

t r a t e  t he  containment s t r u c t u r e  when t r a v e l i n g  a t  t,hose speeds. 

pointed out  t h a t  the  o v e r a l l  e f f e c t s  of impact should be considered along 
with the  pene t ra t ion  s tud ie s ,  sirice t h e  overall s t r u c t u r e  might f a i l  under 

t h e  k i n e t i c  loading a t  some po in t  o ther  than t h a t  of  impact. 

The thickness  of re inforced  concrcte  needed t o  pwven t  

Obviously, most r eac to r  contain-  

Kennedy24 
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4.  CALCULATIONS OF THE EFE'ECTS OF MLSSILES 

The e f f e c t s  o f  m i s s i l e s  depend on t;ineir phys ica l  charact;eris.Lics 

(such as m a s s ,  shape o f  the  impinging c:ross section, and l eng th )  and on 
t h e  cons.I;raints ac t ing  on the  component h i t  by the  mis s i l e .  The e f f e c t  

OS t he  missile, t h a t  i s ,  Yne damage done, depends a l s o  on the  veloci ty ,  

the f l igh t ;  pat'n, and whether o r  not  .Yne p r o j e c t i l e  r o t a t e s  or tumbles. 

Therefore it i s  necessary t h a t  these f a c t o r s  be cal.c,ulated o r  assumed 
with reasonable accuracy. Needless t o  say, f o r  design purposes, it i s  

safer t o  overestimate the  v e l o c i t y  of t'ne missile than t o  underestimate 

i t .  Sirnple conservative methods f o r  ca l cu la t ing  the  v e l o c i t i e s  o f  mis- 
s i l e s  are presented here bo provide i n s i g h t  i n t o  the assumptions t h a t  

must be made and the d i f f i c u l t i e s  thai; a r e  encountered i n  abtempts t o  

make more soph i s t i ca t ed  types of analysis .  

4 .1  Sources and Energies 

4.1.1 Piston-Type Miss j.les __ 

In  the case o f  a missi le ,  such as a valve stern, tinat i s  acted uyon 

by a constant-force stream o f  f l u i d  f o r  a c e r t a i n  distance i n  a piston- 

ty-pe action, t he  work-energy princip1.e for calcii lating the  ve loc i ty  gives 

where 

V = the i n i t i a l  v e l o c i t y  a t  the end of the  p i s ton  s t roke  ( f t / s e c ) ,  

P = pressure of the  f l u i d  ( p s i ) ,  

A = cross-sect ional  a r ea  of t he  p i s t o n  ( i n .  ), 
1, = length of t h e  s t roke  ( f t ) ,  

m = mass of t he  missile ( l b - s e c 2 / f t ) .  

2 

I n  t h i s  sirrrpie formula, Lhe t r u e  length of the  s t roke  i s  not always knotai, 

and usua l ly  a value f o r  L is  derived from past experience. 
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4.1.2 Jet-Propel led Missi les  

After a miss i le  has been expel led from a p ipe  o r  chamber, the  mis s i l e  

may continue t o  be propel led  by a j e t  of t he  escaping f l u i d  and continue 

i n  t h a t  j e t  f o r  a s i g n i f i c a n t  dis tance.  The j e t ,  which has mass and ve- 

l oc i ty ,  imparts an impulse to  the  miss i le .  

The f l u i d  errpands i n t o  the  atmosphere and quickly reaches a peak ve- 

l o c i t y .  The expansion process depends on the  s t a t e  of  the f l u i d  i n  the  

container  before  rupture .  If the  f l u i d  i s  i n  a gaseous s t a t e ,  it w i l l  

expand very r ap id ly  an3 be dispersed quickly throughout the surrounding 

atmosphere. 

Data obtained from the  U.S.  Department of Defense ind ica te  t h a t  the  ad- 

vancing f r o n t  of  a j e t  o f  air suddenly re leased  from an o r i f i c e  expands 

Thus, it w i l l  not be able  t o  a c t  upon -the mis s i l e  very long. 

a t  angles up t o  70 deg i n  going 

pressure .  25 

Fluld  i n  the l i q u i d  s t a t e ,  

pera ture  (subcooled), w i l l  a l so  

bu t  w i l l  not d i sperse  t o  such a 

t a i n s  a l i q u i d  a t  sa tu ra t ion  o r  

w i l l  expand i n t o  the  atmosphere 

vapor and l i q u i d  phases. 

from the  o r i f i c e  pressure  t o  a tnospheric  

t h a t  is, well below the  sa tu ra t ion  tem- 

expand quickly t o  atmospheric pressure 

g rea t  angle.  If the  pipe o r  v e s s e l  eon- 

supersaturated temperature, the f l u i d  
and become a two-phase rluid,  w i t h  both 

The ve loc i ty  of the  f l u i d  i n  the  j e t  must be known before the energy 

t r ans fe r r ed  t o  the  mis s i l e  can be calculated.  For a l i q u i d  j e t  impinging 

on a miss i le ,  Bernoul l i ' s  equation can be used t o  ca lcu la te  the  ve loc i ty  

i f  it i s  assumed t h a t  there  i s  steady flow i n  the container  t h a t  is the  

source of  t he  f lu id .26  

t o  be atmospheric, and the  ve loc i ty  a t  t h e  th roa t  can be estimated by 

The p r e s s m e  ins ide  the  l i q u i d  j e t  can be assumed 

where 

VT = ve loc i ty  of the l i q u i d  i n  the  , je t  a t  t h e  th roa t  ( f t / s e c ) ,  

V = ve loc i ty  of the  l j q u i d  i n  the container  of pipe ( f t / s e e ) ,  

g = g r a v i t a t i o n a l  constant  (32 .2  f t / s ec2 ) ,  

P = pressure i n  the  container  or pTpe (psf), 
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w = s p e c i f i c  weight of the l i q u i d  (lb/fL3), 
H = energy l o s t  by the  expansion of t'ne l i q u i d  in s ide  the  nozzle 

(ft). 
L 

The energy loss, HL, i s  usua l ly  assumed t o  be zero i n  making mis s i l e  cal-  

cu la t ions .  

a l a r g e r  stream. The maximum ve loc i ty  is, of  course, t he  th roa t  ve loc i ty  

and i s  used to  make upper l i m i t ,  m i s s i l e  ve loc i ty  es t imates .  The ve loc i ty  

reduct ion due t o  t h e  expansion of the  j e t  with dis tance while i t  i s  im- 

pinging on the  mis s i l e  i s  disregarded. 

Tke ve loc i ty  of  the  j e - t  will change as the  l i q u i d  expands i n t o  

The v e l o c i t y  of a gas j e t  can a lso be ca lcu la ted  by Berno1il.l.i'~ equa- 

t i o n  when the  j e t  i s sues  from a container  wherein the  f l u i d  i s  undergoing 

ad iaba t i c  s teady flow. I n  t h i s  equation, absolute  pressures  must be used 

because i d e a l  gas conditions a r e  assumed. Accordingly, the  j e t  -I;'nroat 

ve loc i ty  can be estimated by 

where 

P = pressure  i n  the container  ( p s f  abs) ,  

T 
w = s p e c i f i c  weight of the  gas ( l b / f t 3 ) ,  

K = ad iaba t i c  exponent. 

P = pressure i n  the  ihroa t  o f  the j e t  ( p s f  abs) ,  

Again, the  energy loss,  HL, i s  usua l ly  assumed t o  be zero, and the de- 

crease i n  ve loc i ty  of the j e t  as it expands i s  neglected f o r  ca lcu la t ing  

mis s i l e  v e l o c i t i e s .  'The conservatism involved depends on the  dis Lance 

t rave led  from the  t h r o a t  and t'ne type of expansi.on o f  -the gas, because 

a l l  the  s t a t e  p rope r t i e s  change a t  each po in t  i n  the  eAxpansion process.  

A t  the  po in t  o f  minimum cross-sec t iona l  area,  the ve loc i ty  of  the  
gas i s  l imi t ed  t o  t'ne acous t ic  velociLy at the  temperature and. I3:ressu-e 

of the  gas a t  t h a t  po in t .  Therefore, when a gaseous f l u i d  flows through 

a convergent sect ion,  the j e t  veloci . ty  will be correspondingly l imi ted .  

The r a t i o  between the pressnre  a t  the m i n h w n  cross-sect ion po in t  and 

the  pi-easue i n  the  vessel. o r  pipe i s  ca l l ed  the  critica.1. p ressure  r a t i o  
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and, neglec t ing  lo s ses ,  it i s  given by2'? 

where P 
nent .  The acous t i c  v e l o c i t y  i s  ca lcu la ted  from 

i s  pressure  i n  the  container  (ps f )  and K i s  the ad iaba t i c  expo- 
0 

where 

v = acous t i c  v e l o c i t y  (ft/sec), 

$7 
C 

T 
R = gas constant,  

T = absolute  temperature a t  t h r o a t .  

= s p e c i f i c  weight of the  gas a t  the t h r o a t  (lb/ft3), 

Equation ( 5 )  can be derived from Eq.  (3) i f  the  ve loc i ty  i n  the  corrtainer 

i s  zero o r  small  compared with the  acous t i c  veloci ty ,  the ve loc i ty  o f  the 

t h r o a t  i s  assumed t o  be the acous t i c  ve loc i ty ,  and  losses a r e  neglected.  

Since the  conta iner  veloci-ty w i l l  be small i n  most cases, Eq. (5)  can be 

used without s e r ious  e r r o r .  The same equations f o r  gaseous flow from a 
container  can be derived from the  l a w s  of thermodynamics o r  by compres- 

s i b l e  f lu id- f low methods. 28 

In a f l a sh ing  jet, the  two-phase expansion of the  f l u i d  makes it 
'very d i f f i c u l t  t o  c a l c u l a t e  the  ve loc i ty  o r  pressure  because of the  many 

unknowns, including, a t  any given point ,  the  q u a l i t y  of  the  vapor and 

almost all o the r  thermodynamic p rope r t i e s .  The blowdown of saturated 

f l u i d s  has received much analy-i;ical and experimental  study and probably 
w i l l  continue t o  be s tudied  f o r  many years  t o  come. Some experimental  

work has been done on model blowdown s tud ie s  f o r  l igh t -water  r eac to r s .  

-41~0, a very l i m i t e d  number of experiments has been done on mis s i l e  gen- 

e r a t i o n  by a two-phase f l u i d  expansion at the  Nat ional  Reactor Test ing 

S ta t ion .29  

p l e x  problems r e l a t e d  t o  missiles generated by two-phase f l u i d s .  

It i s  hoped t h a t  t h i s  work w i l l  he lp  solve some of  the com- 
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The only method found f o r  ca l cu la t ing  the  ve loc i ty  o f  a two-phase 

f l u i d  without the use of a complex comput~r  program i s  given i n  R=f. 25. 

It i s  based on experimental data m d  should bc accurate within the  l i m i t s  

of t h a t  data. The method i s  ou t l ined  below. 

For a given length- to-d imeter  r a t i o  (L/D) of a s h o r t  c i r c u l a r  tube, 

Fig. 1 gives a value o f  VIVO, where V i s  the a c t u a l  v e l o c i t y  and V, i s  

t h e  average v e l o c i t y  o f  two-phase f l u i d  flowing oiit of an o r i f i c e  o f  t h e  

same s i z e  as t h a t  of the tube; V, can be calculated f r o m  -the following 

equation once a c r i t i c a l  e x i t  pressure i s  assumed: 

where 

C = discharge c o e f f i c i e n t  o r  Euler number, EU, d 
= i n i t i a l  densi ty  of  the f l u i d  i n  the v e s s e l  ( lb / fL3) ,  

= i n i t i a . 1  pressure of the  f l u i d  i n  the  v e s s e l  (psf) ,  
p i  
P 

P = e x i t  pressure (ps f ) .  
i 

e 

The assumed value fo r  the  ex i t  pressure i s  used t o  ca l cu la t e  t he  quant i ty  

0.8 

0.6 

0 > ' 0.4 

0.2 
2 4 6 8 (0 20 40 60 80 100 

L P  

Fig. 1. Correlat ion of  Dimensionless Velocity and Length-to-Dime- 
t e r  Ra-tio of Short  Tubes. 
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and a value for Cd is then  selected from Fig.  2, 

unique value for Vo i s  determined. 

from the  value of VIVO given by Fig.  1. 

From these values, a 

Thus, the quant i ty  V can be obtained 

30 

25 

2 0  

L 

0 > 

I O  

9 

8 

7 

6 

2 3 4 5  IO 15 2 0  30 
APb ,Ib,/ln? 

Fig. 2. E u l e r  Number Variation for Various Apertures. (Fram Ref. 25)  
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Once V i s  determined, the  Reynolds nimber can be calculated by Yfle 

followfng formula: 

whcre p. i s  absolute v i s c o s i t y  ( lb - sec / f t2 ) .  A nodj-fied cavitatlion nm- 
ber, Ca, corresponding t o  t he  calculated Reynolds number may be obtaimed 

from Fig.  3. 
e x i t  pressure and the exit pressure given by tile following equati-on f o r  

i 

Comparison can then be made between the assumed c r i t i c a l  

ca : 

where L i s  length o f  t he  tube ( f t )  and D 5s the  dtameter o r  equivalent 

diameter ( f t ) .  

If the  assumed c r i t i c a l  e x i t  pressure does not correla’ie w i . t h  the  

calciilated val.ue, a new c r i t i c a l  e x i t  pressure i s  chosen and t h e  procedure 

i s  repeated. 

the  co r rec t  ve loc i ty  i s  a l s o  known. 

When the  correct  value of c r i t i c a l  exit, pressure i s  round, 

io5 
8 

6 

4 

w 
rx 

2 

io4 

UMCLASSIF!ED 
OHNL-GWG 64-8782 

Fig. 3 .  Dimensionless Correlat ion Determining the Occurrence of 
Single-Phase m d  Two-Phase Flow Regimes and the  C r i t i c a l  Discharge Flow 
Rates f i-om Short  Tubes. 



Calculat ing the  v e l o c i t y  of a j e t  impinging on a missile i s  thus 

complicated by the  unknown energy losses due t o  shape, f r i c t i o n ,  and ex- 
pansion processes and o ther  unknowns such as the  angle a t  which the jet 

expands and the  s t a t e  p rope r t i e s  of  the f l u i d  as a funct ion of  dis tance 

from the  J e t  t h r o a t ,  In  p a r t i a l  e f f o r t  t o  overcome the  d i f f i c u l t i e s ,  the  

conservat ive assumption t h a t  the  j e t  ve loc i ty  i s  constant and equal t o  
the  t h r o a t  v e l o c i t y  i s  introduced i n t o  the  ca lcu la t ions .  

After the ve loc i ty  of the j e t  i s  calculated,  assumed, o r  measured, 

t he  v e l o c i t y  of t h e  p r o j e c t i l e  can be ca lcu la ted  by Newton’s second l a w .  

With the  assumption t h a t  t he  j e t  expands with the angle 28, the  ve loc i ty  
e quat ion be come s 

dV d2X pfAoVf Am 

d t  d t 2  m Aj 
- (Vf - VI , - = - =  (9) 

where 

X = distance t rave led  ( f t ) ,  

t = time ( see ) ,  

= dens i ty  of  the jet; f l u i d  (lb-sec2/ft4), 

= t h roa t  a r e a  ( f t2> ,  
p f 

A. 
Vf = j e t  v e l o c i t y  at t he  th roa t  ( f t / s e c ) ,  

A 

A 

= cross-sec t iona l  a rea  of miss i l e  ( f t 2 ) ,  

= j e t  area a t  X dis tance ( f t 2 )  

= n(ro + x tan 

m 

J 
f o r  c i r c u l a r  j e t ,  

ro = radius of th roa t  ( f t ) ,  

Y = miss i l e  ve loc i ty  ( f t / s e c ) .  

The v e l o c i t y  of the j e t  i s  assumed t o  be constant and equal  t o  V 
pendent of d i s tance  from the  th roa t .  

inde- f’ 
The so lu t ion  f o r  Eq. (9)’ which 

gives  t h e  v e l o c i t y  of  the  mis s i l e  as a funct ion of dis tance t raveled,  i s 2 5  
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where 

m tan p 
V = i n i t i a l  velociby of  the mis s i l e  a t  X = 0. 

Equation (10) shows t h a t  the weight o f  the  f l u i d  s t r i k i n g  the  miss i le  
decreases as the j e t  expands, s t a r t i n g  with a rnaciillum a t  the po in t  of rup- 

.Lure and decreasing as the missile moves farther and f a r t h e r  away-. For 
constant conditions (val-iables i n  the  equation t h a t  do not change with 

d is tance) ,  Eq. (10) can be used t o  d.irec-tly calci.nls.te -the ve loc i ty  of the  
missile for any di.stance X. In  r e a l i t y ,  however, the  angle B and the  

dens i ty  of  the f l u i d  change with distance,  wlnich means tinat Eq. (9 )  must 

be nunierica.lly integrated.  

can be assumed f o r  a s i n a l 1  i n t e r v a l  i n  X, and Eq. (10) can be used t o  

ca lcu la t e  the ve loc i ty  change over the in t e rva l .  Then the next assimed 

values f o r  f3 and p i n  the  next i n t e r v a l  o f  X can be used t o  ca lcu la te  the  

ve loc i ty  change i n  t h a t  i n t e rva l .  This method can be repea-ted u n t i l  the  

mis s i l e  has t rave led  the complete dis tance.  A major d i f f i c u l t y  i s  bhah  

o f  properly se l ec t ing  the changes OP the angle f3 and .the densi ty  of  the 

f l u i d  with distance,  and rfluch. a n a l y t i c a l  and exper izenta l  work inust be 

done before these  changes can be assumed correct ly .  

0 

Ra"cher than t o  do t h i s ,  a constant (3 and p 

A value f o r  t he  dis tance over which the jet acbs on Lhe mis s i l e  must 

For a p a r t i c u l a r  missi le ,  a p lo t  of dis tance versus be known o r  assumed. 

ve loc i ty  might be dram and .the p l o t  used t o  help the designer es t imate  

t'ne dis tance over which the j e t  w i l l  act; on the miss i le .  

Another method* t h a t  can be used t o  calculat,e Vize velocit,y o f  a j e t -  

propel led p r o j e c t i l e  i s  t o  compute the  force on the p r o j e c t i l e  by r f i d t i -  

p lying the s'tagna.tion pressure of the f.T.uid laelative t o  the mis s i l e  by 
the drag  coef f ic ien t .  Tfle m l c u l a t i o n  of the stagnati-on pressure can be 

based on Bernoul l i ' s  equa-tion, and f o r  an incoqress: i .hle  f l u i d  can be 

_I 

*A s i m i l a r  me'ihod i s  used by General. E l e c t r i c ;  l e t t e r  t o  J. W. Michel, 
OliTsfi, from J. C .  Russ, Oct. 4, 1967, 
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est imated try 

where 

E ” ~  = stagnat ion pressure (psf) ,  

P = pressure  of the f l u i d  i n  the j e t  (psf) ,  
V = r e l a t i v e  v e l o c i t y  of the miss i le  with respect  t o  the f l u i d  

p = densi.ty of the f l u i d  (lb-sec2/ft‘) .  
( f t / se c 1 , 

For a compressible f lu id ,  under a d i a b a t i c  conditions, the  s tagnat ion 

pressure can be estimated by 

P s =pi”-- v;p [. + (t)2 - - + . . . ] , (12) 

where V i s  the  acoust ic  ve loc i ty  ( f t l s e c ) .  
C 

Equation ( 1 2 )  appli-es t o  

a l l  compressible f l u i d s  f o r  r a t i o s  of V/Vc (maeh number) l e s s  than unity.  

Since shock-wave and other  phenomena occur f o r  r a t i o s  g r e a t e r  than unity, 

t he  ad iaba t ic  asswnption i s  not  s u f f i c i e n t l y  accurate,  and the  formula 

no longer appl ies .  However, the  ve loc i ty  of a j e t  w i l l  no t  exceed Vc, 

and Eq. (12)  w i l l  be va l id .  

because no lo s ses  a re  included. I n  e i t h e r  case, the  s tagnat ion pressure 

of the  f l u i d  r e l a t i v e  t o  the  missile can be approximated by the equation 

Equations (11) and (12)  are concervative 

V2 p P S Z T .  

The force  ac t ing  on the miss i le  can be calculated with the equation 

F = C A P  D s ’  (14) 

where F i s  the force  ac t ing  on Lhe missile (Yo) and C 

f i c i e n t .  With the assumption of a constant force,  the ve loc i ty  of  the 

m i s s i l e  i s  given by 

i s  the drag coef- D -  
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where V i s  .the relative ve loc i ty  of t he  mis s i l e  wiLh respect  t o  the f l u i d  

(P t / s ec )  and X i s  the  dis tance t raveled by the  mis s i l e  (ft). 

dens i ty  o f  .Lhe f l u i d  can vary with dis-tance and Lhe drag c o e f f i c i e n t  varies 

as t he  r e l a t i v e  veloci.ty, Eq .  (15) mist be solved numerically o r  by a 
method similar t o  the  one discussed f o r  Fy. ( 9 ) .  

m 
Sine? the  

Many- simplifying assumptions have been madk t o  a r r i v e  at Eqs. (10)  
and (15), and it i s  assumed t h a t  t he  calcKLat,ional methods outlixied are 

conservative. As mentioned before,  however, no experimental data have 

been found -to compare with the r e su l t s  o b t a b e d  from the  equations. There- 

fore,  it must be rzcommended that these equa-tions be used with care. 

4.1.3 Self-Propelled Missj.3-es 

Self-propelled mis s i l e s  can be generated from pipes, valves, o r  o the r  

hollow s t r u c t u r e s  t h a t  contain f1uj.d a t  Lhe t i m e  of rupture and a r e  driven 

by e:upansj-on o f  t he  f l u i d  they contain. Xn order t o  calciulate t he  f i n a l  

velocity Yne missile may a t t a i n ;  de t a i l ed  knowledge of the expansion pro- 

cess and the  c r i t i c a l  discharge i s  required.  A si.mp2.e calculat ion,  in 

which the f l u i d  i n  the mis s i l e  i s  assumed t o  expand i s e n t r o p i c a l l y  t o  -the 

ambient presslire and i n  which the  kinetri.c energy of the mis s i l e  i s  assumed 

t o  equa.9. t he  change i n  enthalpy of  the  f l u i d  during t h i s  expansion, y i e lds  

qu i t e  conservative r e s u l t s ,  s ince  the  energy of the  f l u i d  i s  considered 

t o  be t r ans fe r r ed  i n t o  kine-Lic energy of the missile a t  100% e f f i c i ency .  

4.1.4 Missj les  from Xotating Machinery ~- - 

i n  nuclear  power r eac to r s  'ilk tu.rbines, coolant pumps, and o the r  ro- 

'Gating rnachi.nel-y h a w  the d e f i n i t e  p o s s i b i l i t y  of generating mis s i l e s  un- 
der s eve ra l  accident conditions.  Overspeed could lead t o  overstressing 

of the  r o t a t i n g  p a r t s  and therefore  t o  f a i l u r e ,  o r  overspeed might cause 

the r o t a t i n g  eqiiipment t o  reach the  c r i t i c a l  speed, whfch would r e s u l t  
i n  resonance o f  the system and possible  generation o f  mi s s i l e s .  O f  course, 

b r i t t l e  f r ac tu re  and the presence of p reex i s t ing  f l a w s  would be more l j .kebj  

causes of  f a i l l i r e .  For example, even though t u r b h e s  a re  designed aga ins t  

b r i t t l e  fracbure, it does ilot necessa r i ly  follow tha t ,  no f r a c t u r e  can take 

p l ace  i n  a turbine;  therefore  the  generation of mis s i l e s  by turbjmes should 

be considered 
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In  analyzing mis s i l e s  from r o t a t i n g  machinery, it must be decided what 

part might become a missile. 
p a r t i c u l a r  p iece  of equipment can be studied, bu t  i f  there  i s  not  s u f f i -  

c i e n t  empir ica l  information on the  generat ion of %he miss i le ,  tjhe designer 

must s tudy the  equipment and assume the worst poss ib le  missi le-generat ion 

accident  f o r  the  piece o f  equiprcent. 

Missiles t h a t  have been generated with a 

After  the  volume and mass of a pos tu la ted  p r o j e c t i l e  have been as- 

sumed, the  next information needed i s  the maximum ve loc i ty  t h a t  can be 

a t t a i n e d  under any conditions,  accident  or otherwise.  After t h i s ,  t he  

t r a j e c t o r y  of' the p r o j e c t i l e  can be ca lcu la ted  by using the  s tandard dy- 

namic formulas.30 

tural  s h e l l s  of t h e  r o t a t i n g  equipment by the p r o j e c t i l e  must be calcu- 

lated with e n p i r i c a l  pe r fo ra t ion  formulas, which a re  discussed i n  Section 

4 . 3 .  After  the  pe r fo ra t ion  of the  outer  s t r u c t u r a l  she l l s ,  the  continu- 

ing t r a j e c t o r y  of the p r o j e c t i l e  can be ca lcu la ted  t o  determine whether 

The energy l o s t  by the pe r fo ra t ion  of  the  ou te r  s t ruc-  

it c o n s t i t u t e s  any danger t o  v i t a l  equipment i n  the  r eac to r  system. 

4.1.5 Missi les  That Can Be Generated by Stored S t r a i n  Energy 

Reactor pressure  ves se l  head bo l t s ,  o the r  bol ts ,  and tendons f o r  
prestressed-concrete  should be thought of as p o t e n t i a l  mi s s i l e s .  Large 

amounts of  s t r a i n  energy a r e  s to red  i n  these s t r u c t u r a l  components and 

can l ead  t o  high v e l o c i t i e s  in  case of f a i l u r e .  

If a l l  t he  s t r a i n  energy i s  converted t o  k i n e t i c  energy, which i s  a 
conservative assumption because no l o s s e s  from f r i c t i o n  o r  r e l axa t ion  a re  

considered, the  ve loc i ty  can be ca lcu la ted  with the  formulas 

and 

where 

v = v e l o c i t y  of p r o j e c t i l e  ( f t / s e c ) ,  

E = modulus of e l a s t i c i t y  ( p s f ) ,  



W = s p e c i f i c  weight of p r o j e c t i l e  ( l b / f t 3 ) ,  

E = s t r a i n  i n  the b o l t  o r  tendon before t h e  accident  ( in . / i n . ) ,  

a = s t r e s s  i n  the  b o l t  before the  accident  (p s f ) .  

4.1.6 Whipping Pipes 

The whipping of  a pipe can be described as a complex ela.stic-plas.Lic 

multidegl-ee-of-freedom motion; however, the  following sinq1.e approxima- 

t i ons  to the equations of motion y-ield reasonably good resul-ks. First 

the  motion can be described as a simple one-degree-of-freedom e l a s t i c  

v ibra t ion .  The equation f o r  t h i s  i s  

( 1.7 ) 

where 
k 

= na tu ra l  frequency of  the system (f i rs t  fundamental mode) = - W n m ’  
y = displacement, 

t = time, 

k = spring constant of the system, 

m = niass of t he  system, 

F ( t )  P forcing function ( fo rce  caused by j e t  ac t ion ) .  

Another poss ib le  equation f o r  the motion of the pipe i s  tha t  f o r  

s imple one- degree - of - freedom r l g  i d  plas t i  c vibra-t  ion : 

where R i s  res i s tance  aga ins t  movement. me r e s t s t ance  funct ion R de- 

pends on where the  p l a s t i c  hinge develops, which i n  t u r n  depends on khe 

assumed boundary conditions o f  the  pipe.  

e e 

An e l a s t i c - p l a s t i c  a.nalysis can be made when a nonlinear  spr ing con- 

s t a n t  i s  used i n  Eq. (17), and a technique s imi l ay  to the  Runge-Kutta 
me-thod can be used f o r  obtaining t h e  so lu t ion  f o r  t h i s  case. Since the  

forcing fimction i s  caused by the  j e t  ac t ion  o f  the  f l u i d  i ssu ing  from 

the  ruptured pipe, the  ve loc i ty  o f  the  f l u i d  j e t  must be known o r  assumed. 



25 

?%e problem of  de t emin ing  the  f l u i d  ve loc i ty  was discussed above. Once 

a (conserva t ive)  value f o r  t h i s  ve loc i ty  ha,s been obtained, it i s  consid- 

e red  constant .  Hence, the  force  ac t ing  on t h e  pipe i s  constant,  and Eys. 

(17) and (18) can be solved. l’hc damage done by the whipping pipe i s  es- 

t imated through the use of the  pene t r a t ion  formulas discussed i n  Section 

4.3.  

4.1.7 Miss i les  Generated from Ruptured Vessels 

The ruyture  of a vesse l  operat ing at high pressure can lead t o  some 

very massive high-veloci ty  rnissiles3l and can produce shock waves t h a t  

canl i n  turn, generate mis s i l e s  and cause s t r u c t n r a l  dmage. Missi les  

generated by a vessel rupture  can be e i t h e r  random fragments of unknown 

mass and cross-sec t iona l  a r ea  or  c e r t a i n  whole p a r t s  of  the  vessel. I n  
the  case of a c y l i n d r i c a l  vessel ,  whole p a r t s  might be such things as the  

top head, the  bottom head, a l ong i tud ina l  se,gment from the  s ide  w a l l ,  e t c .  

Accurate ca l cu la t ion  of g o s s i b l r  random fmgnent  v e l o c i t i e s  and 

masses i s  very d i f f i c u l t .  

the v e l o c i t y  of such p r o j e c t i l e s :  

Moorc17 proposed t h e  following formula f o r  

(19) 

where for cyl inders  

C 
M 

C ’  1 + -  2M 

- 
I i =  

and for  spheres 

C - 
M 

3c ’ 1 -t--- 5M 

R =  

and 

E = ava i l ab le  energy re leased  by i so t rop ic  expansion of  pressur ized  
f l u i d  t o  one atmosphere f o r  one mass u n i t  ( f t2-1b/ lb-sec2) ,  

C = mass of  the f l u i d  (lb-sec2/ft;),  
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M = mass o f  vessel ( lb - sec2 / f t ) ,  

v := ve loc i ty  of p r o j e c t i l e  ( f - i l s e c ) .  

Note t h a t  t he  mass of the  e n t i r e  vessel i s  used. This equation i s  an ex- 

t r apo la t ion  from the  Gurney equa'iion, 3 2 9  3 3  which has been ver i f i -ed by the  

detonation o f  high explosives i n  cyl inders  with wide ranges o f  diameters 

and thicknesses.  

The use of Gurney's formula i n  the  form gi.ven by Eq. (19) f o r  t he  

much slower and lower-pressure explosions c h a r a c t e r i s t i c  of  y r e s s u e  ves- 
sels is, of course, without sound t h e o r e t i c a l  foundation. Moore compared 

v e l o c i t i e s  predicted by Eq.  (19) wi . t i i  v e l o c i t i e s  calculated from dis tances  

of t r a v e l  of  fragments of e,xploded pressure ves se l s  reported i n  the  lit- 

erature. The results indicated t h a t  the  niodified Gurney f'omula w a s  con- 

se rva t ive .  However, the da t a  t h a t  Moore used i n  hj.s c o r r e l a t i o n  came from 

f i r e  tube b o i l e r s  and may not  f i t  a l l  cases. For exa ,q le ,  i f  t he  v e s s e l  

rupture produced a few large miss i l e s  i-nstearl of many small. ones, t h e  

method mighl; not  give very good resul-Ls. 
The method descrj-bed above was used t o  calci l la te  t he  v e l o c i t y  of a 

2-ton missi le  generated i n  an accident i n  I n  t h a t  case l i q u i d  
i n  the  ves se l  was subcooled, and only a few l a r g e  m i s s i l e s  were generated. 

Moore's method i n  t h i s  case did riot give very good r e s u l t s  i n  t h a t  the 

calculated .ve loc i t ies  gave dis tances  of t r a v e l  much less  than t'nose ob- 

served. Si.nce Gurney's equation w a s  derived from weapons data  t o  p r e d i c t  

t he  v e l o c i t y  of small fragments from bomb c a s t s  that were designed t o  
rupture i n t o  many small p r o j e c t i l e s ,  i.t i s  believed tha t ,  i f  t he  pressure 

vessel had ruptured i n t o  many sma1.l fragments, Moore's equation would 

have given f a i r l y  good results. 

The equivalent TNT method can be used t o  ca l cu la t e  t he  v e l o c i t y  of 

t h e  mis s i l e  of t he  Engl:Fsh accident w i t h  f a i r  accuracy. I n  t h i s  case> 

the s tored energy i.s converted i n t o  a TNT equivalent explosion, and the  

momentum of  the  misslile i s  calculated from the  corresponding impulse. 

From the momentum, the  v e l o c i t y  of the mis s i l e  i s  e a s i l y  ca l c i l l akd .  

Another method t h a t  gives conserva-ti-v-e r e s u l t s  i s  based on the assumption 

that  a l l  Lhe s tored energy i s  converted j.nto ki.ne.tic energy of the  l a r g e s t  
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miss i l e .  

energy. 

The ve loc i ty  of the  mis s i l e  i s  then ca lcu la ted  from the  k i n e t i c  

In  the  case where a pressure v e s s e l  ruptures  i n t o  two parts t h a t  

become miss i les ,  t he  energy must be par t ioned among t h e  parts according 

t o  masses of the  pa r t s ,  as shown i n  the  f o r n ~ d a ~ ~  

E, *2. 

E, M, ’ 
- = -  

where 

E, = energy of p a r t  1, 

E, = energy of p a r t  2, 

M, = mass of  p a r t  1, 

M, = mass of part 2. 

Thus, the  energy imparted t o  each fragment i s  inverse ly  propor t iona l  to 

i t s  mass. The energy of each p a r t  is, i n  turn,  converted i n t o  k i n e t i c  

energy of the mis s i l e .  

I n  the  calczllations described, a l l  the  energy i s  assumed t o  be t rans-  

f e r r e d  t o  the  p r o j e c t i l e s ,  with l o s s e s  ignored. 

pend upon the  type of f l u i d  and the  configurat ion of the p a r t i n g  masses. 

These lo s ses  could range from very l a rge  i n  some cases t o  very small i n  
o the r s .  Hence, the  miss i le  ve loc i ty  ca lcu la t ions ,  i n  any case, are con- 

se rva t ive .  

Fluid lo s ses  would de- 

4.2 In-Path { A i r )  Resistance t o  Missi les  

I n  the above discussion the  r e s i s t ance  of the  surrounding atmosphere 

t o  the  movement of t he  p r o j e c t i l e  was not considered. Since the  a i r  re- 

s i s t a n c e  would lower the f i n a l  ve loc i ty  of the  missile, conservative ve- 

l o c i t i e s  a r e  ca lcu la ted  when t h i s  r e s i s t ance  i s  neglected.  In  addition, 

the ve loc i ty  computations a re  s impl i f ied .  However, t h e  drzg force  can 

be ca lcu la ted  by t h e  



where A i s  some c h a r a c t e r i s t i c  a r e a  ( f t 2 ) ,  u sua l ly  .t'ne a r e a  projected on 

a plane perpendicular t o  the  r e l a t i v e  motion of the  f lu id ,  and V i s  t h e  

rei-ative v e l o c i t y  of  the  f l u i d  with respect  t o  t he  body ( f t / s e c ) .  

If the  drag force  i s  included i n  the  missile eyuat,i.ons, i terat ive-  
process computer so lu t ions  w i l l  probably be required, and some of the  

equations w i l l  be nonlinear.  A f u r t h e r  conpl-i-cating f a c t o r  i s  that, drag 

c o e f f i c i e n t s  have been experimentally derived f o r  only a f e w  common shapes 

and may not be appl icable  t o  most o f  the assimed missi le  shapes. There- 

fore it i s  recommended t h a t  t he  drag forces  be included i n  the  calcula- 

t i ons  only i f  l e s s  conserva'cisiri i s  required.  

4 , 3  =act and P- G n e t r a t i o n  

Once the  ve loc i ty  i s  knowi OT assumed, estimates can be made, based 

on e x i s t i n g  formulas, of the  dajnage t'ne accident-produced missi.le can do. 

Most of t he  foimulas t h a t  are used today t o  ca l cu la t e  the pene t ra t ion  and 

per fora t ion  of  s t r u c t u r e s  o r  t a r g e t s  have been empir ical ly  derived. There 

have been attempts to  derive theore t i c a l  fonnulas f o r  pen= t r a t ion ,  bu t  

these have not  been too  successfi . l .36 

The study of  missile penetrat?.on, which i s  c a l l e d  terminal  bal l . i . s t ics  

by the  mili.l;ary, i s  one o f  the  o l d e s t  technologies, with experimentation 

da t ing  back t o  the  e a r l y  ~ ~ O O ' S . ~ ~  

books on terminal. b a l l i s t i c s  conurierrcLaU_y availa,ble. * 
defined physical  s i t u a t i o n  of a p r o j e c t t l e  o f  know material. properti-es, 

s ize ,  shape, and v e l o c i t y  stri.ki.ng a p l a t e  with known propert ies ,  the da t a  

are extremely scai;l;ered and o f t e n  contradictory.  

In s p i t e  o f  this there  are no haid- 

Even f o r  t he  w e l l -  

Combined p r o j e c t i l e  and t a r g e t  behmior  can be classi-fied i n  one of 

t h ree  regimes: low-speed. impact regime, t r a n s i t i o n  impact regime, and 

hypervelocity impact regime. The p r o j e c t i l e  v e l o c i t y  corresponding t o  

t h e  breakup threshold on impact dekmi ines  the lower veloci- ty  of  t he  trarr- 

s i t i o n  region. 3 8  

s t r eng th  and projecti.le s t rength ,  j.t i s  understandable t'nat t he  ex ten t  o f  

Since p r o j e c t i l e  deformation depends on both t a r g e t  

*T?ere are c l a s s i  f i e d  hanrlbooks t h a t  weye compiled by tlne m i l i t a r y .  
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the  t r a n s i t i o n  region depends on the phys ica l  proper- t ies  of both the  pro- 
j e c t i l e  and t a r g e t .  

Most of  the  recent  experimental work38 has been done f o r  the t ran-  

s i t i o n  regime. In  the hypervelocity range, qu i te  reproducible experimen- 

t a l  results can be expected, s ince the mater ia l s  behave as f l u i d s  under 

the  very high pressures  and temperatures t h a t  e x i s t .  38 

Most of the pos tu la ted  missile- targei; combinations f o r  l ight-water  

r e a c t o r s  f a l l  i n  the low-speed impact regime, except, f o r  cases where 

wooden m i s s i l e s  are generated. Since the  s t r u c t u r a l  components f o r  l i g h t -  

water reac tors  a re  concrete o r  s t e e l ,  only penet ra t ion  fomdas  f o r  these 

materials a re  discussed here .  A l l  the present  formulas are errtpj.rical and 

cover only l i m i t e d  ranges C%aracterj.stics of impact not included i n  

these formulas, such as shape fac tors ,  a r e  not discussed because the 

ava i lab le  data are not adequate t o  make u s e f u l  quant i ta t ive  cor re la t ions .  

4.3.1 - Concrete Penetrat ion and Perforat ion Formulas 

The unclass i f ied  equations f o r  the pene t ra t ion  of  concrete are l i s t ed  
below, together  with the  l i m i t s  of a p p l i c a b i l i t y  when Yney a re  avai lable .  

The f i r s t  equation i s  the  modified Pe t ry  f ~ r m u l a ~ ~ - ~ ”  and i s  the most 

commonly used: 

D = K A  log  (.+--) v2 
P 10 215,000 ’ 

where 

D =  

A =  
P 
v =  
K =  

depth of pene t ra t ion  i n t o  an i n f i n i t e  thickness  ( f t ) ,  

missile we ight  
m a  imwa cross - s e c t i o  n a l  axre a se  c t i o n a l  p r e s  sure  

terminal  o r  s t r i k i n g  v e l o c i t y  ( f t / sec) ,  
experimentally obtained mater ia l  coef f ic ien t  for penetrat ion.  * 

Equation 22 ca lcu la tes  the  pene t ra t ion  i n t o  an i n f i n i t e  slab. 

*‘These c o e f f i c i e n t s  can be obtained from Refs. 39, 40, and &le 
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The formula derived4' t o  ca l cu la t e  pene t ra t ion  i n t o  a reinf'orced- 

concrete slab of  f i n i t e  t h i - chess  i s  

where 

D' = a c t u a l  depth of  pene t ra t ion  ( f t ) ,  

D = depth of' penet ra t ion  for an i n f i n i t e  slab (ft), 

T thickness  of t he  slab ( f t ) .  

When D i s  calculated fi-om Eq. ( 2 2 ) ,  the  lower l i m i t  of Lhickness o f  re in-  
forced concrete fox. wnich t'nis equation holds is4' 

Equation (23 )  i s  also r e f e r r e d  t o  as the Petry, o r  t he  modified Petry, 

formula, The Bal.lT.stic Hesearch Laboratories form1iI-a for re inforced cori- 

Crete of f i n i t e  thickness i s  41., 42 

where 

D = diameter of missile ( i n . ) ,  

P = thickness of concrete slab ihat  wi.11 be perforatcd ( i n . ) ,  
W I weight of mis s i l e  (fragment) (lb >, 
V = s t r i k i n g  v e l o c i t y  ( f t / s e c ) .  

The -4my Corps  of  Engineers' formula €or reinforced concrete o f  in-  
f i n i t e  thick-ness is'+3 

where 
x = penet ra t ion  i n  i:rifinite concrete ( i n . ) y  

W = wei.gh-t; of  m i s s i l e  (lb), 

A = area of t h e  mis s i l e  ( i n .  ), 2 
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I> = d imeber  of the m:issile ( i n . ) ,  
V = st r iki .ng ve loc i ty  o f  miss i l e  ( f t / s e c ) ,  

sU = compressive strengyn of concrete ( p s i ) .  

L i m i t  case companions t o  Eq. (26)  are also given. 43 

thickness  tha-i; can just be perforated, the fornlula given i s  
To ca l cu la t e  the 

( 2 7 )  e = 1.35D + 1.24X , 
where e i s  the  thickness  i n  inches.  Also, the Lhickaess f o r  which a pro- 

j e c t i l e  w i l l  just scab the  back side can be ca lcu la ted  from the formula 

( 2 8 )  S = 2.2D + 1 . 3 5 X  , 
where S i s  thickness  j u s t  t o  scab ( i n . ) .  The limits on Eq. (26) a re  

1 in .  S D G 16 in., 

0.4 l b  S W d 2500 lb, 

1500 p s i  G S 

500 f t / s e c  < V S 3000 f t / s e c .  

4 8000 psi, 
U 

These ind ica te  t h a t  Eq .  (26) i s  very l imitec! i n  i t s  appl ica t ion .  

enee 43 contains nomographs a. designer may use t o  ca l cu la t e  the thickness  

required t o  prevent pe r fo ra t ion .  

Refex.- 

The m i l i t a r y ’ s  most documented formula f o r  an i n f i n i t e  slab w a s  only 

r ecen t ly  dec la s s i f i ed .  It is44 

where the  symbols a re  those described above. Equation 29 i.s the  same as 
Eg. ( 2 6 ) ,  because A = 7 r D 2 / 4 ;  however, i n  t h i s  case, 44 

( 3 0 )  e = 1.23D + 1.WX 

and 

(31) S = 2.28D + 1.13X . 
The l i m i t s  on Eq. ( 2 9 )  are the same as f o r  Eq. ( 2 6 ) .  

Equations ( 2 3 ) ,  (25) ,  (TI) ,  and ( 3 0 )  f o r  ca lcu la t ing  the thickness  

just t o  p e r f o r a t e  are p l o t t e d  i n  Fig. 4 f o r  a 6-in.-diam c y l i n d r i c a l  
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Fig. 4 e  Comparison of Results Obtained with Formulas f o r  Calcu- 
l a t i n g  Perforat ion of Reinforced Concrete by a S m a l l  Missi le .  

missile weighing 100 Ib and i n  Fig.  5 f o r  a l6-in.-diarn missi.le weighing 

2500 l b .  A s  may be seen i n  t3fle f igures ,  the Coi-ps of Engineers' formula 

i s  more conservatil-e than any of  the  o'ihers f o r  'ihe s m a l l  missi le ,  while 

the  B a l l i s t i c s  Research Laboratories '  formula i s  the most conservative 

for the  l a rge  mis s i l e .  The Petry f~ri-niLLa, Eq. ( 2 3 ) ,  i s  the  least  conser- 
vat ive  o f  a l l  t he  equations f o r  both miss i les .  'This ma,y be due Lo the  
f a c t  t h a t  the  formula was derived e<zrl ier  (1939) than .the oI;i.lers. 39 1.i; 

is recommended t h a t  t h i s  fomnula. not be used for penet ra t ion  ca lcu la t ions .  

There are no known penet ra t ion  or perfora t ion  fomiulas for prestressed 
or posttensioned concrete.  

4.3.2 S.tcel Penetrat ion and Perforation E'omulas 

The unclass i f ied  equat j  ons f o r  t h e  pene t ra t ion  o r  pe r fu ra t ion  of 

s t e e l  a r e  l i s t e d  below with the  known l i m i t s  for each. Yhe f i r s t  formula 

i s  the  Stanford equation,45 wlnjch i s  the  itiost commonly i i sed s t e e l  pene- 
trati .on formula: 

T2 + 1,500 - i )  , 
ws 

E s 
D - 46,500 - -  ( 3 2 )  
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Fig. 5 .  Comparison of Results Obtained with Formulas for CaLeu- 
l a t i n g  Per fora t ion  of Reinforced Concrete by a Large Miss i le .  

where 

E = c r i t i c a l  k i n e t i c  energy required f o r  pe r fo ra t ion  ( f t - l b ) ,  

D = missile diameter ( i n . ) ,  

S = ultimate t e n s i l e  s t rength  of the t a r g e t  ( s t e e l  p l a t e )  ( p s i ) ,  

T = t a r g e t  p l a t e  thickness  ( i n . ) ,  

W = l ength  of  a square s ide  bet~rreen r i g i d  supports ( i n . ) ,  
Ws = l ength  of a standard width ( 4  i n . ) .  

The u l t i m a t e  t e n s i l e  s t r eng th  i s  d i r e c t l y  reduced by the  amount of  b i la t -  

eral t ens ion  s t r e s s  a l ready i n  the  t a r g e t .  

within the  following ranges: 

The equation i s  only good 

0.1 T/D 0.8, 
0.002 < T/L < 0.05, 

io < L/D < 50, 
5 < w/n < 8, 

8 < W/T 100, 
70 Vc < 400, 
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where 1, i s  mis s i l e  length ( i n . )  and the missi le  i s  assumed t o  be cylin- 

d r i c a l ;  v i s  ve loc i ty  ( f t / s e c ) .  C '  
The B a l l i s t i c  Research La'rmratories' formula for s t e e l  is" 

where 

T = s t ee l  w a l l  thickness ( i n . ) ,  
M = mass of  the missi le  (wt/g) (Ib-scc'/ft), 

V = v e l o c i t y  of the mis s i l e  ( f t / / sec) ,  

K = constant depending on the grade of the  steel and i s  usual ly  

D : diameter of the  mis s i l e  ( i n . ) .  

Recht and Ips011~~ derived 3. completely t h e o r e t i c a l  equation t h a t  ap- 

1, 

pears  t o  be accurate  within Lhe l i m i t s  t es ted .  

by r eac to r  designers . )  

(This equation i s  not used 

The equation i s  

v =  r ( 3 4 )  

~ ; 
( ,  C ' ,  - 1  , 

where 

V. = r e s i d u a l  ve loc i ty  ( f t l s e e ) ,  t h a t  is ,  velociby of the  mis s i l e  r a f t e r  perforat ion,  , 
v = i n i t i a l  s t r i k i n g  veloci.ty ( - f t / s ec ) ,  

= minimum per fora t ion  veloci. ty ( f t / s e c ) ,  Vxn 
R = r a t i o  of s t ee l  plate ( t a r g e t )  t o  mis s i l e  material. densi ty  

D = plug diameter or hole diametey ( i n . )  ( s ince  D i s  usually not 

d .:: missile diaxne'ker ( i n .  ) f o r  a c y l i h d r i c a l  missile, 

T = s t e e l  p la te  thickness (in.), 
L = missi le  1eng.th ( i n . ) .  

( s t e e l  missile),  

known, a value of 1 can be used f o r  ll/d), 

The mini.mum per fora t ion  ve loc i ty ,  Vx,, i s  giveir by 



3 5  

where 

= miss i l e  dens i ty  ( s t e e l ) ,  

= p l a t e  ma te r i a l  density,  

= l ong i tud ina l  acous tic-wave v e l o c i t y  i n  mis s i l e  mater ia l ,  

PP 
PS 
C 
P 

Cs = l ong i tud ina l  a coustic-wave ve loc i ty  i n  p l a t e  materia.1, 

\ v  = func t ion  r e l a t e d  t o  dynamic shear s t r eng th  o€ +;he p l a t e  mate- 
rial, assumed t o  be constant  (1.76 x,1G6 p s i ) .  - .  * c *  

The l i m i t s  of the equation are T/L 4 1/2  and T/D < 1/2, and reasonably 

co r rec t  r e s u l t s  are obtained when the  mis s i l e  deformation i s  not severe.  

As can be seen, a l l  the  pene t r a t ion  and pe r fo ra t ion  formulas for  

s t e e l  were derived for small-diameter long-lcnj$h c y l i n d r i c a l  g r o j e c t i l e s  

and very t h i n  t a r g e t s .  

missiles o r  t h i cke r  t a r g e t s .  

There does not seem t o  be any data f o r  l a r g e r  

All these  pene t ra t ion  and pe r fo ra t ion  formulas fo r  concrete and 

s t e e l  a r e  based on normal impact. When the  mis s i l e  s t r i k e s  t h e  t a r g e t  

a t  an angle, the pene t ra t ion  depth i s  n a t u r a l l y  reduced. I n  case of 
oblique impact, the  designer must exerc ise  care t o  insure t h a t  he i s  
using the most conservative method. 
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5 .  POSSIBILITY OF RUPTURE OF PHIMA~ SYSTEM PIIESSURF: 
VE=SSEIS AND EFFECTS OF RESULTING SHOCK WAVES 

The r eac to r  ves se l  i s  one of t he  major components i n  a nuclear f a -  

c i l i t y  i n  t h a t  il; performs the  very c r i t i c a l  funct ions of housing the  

rad ioac t ive  core and provides a pressure- t igh t  membrane t o  r e t a i n  the  

coolant .  Pressure vessel. technology pe r  se  i s  not  new, and vesse l s  have 

been designed and f ab r i ca t ed  t h a t  haxe good performance records of  many 

years dura t ion .  This w a s  no t  a lwws the  case.  I n  the  ea r ly  190O's, as 

a ~ e s u l t  of ca tas t rophic  f a i l u r e s  of bo i l e r s ,  Lhe P,SME undertook .the t a s k  

of providing a m.i.nimm s e t  of staiidards f o r  t he  design, materia.ls, and 

cons t ruc t ion  of a c l a s s  of these  devices.  The f i r s t  Boiler  Code w a s  pub- 

l i shed  i n  19 l4& Through t he  intervening years ,  add i t iona l  codes have been 

wri t - ten and published, with today 's  accepted. standard f o r  nuclear  r eac to r  

vessel-s being Sect ion 111 of the  ASME Code. The primary intent;  of these 

codes i s  t o  e s t a b l i s h  l e v e l s  of  safety-, and when appl.i.ed wi th in  the  'ooii-nds 

of good engineering judgment and the  l imi t a t ions  s e t  fo r th ,  a new product 

of adequate q u a l i t y  should be produce&. 

It i s  impoi*tant t o  emphasize t h a t  it i s  n o t  now possible t o  a r r i v e  

a t  a.n absolute  pos i t i on  on many aspects  of ves se l  design and cons'wuction, 

and furthermol-e, i.n order  t o  evaluate  the  k t c red - ib i l i t y  of f a i l u r e  of  a 

pressure  ves se l  when incorporated i-nto a system such as a power yeac.tor 

complex, limits must be spec i f i ed  for the environmental condi"c;.on.s. The 

nuclear  systems designer s p e c i f i e s  a s e t  of serv ice  conditions,  inclu.d.ri.ng 

abnormal events,  t h a t  form the  bas i s  f o r  design input .  The vessel designer 

provides analyses that demonstrate the  adequacy of the  str.u:ture: f o r  these  

spec i f i ed  serv ice  condi t ions,  and fabrica- t ion i s  performed with considcr- 

able quali ty- con t ro l  so t h a t  tizere i s  no apparent reason f o r  poor per for -  

mance within the  design l i m i t s  spec i f ied .  II system of  checks and. bal.anc::es 

i s  invoked throughout t he  course of a p r o j e c t  t h a t  es-Lablishes mul.tj.ple 

revi-ew of the  design, materi-a.1, fabr ica t ion ,  and q u a l i t y  cont ro l .  Checks 

a r e  made on the  completed vesse l  t h a t  insure  i t s  capabi l - i ty  t o  withskand 

overpressure loading, and measurements a re  made t o  check de f l ec t ions  and 

displacements of the  I-oaded vesse l  t o  back check the  design predi.cti.ons . 



The n e t  r e s u l t  i s  t h a t  a l l  evidence47 ind ica t e s  t h a t  Yfle industry i s  
producing high-qual i ty  vessels i n  terms of the  standards s e t  f o r t h  and 

required by the Code, s ince  these  requirements a re  generalpy exceeded i n  
a l l  phases of the manufacturing process. 

cause of t h e  recognized importance of vessel i n t e g r i t y  to s a f e t y  and p l a n t  

a v a i l a b i l i t y .  

This p rac t i ce  has evolved be- 

5.1 Vessel Rupture 

Fa i lu re s  of t h e  primary system pressure vesse ls ,  such a s  the  reac tor ,  

steam generator,  and p res su r i ze r  vessels ,  are not ,  a s  most manufacturers 

state, incredib le ,  bu t  r a t h e r  of low probabi l i ty ,  even though t h i s  cannot 

be s t a t e d  with any mathematical precis ion.  The manufacturers a r e  not con- 

cerned with rupture of such vesse ls  because they a re  convinced t h a t  these 

vesse ls  can be designed t o  prevent b r i t t l e  f r a c t u r e  under hydrostat ic  

loading. Since only simple, b r i e f  discussions of  t h i s  type of accident  

are given f o r  some reac to r  plants ,  the publ ic  documents, such as the  pre- 

l iminary s a f e t y  ana lys i s  repor t s ,  leave the impression t h a t  this kind of 
accident  is no t  considered. Further t h e  designs of containment s t ruc tu res  

do not provide f o r  t he  consequences of rupture  of high-pressure components. 

Considerable confidence has been developed i n  techniques f o r  design- 

ing t o  prevent crack i n i t i a t i o n .  However, design techniques based on i n -  

sur ing crack a r r e s t  a r e  less ce r t a in ,  e spec ia l ly  i n  the  case of pneumatic 

loading. An up-to-date discussion of the s t a t e  of the  a r t  i n  the  United 

S ta t e s  and Great Br i t a in  is  given i n  Ref. 47. 

The l a r g e  amount of damage t h a t  can be done by b r i t t l e  f r a c t u r e  of a 

vessel under hydros ta t ic  loading was demonstrated on December 22, 1965, 
when a l a rge  thick-walled nonnuclear pressure vessel f a i l e d  d i r i n g  proof 

t e s t i n g  i n  England.32 A general  view of the  ruptured vesse i  i s  shown i n  
Fig. 6. The vesse l  was a long cy l inder  with end closures ,  one welded 

and the  o ther  bol ted,  and was intended f o r  use i n  an ammonia plant .  The 

c y l i n d r i c a l  p a r t  of t he  ves se l  w a s  52 f t  8 1/2  in .  long, 5 f t  7 in .  i n  
diameter, and had tt w a l l  th ickness  of 5 7/8 in.  Fa i lure  occurred by 

b r i t t l e  f r a c t u r e  a t  a proor t e s t  temperature of 50°F and an in te r r ia l  

pressure of 5000 ps i .  Several  heavy fragments separated comple te1.y from 
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the  vessel ,  including one t h a t  weighed two t o m .  This l a r g e  p i e w  passed 

through the  wo~kshop wall  and t r ave led  a t o t a l  d i s tance  of 152 ft (see 
Fig. 7). A d e t a i l e d  s tudy of t h i s  case i s  given i n  Ref'. 4?. 

I n  the  case of a ves se l  f i l l e d  and pressur ized  with water a t  high 

temperature, 01 gas,'+8 i h e  consequences of Yailurc would be much more 

severe.  B r i t i s h  ~ t u d i e s ~ ' - ~ '  have ind ica ted  t h a t  under condi t ions where 

a p a r t  of t he  volume (20%) i s  gas f i l l e d ,  the f a i l u r e  behavlor would be 

the  same as if the  ves se l  were e n t i r e l y  gas f i l l e d .  Also ,  a blowdown 

study performed i n  Japan52 on a wa te r - f i l l ed  ves se l  wi th  temperature and 

pressure of 535°F and 1000 p s i g  confirmed that t he  behavior of t h e  system 

during blowdown was similar t o  t,hat of a steam-pressurized vessel .  This 

means t h a t  t he  des t ruc t ive  p o t e n t i a l  o€ high-pressure water systcms i s  

not g r e a t l y  d i f f e r e n t  from t h a t  of  pneumatically loaded systems. 

Analyt ical  and experimental i nves t iga t ions ,  such a s  the  Heavy See- 

t i o n  S tee l  Technology Program*. (HSST) a t  Oak Ridge National hbo i . a to ry  f o r  

developing information on f r a c t u r e  mechanics, the AEC-WRC Prograrn €or 

studying nozzles and re inforced  openings i n  pressure vesse ls , "  t h e  A X -  
PCRV Program foi i nves t iga t ing  piping, pumps, and valves fur riuclezr ser- 

vice,* and t h e  pipe rupture s tud ie s  a t  B a t t e l l e  Memorial I n s t i t u t e  and 

General E l e c t r i c  Company, a r e  expected t o  make the  design or" pressure  sys- 

tems t o  prevent, f r a c t u r e  mort3 accurate  and r e l i a b l e .  

5.2 Shock-Wave Effec ts  

The only shock 

s a f e t y  and ana lys i s  
wave (pressure wave) considered i n  the prel iminary 

r epor t s  i s  the  pressure pulse  i n  the  loss-of-coolant 
accident .  There a r e  no discussions of the  e f f e c t s  of shock waves that 

would be generated by the  rupture  of' a rmin vessel ,  and it i s  assumed 
t h a t  containment s t r u c t u r e s  aye not  designed f o r  t h i s  type of shock load- 
ing. Skiock waves are ,  however, of  i n t e r e s t  i n  this r epor t  because not  

only can they  generate  mis s i l e s  bu t  t he  shock wave i t s e l f  can ?;e consid- 

e red  a mis s i l e .  

*See progress r epor t s  from 0-RNL Nuclear Safety Program f o r  r epor t s  
of cu r ren t  developments on these p ro jec t s .  The most recent i s  USAEC Re- 
p o r t  ORNL-734-2239, May 30, 1968. 



Y
 

C
tY

 
P

 
0
 

09
 

3
.
 

0
 

I.' ,-
 c
 

w
 nJ

 0
 

ul
 



5.2.1 Generation of Shock Wave 

An explosion" imp]-ies a process by which a press ine  wave of f i n i t e  

Widely amplitude i s  generated i n  a f l u i d  by a r ap id  release of energy. 
d i f f e r e n t  types of  energy sources can be classed. as explosives  under t h i s  

de f in i t i on .  The s to red  energy i n  a compressed gas o r  vapor, e i t h e r  hot  

o r  cold,  can be such a source, as well as the  f a i l u r e  of a highTp:ressu.re 

gas s torage  vesse l  o r  steam b o i l e r  and the  muzzle b l a s t  from a gun. Elec-  

t r i c a l  discharges,  rap id  vaporizat ion of f i n e  wire, and metal-water reac- 

t i o n s  can also produce s t rong  pressure waves i n  a f l u i d .  The more usual. 

energy sources for  explosions a re ,  however, e i t h e r  chemical o r  nucXLear 

ma te r i a l s  t h a t  a r e  capable of producing violent,  reac t ions .  

The sudden expansion of a gas, whether from a burs t ing  pressure ves- 

s e l  o r  from heat ing by a l i gh tn ing  b o l t ,  o r  some other r ap id  energy input ,  

r e s u l t s  i n  a pressure dis turbance that moves away from t he  so i~rce  a t  a 

v e l o c i t y  d i r e c t l y  r e l a t e d  t o  the  peak pressure.  %he impingement of such 

a disturbance on a wall o r  a p o t e n t i a l  mi s s i l e  r e s u l t s  i n  pressures  t h a t  

may exceed the  i n i t i a t i n g  pressure,  p a r t i c u l a r l y  i f  the  dis turbance has 

developed a s t e e p  f r o n t  o r  has become a shock wave i n  passing through t h e  

air .  

The tendency of a s t rong  pressure  wave t o  become a shock wave i s  ex- 

plained simply by the  f a c t  t h a t  t he  speed of sound. i n  a gas,  such as a i r ,  

increases  as the  pressure i s  increased a d i a b a t i c a l l y  (due to the iriereased 

temperature).  Thus t h e  high-pressure peak of a sound wave always tends 

t o  ca tch  up with the  preceding low-pressure val ley,  much as the  peak of 

an ocean wave catches up with the  v a l l e y  as the wave e n t e r s  the  shallow 

water near  the  shore. 

Neglecting a t tenuat ion ,  the  nimber of wave lengths ,  iu, t h a i  a sinu- 

soidal wave w i l l  t r a v e l  before  it forms** a shock wave i s  giv-en by 

OF(2K - 1) 

*EXplo6iOn here i s  assumed t o  mean a detonation type of energy r e -  
l ea se .  

**Colloquially t o  ''shock up. 'I 
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where Po i s  the  ambient pressure,  

t h a t  is, the  r a t i o  of the  s p e c i f i c  heat  a t  constant  pressure t o  the  spe- 

c i f i c  heslt a t  constant volime. 

i s  the  wave amplitude, and K = Cp/Cv, 

F r i c t i o n  i n  the  medium, on the o ther  hand, a t t enua te s  the  higher har- 

monic components of a complex wave more r ap id ly  than the  fundamental com- 

ponent and tends t o  reduce the  wave t o  a simple single-mode harmonic form. 

Thus, ordinary low-amplitude acous t i ca l  waves may be t r e a t e d  a s  harmonic 

waves - 
I n  a l a rge  pressure dis turbance,  the  a t t enua t ion  of  higher components 

i s  i n s u f f i c i e n t  t o  prevent the  pressure peak from catching up witin t h e  

edge of the  wave f ron t ,  and t h e  r e s u l t  i s  a s t e p  increase in pressure,  

o r  a shock wave. Shock waves move a t  v e l o c i t i e s  t h a t  correspond roughly 

t o  t h e i r  peak pressure and, hence, a t  g rea t e r  than the  sonic  speed of 

low-ampl.I.tude acous t ic  wstves. The transmissimn of shock waves i s  inher-  

e n t l y  a nonlinear process,  whereas acous t ic  wave propagation can be ade- 

quately described by l i n e a r  t heo r i e s .  

5.2 .2  Class i ca l  Shock Waves 

The ana lys i s  of c l a s s i c a l  shock oi- b l a s t  waves in a i r  i s  based on 

t he  assumption t h a t  the explosion t h a t  c r ea t e s  t h e  waves occurs i n  a s t i l l  

homogeneous atmosphere. A pressure wave i s  generated by -the sudden re- 

l ea se  of energy t h a t  forces  the surrounding atmosphei-e away from the  deto- 

na t ion  point ,  with the peak of the  pressure wave t r ave l ing  faster than 

the  rest  of t he  wave, as shown schematically i n  Fig. 8, curves a and '0. 

A t  some 1-ater time, curve c, the  peak pressure has advanced t o  the f r o n t  

of -the pressure wave and crea ted  an abrupt change i n  the  atmospheric pres-  

sure  as the  wave continues t o  propagate. On fui-t'nerq expansion, i n e r t i a l  

e f f e c t s  produce overexpansion and a consequent r a re fac t ion  a t  the  explo- 

s ion  center .  The o v e r a l l  pressure configixati .on then cons i s t s  of  an 

abrupt pressure d i scon t inu t ty  fol-lowed by pos i t i ve  and. negative pressure 

phases (curve d ) .  This l a t t e r  c h a r a c t e r i s t i c  i s  raintai .ned in f u r t h e r  

propagation of the  b l a s t  wave. 

The pos i t i ve  pressure phase i s ,  i n  general., f a r  more in tense  than 

the  negattve phase. Negative pressures  a r e  l imf ted  i n  magnitude t o  1. atm. 
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DIRECTION OF TRAVEL 
_3_ 

D I ST A N  C E 

Fig. 8. Development of Explosive Shock. ( a )  Assumed i n i t i a l  pres- 
su re  pulse  and successive configurat ions.  
d i f f e r i n g  speeds of shock-wave p a r t s .  
f o r  some time a f t e r  a point-source explosion. 

( b )  and ( c )  Waves formed by 
( d )  Typical pressure-dis tance curve 

It may be noted -that i n e r t i a l .  e f f e c t s  responsible  €or t h e  .negat ive phase 

could give r i s e  t o  add i t iona l  pressure r eve r sa l s  and. tm pressure o s c i l l a -  

t i o n s  i n  the  atmosphere. Such r eve r sa l s  a r c  important i n  underwater ex- 

plosions but a r e  not  o r d i n a r i l y  observed. o r  reported f o r  explosi.ons i n  

a i r ,  presumably because of the  r e l a t i v e l y  low dens i ty  and because d i s s i -  

pa t ive  processes r ap id ly  a t t enua te  them. 

The pressure-time h i s t o r y  of a ty-pica.1 blast  wave as  observed a t  a 

l oca t ion  removed from the  cen te r  of t he  explosion i s  slicj-m i n  F ig .  9. 

A t  an a r r i v a l  t i m e  of t seconds a f t e r  t h e  explosion, the  pressure  a t  

t h i s  removed loca t ion  suddenly ejimps t o  a peak value of o.verpressiirE:. A 

properly or ien ted  streamlined ob jec t  at, t,his l oca t ion  i s  then su.b,jected 

t o  an instantaneous crushing force  equal t o  the  product of t h i s  over- 

pressure and the sur face  a rea  of the volume e:riveloped during passage of 

the  b l a s t  wave. This i s  not  a stable condi t ion,  and the over.pr.essure 

immediately begins t o  decay following a pressure- time 1-elation, such as 

that; i l l u s t r a t e d  and descr ibed a s  quasi-exponential  i n  ciiaract,-r. 

x 

Descript ions of t h i s  type of b l a s t  m v e  r r y u i r e  s p e c i f i c a t i o n  of 

t h ree  independent c h a r a c t e r i s t i c s .  One of these  i s  the  i n i t i a l  shock 
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Fig. 9. Typical Pressure-Time Curve f o r  an Explosive Blast Wave. 

i n t ens i ty ,  which i s  spec i f ied ,  perhaps, by the  peak overpyessure bu t  

also by any r e l a t e d  i n t e n s i t y  item, such as p a r t i c l e  ve loc i ty .  The sec- 

orid i s  the  dura t ion  of the  pos i t i ve  phase of t h e  b l a s t  wave (t ). The D 
t h i r d  i s  the impulse product, the  area wider the  pos i t i ve  phase of t he  

curve, f o r  the  pressure forces  i n  the  b l a s t .  An add.itiona1 reI.ated pa- 

rameter i s  the  time (t ) required f o r  the shock f r o n t  -bo t r a v e l  from the  

cen te r  of the explosion t o  the l oca t ion  of concern, 54 
X 

5.2.3 Reflect ion of  Shock Waves 

A normally r e f l e c t e d  shock f r o n t  shows c h a r a c t e r i s t i c s  d i f f e r e n t  

from those of the  inc ident  shock wave, for it, i s  moving through a d i f f e r -  

e n t  medium; i n  r e f l e c t i n g ,  i t  re tu rns  through t h e  a.t;mosphere it has corn- 

pressed. The r e f l ec t ed  overpressure i s  always considerably g rea t e r  than 

the  inc ident  overpressure.  For weak shocks, it i s  twice as great; f o r  

s t rong  shocks i n  a per fec t  diatomic gas i t  can 'ne e i g h t  t imes a s  great; 

i n  a real diatomic gas t h i s  multiplyimg f a c t o r  can be as high a s  16 f o r  
inc ident  shocks of 1000 atmospheres. 5 5  The r e f l e c t e d  overpressure pro- 

vides the  fo rce  f o r  the  instantaneous dynamic load imposed on a surface 
of a s t r u c t u r e  whose sur face  i s  normal to the  advancing shock f ron t .  

In a closed s t ruc tu re ,  a shock wave and i t s  r e f l e c t i o n s  w i l l  cause 

repeated t r a n s i e n t  loadings of the  w a l l s  untS1 d i s s i p a t i v e  mecha,nisms 

convert the  shock-wave energy i n t o  s-Latic pressure  and temperature in-  

creases .  The complex r e f l e c t i o n  and refra.ction t o  be expected i n  an 
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e q u i p m e n t - f i l l 4  containment ves se l  may also result i n  d i s c r e t e  regions 

where waves re inforce  each othcr .  Ilowever, t he  i n i t i a l  shock loading t o  

the  walls i s  expected t,o be of grea-cei- magnitude than any of the re- 

f l e c t e d  loadings due t o  energy-diss ipat ion processes,  

5.2.4 Impor-tmce of Shock Waves i n  Reactor Accidents 

Shock waves generated by t h e  r e l ease  of nuclear,  chemicial, a.nd stored. 
The energy within a r eac to r  system can produce two undesirable  e f f e c t s . 5 G  

shock wave i t s e l f  can do s t r u c t u r a l  damage, and mis s i l e s  created by t h e  

shock wave may penet ra te  the  containment s t ruc tu re .  A t  present  there  5.s 

1 i t t l . e  experimental information on. the  energy re leased by a nucler a- ex- 

cursion t h a t  can be used r e l i a b l y  t o  ca l cu la t e  the r e l a t e d  b l a s t  ef3ect.s. 

Arguments a r e  r a i sed  aga ins t  using calculat i .ons based upon TNT data  on 

the  ground t h a t  t he  method i s  overly conservative.  

by Proctor57 of .the , E L 1  accident  showed t h a t  t he  TNT method predicted 

t h e  damage done by t h i s  excursion accident  very well .  The SL-1 accj-dent, 

and the Borax-I and SPERT-I r eac to r  t e s t s  ind ica te  the manner i n  which 

energy can be re leased  and t h e  damage t h a t  i s  poss ib le  from a nuclear ex- 

curs ion accident .  5 8  

to behave a s  a missi le ;  it moved upward 9 f t  before f a l l i n g  back i n t o  i t s  

ce l l .  The physical  phenomena associated wit,h such accidents  are riot well 

understood, and there  seem t o  be no r e l i a b l e  techniques f o r  pred ic t ing  

t h e  energy r e l ease  and t h e  r e l a t e d  b l a s t  e f f e c t s  p r i o r  t o  the  accident,  

as pointed out  by Proctor.  5 7  

However, an ana lys i s  

The SC-1 excu.rsion caused the e n t i r e  r eac to r  vessel 

Chemical energy r e l ease  i n  l ight-water-cooled r eac to r s  usually means 

metal-water reac t ion .  Eicplosions have been caused by metal-water r eac t ion  

i n  o ther  i n d u s t r i e s  t h a t  r e su l t ed  In considerable s t r u c t u r a l  damge % 2 

Detonations o f  gaseous combustibles, organic l i qu ids ,  and. lzydrog:en, TrJhich 

were s tud ied  on a l imi ted  scale,G1J62 have beell found t o  i g n i t e  f i r e s  and 

t o  cause much s t r u c t u r a l  damage over l a rge  areas .  6 3  

much experimental information has been gathered, and the  data ?lave been 
put i n t o  a form10y64j65 t h a t  i s  very use fu l  f o r  designers faced with the  

problem of chemical energy re lease .  

For TNT and pen to l i t e ,  

Tne r e l ease  of s tored  energy from a ruptured vesse l  has been shorn1 ex.- 

perimental ly  t o  generate shock waves. 6 6 ,  67 The facf;  t h a t  steam w i l l  a c t  
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approx1mat)ely the  same as a i r  o r  any o ther  gas has been demoiistra-Led by 

acc iden ta l  explosions of steam bofl  e r s .  68  The rupture  of hydros t a t i ca l ly  

loaded vesse ls  can r e l ease  l a rge  quainti t ies of energy i n  the  form of very 

high energy miss i les .  2 0 ~  31 

shock waves developed from the rup-Lure of comple-Lely hydros-Latically 

loaded vesse ls ,  although shock- tube s tud ie s  show t h a t  heated pressur ized  

water w i l l  generate  a f i n i t e  compression pulse i n  the  adjacent  a i r .  69 

Feb7 t e s t s  o r  experimznts have been done on 

These f indings ind ica t e  t h a t  the rupture  of high-pressure s torage 

vesse l s  and o the r  high-pressure systems could lead  t o  c rea t ion  of shock 

waves. Fragments generated by the  brittle f r a c t u r e  of pressure vesse ls  

could be propel led by the  shock wave of the expanding l i qu id .  

5 .2 .5  Calculat ions of Maxirflum Deflect ions and St resses  

The impulse of t h e  shock wave de l ivered  -to a s t r u c t u r e  w i l l  cause 

t h e  s t r u c t u r e  t o  respond dynamically and produce a t  l e s s t  a t r a n s i e n t  vi-  

b ra to ry  response. Since the  experimental reflec-Led-shock-wave da ta  a r e  

probably accurate  only to within about 10 t o  1 5 $ 9 4 3  most ana lys t s  repre-  

s en t  complex s t r u c t u r e s  a s  simple lumped-parameter systems with one de- 

gree of freedom, as shown i n  Fig. lO(a ) .  A recent  c o ~ p a r i s o n ~ ~ ~  71 be- 

tween t h e  ana ly t i ca l  method and experimental da ta  has shown t h a t  t h i s  

method is  v a l i d  f o r  engineering purposes. The dymamic equation f o r  such 

a model i s  

where 

y = displacement, 

t = time, 

W,, = na tu ra l  frequency of t he  system (f i rs t  fundamental mode), 

k = spring constant, of the  system, 

m = m a s s  of t he  system, 

y ( t )  = forc ing  funct,ion. 
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Fig. 10. ( a )  Lumped-Parameter Single-Degree-of-Freedom System; 
(b)  Assumed Triangular  Pulse;  ( c )  I n i t i a l  Impulse. 

If the  form of t h e  forc ing  funct ion or r e f l e c t e d  pressure-time h i s -  

t o r y  of the  shock wave i s  known, the  de f l ec t ion  of the  s t r u c t u r e  due t o  

the  a c t i o n  of the  shock wave can be ca lcu la ted  from the  na tu ra l  frequency 

and mass of t h e  s t ruc tu re .  The r e f l e c t e d  pressure-time h i s t o r y  i s  usua l ly  

assumed t o  be a t r i a n g u l a r  pulse,  as shown i n  Fig. l o t o ) .  A method of 

so lu t ion  for Eq. (36) corresponding t o  t h i s  case was derived i n  Zef. 71. 
The dura t ion  of t h e  pressilre pul.se i s  sornet,imes very much sho r t e r  

than the  n a t u r a l  per iod of t he  s t ruc tu re .  If it, i s  o n e - t h i r t i e t h  o r  Less 

of t h e  n a t u r a l  per iod of the  s t ruc tu re ,  t h e  so-cal led " i n i t i a l  impulse" 

method, 72 which i s  simple and accm-ate, can be used t o  s d v e  Eq. 

I n  t h i s  method, .the maximum r e f l e c t e d  pressure i s  taken t o  approach in -  

f i n i t y  while the  d w a t i o n  approaches zero, but the  impulse, defined as 

the  i n t e g r a l  of t h e  pressure P over the  time t 
constan-t. I P  t h e  per iod of the  pressure wave i s  much sma.ller than the  

period. of t h e  s t ruc tu re ,  t h i s  i s  the  way the  s t r u c t u r e  sees  the  pressure 

pulse.  A graphica l  representa t ion  of the  i n i t i a l  impulse i s  shown i n  

Fig. lO(c ) .  The so lu t ion  t o  Ey. (36) by the  impulse method is71 

( 3 6 ) .  

t o  tD, i s  taken as a r 0 

sin W t , y = -  N O  
n mwn 

(37 )  
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where A is the  a rea  of the  s t ruck  sur face  of the s t ruc tu re  and IO is the  

i n i t i a l  impulse per  u n i t  a rea  (srea under the  pressure-time curve) .  

Equation (37) g ives  the  maximuii de f l ec t ion  of  t he  struc'iiu-31 compo- 

nent,  and from t h i s  the  maximum s t r e s s  caused by the  shock wsve can be 

der ived.  With the value of t he  maximum s t r e s s  known the  designer can de- 

termine whether the  s t ruc tu re  w i l l  survive the  b lhs t .  

5.2 .6  Effec ts  of Shock Waves on Concrete S t ruc tures  

Concrete walls, from which most of the  present  coi1tain:ment s t r u c t u r e s  

a r e  nmde, can have four possihlk modes of fai.lu.re: 

r e a r  surface of the  wall ,  which f o r m  secondary miss i les ,  (2)  Local f a i l -  

ure due to excessive shea.r s t r e s s e s ,  (3) f l e x u r a l  f a i l u r e ,  and ( 4 )  to ta l .  

des t ruc t ion  of .the wa,l.l, with the  production of I.arge numbers of secondary 

missiles. All four modes of fa t lure  a r e  p0ssi.bl.e when a detonat ion is 

c lose  t o  tile wall .  However, i f  t he  detonat ion i s  far from the  w a l l ,  a 

plane shock wave i s  formed, and only the l a t t e r  t w o  modes of farilure can 

0cc.iJ.r. 73 

the  configurat ion and stiOength of t he  wall ,  t he  energy r e l ease  of the 

shock wave, and -the loca t ion  of - the energy r e l ease  r e l a t i v e  -to the  w a l l .  

(I) s p a l l i n g  of t he  

The occiirrence of any one of the  - fa i lure  modes w i l l  depend on 

The s t r e s s e s  induced by a shock wave a r e  t ransmi t ted  through con- 

c r e t e  a-t v e l o c i t i e s  of thousands of f e e t  per second" i n  the  form of a 

s t r e s s  wave. Two predominant types of  waves a r e  encountered. The primary 

o r  longi tudina l  wave t r a v e l s  pa , ra l le l  t o  the d i r e c t i o n  of shock-wave 

propaga-tioii a t  what i s  ca l l ed  the  d i l a t a t i o n a l  ve loc i ty .  The p a r t i c l e  

motion i n  the  compression wave a l so  trave1.s i n  t h i s  direc-ti.on. The sec- 

ondary or d i s t o r t i o n a l  wave i s  formed. by the  shear d i s t o r t i o n s  and- moves 

i n  the  same d i r e c t i o n  as the  primarry wave, bu t  i-ts parttc1.e motion i s  

perpendicular t o  the  d i r e c t i o n  of the  shock-wave propagation. The shear-  

ing s t r e s s e s  a r e  of lower i n t e n s i t y  than the  coinpression s.t;resses and 

move with a ve loc i ty  l e s s  than t h a t  of the  longi tudina l  wave. In simple 

p r a c t i c a l  analyses,  only the  ef-fects of t he  compressional stresses are 

considered. 

A mater ia l  is safd t o  spa11 when one o r  more segments a r e  displaced 

from the  rnain body. As the  longi tudina l  wave propaga-t;es through the  wall 
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and impinges upon the  r e a r  f r e e  surface,  r e f l e c t i o n  occurs i n  t h e  form 

of a tension wave t h a t  i s  i d e n t i c a l  i n  shape and magniti-tde t o  the  com- 

pression wave. 

s t r a i n s ,  and the  preexis t ing  microcracks i n  the concrete grow u n t i l  t,he 

t e n s i l e  capaci ty  i s  exceeded. The spa l led  sec t ions  t r a p  a portiorr of 

the  s t r e s s  wave and eject from the main body with a higher- velocity.  

A t  some point ,  the  tens ion  s t r a i n s  exceed t,he compressive 

Simple formulas f o r  ca lcu la t ing  t h e  i n i t i a l  v e l o c i t y  and thickness 

of a spa11 are73 

and 

where 

> 
E(l - Y) 

m ( 1  4- Y ) ( l  - 2Y) 
c = [  

T = thickness  of spa11 i n  ft, 

c = d i l a t a t i o n a l  v e l o c i t y  i n  rt/sec, 
t = pressure pulse durat ion i n  msec, 

f f  = t e n s i l e  s t rength  of concrete i n  p s i ,  

Pr = r e f l e c t e d  pressure a t  t he  w a l l  i n  p s i ,  

I = r e f l e c t e d  impul.se of the shock wave a c t i n g  on the  wall i n  

S 

D 

t 

r lb-mseclin. 2 , 
v = veloc i ty  of spa11 i n  f t / s ec ,  

m = mass per u n i t  volume i n  lb-sec2/ f t4 ,  

E = Young's modulus of concrete i n  ps i ,  

V = Poisson s r a t i o  of' concrete. I 

(39 

To f ind  the  t o t a l  weight of a spa l led  body, it i s  assumed73 t h a t  t h e  

spa l led  a rea  on the f r e e  r e a r  wal l  corresponds t o  the base of a, cone t h a t  

has an included angle of 80 deg and an a l t i t u d e  equal t o  the  normal 
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d is tance  between the  rear of the wall and the center  of  the source of the  
shock wave. The thickness  i s  ca lcu la ted  from Eq. ( 3 8 ) "  {For more com- 

p l i ca t ed  spall ing,  such as rnultiple spa l l ing ,  see Ref. 73.) 

5.2.7 Effec ts  of ,C;hock Waves on Objects That Can T??come Missi les  

A shock wave s t r i k i n g  a f r e e  object ,  such as a piece of pipe o r  a 

valve, can produce a miss i l e  with the  ve loc i ty25  

where A is the  c ross -sec t ioaa l  a rea  or t he  missile normal t o  t h e  d i r ec t ion  

of the  shock wave and m i s  the mass of t he  miss i le .  

Additional information on shock waves of more complex nature,  such 

as spher ica l  o r  two-dimensional shocks, my be found i n  Refs. 55, 74, 75, 
and 76. 

5.2.8 Siock-Wave-Resistant Design -___ 
5.2.8.1 Determining the  Energy of the Shock Wave, The design of 8 

s t ruc tu re  f o r  pro tec t ion  from a b l a s t  or shock wave i s  pr i i ic ipa l ly  a dy- 

namics problem i n  which the b l a s t  wave a c t s  as t h e  forcing fimction. In 
light,-water-cooled reac tors  the  source of t he  shock wave could be the  

rupture  of main vessels ,  such as t h e  reactor ,  steam generator,  and p r r s -  

su r i ze r  vessels .  Metal-water reac t ion  o r  a nuclear excursion could, add 

t o  the  energy of the  shock wave> bii-L in present-day comnercial. l.ighi;-water- 

cooled reac tors ,  the  s tored  energy of t,he system would be the  primary 

source o f  energy. There i s  no known mtiiod f o r  accura te ly  ca lcu la t ing  

the  shock wave from a ruptured vesse l  containing sa tura ted  water a t  a 

high pressure. 

w i l l  f l a s h  i n t o  steam i n  an explosive manner when the pressure i s  suddenly 
released. The designer can therefore  make a conservative estlmate of t h e  

shock-wave energy based on the change i n  enLhalpy during an i s en t rop ic  

expansion. The explosion could then be t r e a t e d  as an equivalent  TNT ex- 
plosion. 

Ibwever, it J.s wel l  known .l;?iat2', 69J 7 7  sa tura ted  water 
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5.2.8.2 Dynamic &del  of t he  Structure .  When a value f o r  the shock- 

wave energy has been establ ished,  t he  mathematical model t o  be used f o r  

analyzing t h e  containment s t r u c t u r e  can be sei-ected . 
a lumped-parameter dynamic model i s  normally used, and the  containment 

s t r u c t u r e  i s  assumed t o  have a s ingle  degree o l  freedom. 
model i s  not  u sua l ly  j u s t i f i e d  becaiise of t h e  approximate descr ip t ion  ol” 

t he  shock wave. It i s  not t he  i n t e n t  here t o  go i n t o  d.etai1-s on t he  mod- 

e l i n g  of s t ruc tu res  for dynamic ana lys i s ;  r a the r ,  reference should be 

made t o  ava i l ab le  l i terature.  78-80 

A s  noted previously,  

A more accurate  

I n  order t o  model a s t r u c t u r e  by a single-degree-of-freedom system, 

it i s  necessary t,o k n o w  the  f i r s t  fundamental na tu ra l  freqiency of the  

s t r u c t u r a l  component, w’riich can be derived. Reference 81, however, con- 

t a i n s  t a b l e s  and graphs of t h i s  frequency f o r  rmny standard s t r u c t u r a l  

components. After  t h e  na tu ra l  frequency of dhe s t ruc tu re  and pulse  shape 

of t he  shock wave have been assigned, the fundamental v ib ra t ion  response 

of t h e  s t r u c t u r e  can be calculated.  The maxiriinn amplitude can then be 

found, and the  maximum e l a s t i c  s t r e s s  can be calculated.  Such a tech- 

nique i s  discussed i n  d e t a i l  i n  Ref. 71. ,Static s t r e s s e s  a l ready  present  

due t o  the design loads can be added f o r  making the  f a i l u r e  evaluation. 

5.2.8.3 Effec ts  of t he  Dynamic b a d i n g  on the  Structu.z*e. When a 

pressure wave s t r i k e s  t h e  f r o n t  surface of a wzll, the  w a l l  bends arid de- 

f l e c t s .  If the  shock i s  not  s u f f i c i e n t l y  large t o  cause fa i l -ure ,  the wall. 

responds e l a s t i c a l l y  and r e tu rns  t o  i t s  i n i t i a l .  posi . t ion a f t e r  the  d i s -  

turbance has decayed. I f  the  s t r e s s e s  exeeed the  e l a s t i c  l i m i t ,  the w a l l  

deforms p l a s t i c a l l y  and may f a i l .  
of the  load and t he  load-carrying proper t ies  of t he  w a l l ,  such as t h e  

moment of i n e r t i a  and shear capacity.  A reinforced.-concrete wall may 

experience only minor cracking. 

Fa i lure  wil.1.  depend on the  magnitude 

5.2.8.4 Design of  Concrete Walls for Accommodating Dynamic Effects .  

There a r e  seve ra l  methods f o r  designing a reinforced-concrete s t ruc tu re  

t o  withstand shock loading (Refs. 11, 71, 73, 79, 80, 81) ba.sed on t he  

known dynamic o r  e l a s t i c  proper t ies  of re inforced concrete. 

gested t h a t  designers of containment s t ruc tu res  use seve ra l  of these 

methods t o  obta in  comparisons f o r  analyzing t h e i r  designs. The design 

of prestressed-concrete  s t ruc tu res ,  however, i.s l ess  wel l  es tab l i shed  

It i s  sug- 
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for shock loadings beyond the  e l a s t i c  l i m i t .  E'aj.3.i.u-e c r i t e r i a  based on 

the  e l a s t i c  y i e l d  stress may be overly conservative,  and. addi t ior ia l  re- 

search i n  t h i s  a rea  I s  needed. 

5.2.8.5 EPfec.l;s of Missi.l.es Generated by the  Shock Wave. Even when . . . . _ . ~  __._.I 

t he  stress _level i n  t he  structui-e has been fouid  i o  be aclseptsble f o r  

shock-wave I.oadings, there  i s  s t i l l  tile problem of poss ib le  mis s i l e s  gen- 

e ra t ed  by the  shock wave. T h i s  pmbleni can be very- complex and must be 

s tudied  ctzrefilly; i.t,s s e v e r i t y  depends upon the  physical c h a r a c t e r i s t i c s  

or the conta.inment s t ruc tu re  and t h e  v ib ra t ion  response of  the  system. 

Possible missiles are spalls from t h e  back surface* of 'che conta,inment 

walls, as wel l  a s  from i n t e r n a l  wal ls  w i t h i i n  the  containment s t ruc tu re .  

Any ob jec t  t h a t  i s  not  rigid.1.y Tixed i n  place can a l s o  become a 1nj.ssile. 

When reviewing the li t - ra tur? ,  it, should be remembered t h a t  m i l i t a r y  
designers  def ine spa l l i ng  as the e j e c t i o n  o r  frapperits from t he  front sur- 
face and srdbbing a s  t,he ejection of  fragments from tlie back burrace. 
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6. DESIGN FOR MISSILE RESISTANCE 

The f i r s t  s t e p  i n  the  design of m i s s i l e - r e s i s t a n t  s t r u c t u r e s  i s  t o  
def ine  the  poss ib le  mis s i l e s  and to ca lcu la t e  t h e i r  mass, ve loc i ty ,  e ross -  

s e c t i o n a l  area, d i rec t ion ,  and s t r u c t u r a l  p rope r t i e s .  S t r u c t u r a l  prop- 

e r t i e s  g r e a t l y  inf luence  the  pene t r a t ing  a b i l i t y  of t h e  m i s s i l e .  

these  f a c t o r s  known, b a r r i e r s  can be designed t o  c o n t r o l  t h e  missiles i n  

any given d i r ec t ion .  

With 

6.1 Reinforced- Concrete Pro tec t ive  s t ruc tu res  

Two bas i c  design p r e e s e s  f o r  t he  u l t imate  containment of a nuclear 

p l a n t  acc ident  a r e  preserva t ion  of leak t ightness  and p r o k c t i o n  of engi- 

neered s a f e t y  f ea tu res .  Most pro tec t ive  s t r u c t u r e s  used f o r  conmercial 

l ight-water-cooled r eac to r  p l an t s  a r e  made of re inforced  o r  prest ,ressed 

concrete,  whieh i s  s t rong  i n  compression but  weak i n  tension,  and when 

overs t ressed ,  f a i l s  i n  a b r i t t l e  manner. Reinforcement tends t o  supply 

t e n s i l e  s t r e n g t h  and t o  reduce the  consequences o f  ' u r i t t l e  cracking, 

such as mass cracking, s p l i n t e r i n g ,  scabbing, and. s p a l l i n g  t h a t  waul-d 

r e s u l t  from a d i r e c t  impact. The added -resistance t o  pene t ra t ion  ofrered 

by the s t e e l  i s  too  small, however, t o  warrant any l a rge  increase  i n  per-  

centage of s t e e l  f o r  t h i s  purpose. 4 3 ~  4 4  

Studies  of t he  use of  s p e c i a l t y  concrete  t o  improve t h e  r e s i s t ance  

t o  p r o j e c t i l e  pene t ra t ion  d id  not  i nd ica t e  s u f f i c i e n t  increase  i n  r e s i s -  

tance t o  j u s t i f y  t h e i r  u.se.43944 

some evidence from t e s t s  of l a r g e r  p r o j e c t i l e s  show t h a t  r e s i s t ance  t o  

pene t ra t ion  i s  enhanced by increas ing  the  compressive s t r eng th  of i;he 

concrete,  as measured on standard t e s t  cy l inders .  For a gi.ven p r o j e c t i l e  

a t  a given s t r i k i n g  ve loc i ty ,  t h e  pene t ra t ion  i n .  concrete i s  approximately 

propor t iona l  t o  the  inverse  of t he  square roo t  of the  compressive s t rength .  

There i s  a lso some evidence t h a t  pene t ra t ion  i s  decreased somewhat by an 

increase  i n  maximum aggregate s i ze ,  e s p e c i a l l y  i f  t,he aggregate s i z e  i s  

g r e a t e r  than  t h e  diameter of t h e  p r o j e c t i l e .  The penet ra t ion  of  concrete 

under impact i s  considered t o  be p r i n c i p a l l y  a crushing a c t i o n  on which 

the  reinforcement has l i t t l e  e f f e c t .  

Results of smal l -pro jec t i le  . t e s t s  and 
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Thus thickness ,  compressive s-Lrength, and s t r e s s  l e v e l s  are the  most; 
important parameters that; a f f e c t  t he  a b i l i t y  of concrete s t r i ic tures  t o  

w i t  hs -Land m i s  s i l e  penetrat ion.  

on the  o v e r a l l  design loads, such as the  s t a t i c  loads,  shock-wave loads,  

and t h e  general  e f f e c t s  of t he  p r o j e c t i l e  iulpact;. The walls should. be 

designed s p e c i f i c a l l y  t o  withstand the  e f f e c t s  of t h e  p r o j e c t i l e  impact 

only i f  the  impact w i l l  g r e a t l y  increase the  s t r e s s  l e v e l  i n  the  s t r u c -  

tu re .  The response o f  t h e  s t ruc- ture  t o  impact, however, should be s tud ied  

t o  in su re  t h a t  even i f  the p r o j e c t i l e  does not per fo ra t e  the s t r u c t u r e  the 

o v e r a l l  e f f e c t s  w i l l  no t  cause f a i l u r e  a t  some o ther  po in t .39  

Re i n f  o r  cement should be based pl̂  i m a r  i l y  

6 , 2  Methods t o  Control. Spal.l.ing 

Pro jectile-pl-oduced f r o n t  a.nd back face  s p a l l i n g  of concrete s t ruc -  

t u r e s  can a l s o  generatx? dangerous mis s i l e s .  If a concrete wal l  cannot be 

designed t o  prevent back face  spal.l.ing, a cover p l a t e  can be at tached t o  

preveni  damage from f l y i n g  spalls. Stee l  a n t i s p a l l  p l a t e s  must be t i e d  

t o  the  concrete by s t rong ly  welded lugs  o r  heavy b o l t s  a t  f requent  i n t e r -  

va l s .  

enough to cause ant, ispall  p l a t e s  welded d i r e c t l y  t o  shear s t e e l  to f a i l  

over a la,rge area and thus make the  p l a t e  a p o t e n t i a l  miss i le .  A very 

strong1.y a t tached  p l a t e  adds up to abou-t lO$ t o  the  perfora-Lion r e s i s t ance  

of a concrete slab. Spa l l  p l a t e s  can a l s o  be a t tached  t o  %he f r o n t  sur- 

face io reduce f r o n t  s p a l l s  and t o  add t o  the  p r o j e c t i l e  pene t ra t ion  re -  

s i s t ance  of the  s t ruc tu re .  

Tests43?44 have shown that; the  shock from deep pene-Lration i s  

Blast mats, which a r e  woven mats of  stee!. cable o r  manila rope, have 

been used by o ther  i n d u s t r i e s  during b l a s t i n g  operat ions and aroirnd haz- 

ardous pressure vesse1.s t o  s t o p  miss i les .  Urifortimately, t he re  a r e  no 

ra t iona l .  methods f o r  q u a n t i t a t i v e l y  estimtimg the  e f f ec t iveness  of these  

m a t s .  17 
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7. CONCLUSIOTJS ANU RECOMBENDATIONS 

7.1 Vessel Rupture 

It was not, thbe i n t e n t  of t h i s  review t o  a s ses s  the  ci-edibil i . tg of 

r eac to r  pressure  vessel. rupture .  Howeve:t, i f  t he  rupture  of the ina.in 

ves se l s  were considered a c red ib l e  accident ,  i t  would be necessary t o  

consider. t he  l a r g e  moun t s  of energy t h a t  would be released.  The con- 

tainment striuctures would. have t o  be designed t o  withstand bo.th t,be dy- 

namic e f f e c t s  o f  shock waves and the impacts from miss i l e s  generated,  by 

t h e  ves se l  rupture .  9 2  

The energy t h a t  would be del ivered t o  fragments, o r  pieces ,  of the 

primary vesse l  i f  it ruptured would be est imated by using Eq. 

t he  t o t a l  energy being equal t o  the  change i n  znthalpy of the  f l i i id  for  

an i s en t rop ic  expansion process t o  ambient pressure.  IS a l e s s  conserva- 

t i v e  est imate  were des i red ,  d a t a  on the  rupture  processes would have to 

be gathered. 

(20 ) ,  with 

The l i m i t i n g  of motions and s t r e s s  l e v e l s  of components i n s ide  the  

containment structiure is ,  o f  course, e s s e n t i a l  t,o reducing the p o s s i b i l i t y  

of mis s i l e  generat ion from nonpressurized components. Therefore, i f  ca ta -  

s t rophic  pressure ves se l  f a i l u r e  were considered c red ib le ,  complet,e dy- 

namic analyses  would be required f o r  a l l  components i n  poss ib le  paths  of 
shock waves. Since there  are few on the  fluid expansion proce~ss 

during the  rupture  of  a pressure  ~ e s s e l  Tontaining high-pressure water 

a t  t h e  s a t u r a t i o n  temperature, t he  energy s to red  i n  t he  vesse l ,  should be 

assumed t o  give an eqpivalent  TNT type of explosion, and the  irr?pul.se de- 

Livered t o  posstble mis s i l e s  generated by the  shock wive and. t,o the  con- 

t,ainment, s t r u c t u r e  should be ca l cu la t ed  on t h i s  basis. 

7 . 2  Mj-ssilcs 

Designers must c a l c u l a t e  t h e  e f f e c t s  of m i s s i l e s  generated by other  

credible mechanisms ConservatLve v e l o c i t i e s  f o r  <j e t -proyel led m.rissil.es 

e m  be ca.lcul-a,ted without knowing the  -Lrue expansion processes that  
cause the acce le ra t ion .  Thts t y p e  of ca , lculat ion i s  s u i t a b l e  f o r  small 
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miss i les ,  but  f o r  l a r g e  mis s i l e s  t h e  conservatism may be too  gres-i;. Ad- 

d i t i o n a l  research i n  t h i s  f i e l d  w i l l  be  rieeded t o  develop accurate  equa- 

tions. 

Test ing Stat ion2 '  a r e  examples of t h e  research needed. 

The je t -propel led  mis s i l e  t e s t s  being done a t  t h e  National Reactor 

The e f f e c t s  of j e t  forces  from an unrestrained pipe rupture  could 

t u rn  one of the  primary components i n t o  a large miss i l e  that might s e r i -  

ously damage the  containment s t ruc thre .  Piping should be designed SO 

t h a t  whipping ac t ion  cannot take  place,  o r  a struc-Lural b a r r i e r  should 

be placed 'oetween the piping and any equipment 7.1; might damage. All  

pipes  t h a t  penetrate  the  containment s t ruc tu re  should have cons t ra in ts ,  

both on Lhe ins ide  and the  outs ide of the  s t ruc tu re ,  t o  prevent movement 

so t h a t  the  containment b a r r i e r  w i l l  not be violated.  

A complete ana lys i s  of a l l  mTssl.les ?;hat can be generated by t h e  

f a i l u r e  of a piece of r o t a t i n g  equipment should be conducted wi-th e x i s t -  

ing  techniques, and a missj-le map should be drawn to  show t r a j e c t o r i e s ,  

v e l o c i t i e s ,  masses, and f i n a l  pos i t ion  s o  that, equfpment can he protected.  

There seem t o  have been no de ta i l ed  s tud ie s  of  miss i les  from equipment, 

such a s  coolant,  feedwater, o r  r ec i r cu la t ion  pimps t h a t  t u rn  a t  f a i r l y  

high r a t e s  of speed (-1200 rpm). 

7.3 Pene-tratiion and Perforat ion Formulas 

Most of the  pene t ra t ion  o r  per fora t ion  formulas f o r  concrete and 

s t e e l  were derived empirically by m i l i t a r y  designers f o r  b u l l e t s ,  a r t i l -  

l e r y  she l l s ,  bombs, e t c .  The ranges over which these Porniulas ca,n be 

used a r e  l imited,  and -the p r o j e c t i k s  used i n  the  t e s t s  were always long 

narrow cyl inders  with ogival  noses designed e spec ia l ly  f o r  maximum pene- 

t r a t i o n  of comparatively t h i n  t a rge t s .  Since the  rniss.i.l.es t h a t  would be 

generated i n  nuclear  reac tor  accidents ,  i n  general ,  would be rough f rag-  

ments nol; designed f o r  penetrat ion,  use of  the mil . i tary formulas should 

give conservative resulbs. However, large fragments from f a i l e d  tu rb ims  

and o ther  heavy equipment and possible miss i les  from a i r c r a f t  acctdents  

a re  outs ide  the limits of tine forxnu.1.a.s. 'The modified Petry formula, tile 

most comnonly used concrete-penetration formula, i s  the  l e a s t  conservative 
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of those ava i lab le ,  The formulas of the Rallis1,Ics Research Laboi-atmies, 

the National Defense Research Commi.ttee, and the  A r m y  Corps of Engineers 

give b e t t e r  r e s u l t s  but  are s t i l l  unsa t i s fac tory  f o r  t he  1arger mis s i l e s ,  

There a re  no formulas ava i lab le  t h a t  a r e  spec i f ica l l j .  f o r  u s e  with 

prestressed-  o r  posttensioned-concrete s t r i ic tures  e Whc ther o r  not the  

formulas developed f o r  reinforced-concrete s t ruc tu res  a w  adequate and/or 

conservative has not  been experimentally determined. 

ing  research w i l l  be required t o  develop adequate penetratiori  formnlas f o r  

the  range of possible  missile generation accidents  postulated f o r  l i g h t -  

water-cooled reac tors .  

Fundamental engineer- 

7.4 Present Design Philosophy 

The s t r u c t u r a l  p ro tec t ion  aga ins t  miss i les  present ly  designed i n t o  

reac tor  containment systems i s  that; provided by t h e  4 o r  5 ft of re inforced 

concrete used f o r  b i o l o g i c a l  shielding.  This would o f f e r  adequate protec-  

t i o n  aga ins t  small miss i les ,  but  it might not be adequate f o r  protect ion 

aga ins t  t h e  more massive m i s s i l e s  generated by a f a i l e d  turb ine  yotor, a 

ruptured pressure vessel ,  a n a t u r a l  d i s a s t e r ,  o r  a commercial a i r c r a f t  

accident .  Present  design philosophy i s  t o  consider such miss i les  as in -  

c red ib le  and t h e r e f o r e  outs ide  the design requirements of t he  p lan t .  

7.5 Handbook 

There i s  no one document o r  c o l l e c t i o n  of documents with which t o  

compare the methods of ana lys i s  c u r r e n t l y  i n  use f o r  miss i les  t h a t  might 

occur i n  l ight-water-cooled reac tors .  The present discussion i s  based 

l a r g e l y  on personal communications with manufacturers, because there were 

r e l a t i v e l y  few documents ava i lab le  f o r  reference.  A handbook f o r  miss i le  

ana lys i s  i n  l ight-water-cooled reac tors  should be assembled as a j o i n t  

e f f o r t  between the  manufacturers arid the AEC. Such a handbook would f i l l  

gaps i n  the  present  s t a t e  of the a r t  and lead t o  b e t t e r  techniques than 

those c u r r e n t l y  used. 



58 

1. 

2. 

3 .  

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11 e 

12. 

13. 

P. M. Wood, A Study of Possible Hlast  E f fec t s  from Vessel Rupture, 
USAEC Report ORNL-CF-54-12-100, Oak Ridge National Laboratory, 
Dec. 14, 1954. 

A l c o  Products, Inc., Hazards , m a r y  Report f o r  the  Army Package 
Power Reactor, USAEC Report APAE-2, July 27, 1955. 

F. R. Porzel,  Design Evaluation of  BER (Boiling Experimental Reactor) 
i n  Regard t o  In t e rna l  Explosions, USaFC Report AJ!TL-5651, Armour Re- 
search Foundation o f  I l l i n o i s  I n s t i t u t e  of  Technology, January 1957. 

W. E. Baker and J. D. Patterson, 11, B l a s t  h’ffecis Tests  of R One- 
Quarter Scale Pkdel of the  A i r  Force Nuclear Engineering Test Reac-- 
t o r ,  BRL Report No. 1011, Ball.isLic Research T-aboratories, March 1956. 

D. H. Asire, Contalnment of a Nuclear Power Excursion i n  the  A i r  Force 
Nuclear Engineering Test Reac Lor, Report USAWIT-’TT1-58-12, Air Force 
I n s t i t u t e  o f  Technology, Wright-Patterson A i r  Force Base, March 1958. 

W. McGulre and G. I?. Fisher,  Report on Containment Studies of the  
Enrico Fermi Atomic Power Plan-t f o r  Power Reactor Development Corn- 
pany, Inc. ,  &y 1959. 

W e  McGuire and G. P. Fisher,  Containment Studies for an Atoudc Power 
Plant,  J. Power Dlv., Proc. ASCE, June 1960. 

I_ 

W. R. Wise, Jr., J. F. Proctor,  and L. P. Walker, Response of Enrico 
Fermi Reactor t o  TNT Simulated Nu-clear Accidents, Report NOLTR 62-207, 
United States Naval 0-t.dnance Laboratory, Nov. 13, 1964. 

W. Y. Kato, G. J. Fischer, and L. R. Dates, Safe-ty Analysts Report 
Argonne Fast  C r i t i c a l  F a c i l i t y  (ZPR-VI) , TJSKEC Report Am-6271, 
Argonne National Iaboratory,  December 1963. 

A. J .  FIofflnan and S. N. Mills, Jr., Air ?Last Measurements Abou-t Ex- 
plosive Charges a t  Side-On and N o r m a l  Incidence, HRL Report No. 988, 
B a l l i s t i c  Research Zaboratories, Ju ly  1956. 

Air Force Design Mmual, f i i n c i p l e s  arid Prac t ices  for Design of 
Hardened Structures ,  Report AFSWC-TDR-62-138, December 1.962. 

€1. C. Br’owne, H. €Eleman, and 1,. C. Weger, Earl-icades for High Pres- 
sure Research, Ind. Eng. Cheni., 53 (10) : 52A--58A (October 1956). 

R. PI. Porter ,  P. A. To’oo, and C. M. Sliepchtch, Design and Construe- 
. t i o n  of Barricades, Ind. Eng. Chem., 45:  84-1-446 (Nay 1956). _ - - ~  



59 

14. P. R. ALvj, Design of Pressure Vessels and E p t n g  Containing Explo- 
sive Mixtures, R o b e s  & Narver, %ne., 1957. 

15. J. F. Proctor,  Explosion Containment fo r  Nuclear Reactor Vessels, 
Nucl. Safety, - 7 ( 4 )  : 459468 (3mner 1966). 

Nuclear Reactor Vessels, Rep0r.t NOLI! 63-1.40, United :Xates Naval 
Ordnance Laboratory, Aug. 16, 3 965. 

16. W. R. Wlse, Jr , ,  and J. F. Proctor-, Explosion Cont,ainmeat, Laws for 

17. 

18. 

19. 

20 * 

21 * 

22. 

23 e 

24. 

25. 

26. 

27. 

C. V. Wore,  The Design of Barricades f o r  Hazardous Pressure Systems, 
USAEC Report KAFZ-M-64.46, Knolls Atomic Power Laboratory, Feb. 5, 
1945. 

W. E. Baker and R. R. Mills, Jr., Evaluation of  Shock and Missile 
Hazards from a Bursting Pressure Vessel, Report Acu: ER-3192, Air- 
c r a f t  Armaments, Inc. ,  August 1963. 

W. E. Baker, R. Mills,  Jr.,  and T. G. Stastny, Addendum t o  Report 
AAI ER-3192, Evaluation of Shock and Missi le  Hazards from a Bursting 
Pressure Vessel, Report AAI E:R-3192A, A i rc ra f t  Armaments, Iric. , 
October 1963. 

C. E. Muzzall (Ed. ), Cornpendium of Gas Ailtoelave Engineering S u d i e s ,  
USAEE Report Y-1478, IJnion Carbide Corpora t b n ,  Nuclear Division, 
Nov. 2, 1964:. 

G. Horvay, Blowout of t h e  F l a t  End of a Hydraulically Pressurized 
Pressure Vessel, Nucl. Eng. Design, 4 :  61-82 (Mar. 4 ,  1966). 

W. S. Gibbons and 3. D. ackney ,  Survey of  Piping Fa i lures  f o r  t he  
Reactor Primai-y Coolant Pipe Rupture Study, U S M C  Report G W - 4 5 7 4 ,  
General E l e c t r i c  Company, Miiy 1964. 

T. X Dahl, Effec t s  OS Airc ra f t  Impingement or1 F.eact.or Contalnmnents, 
Jackson and Moreland Division, United Engineers and Constructors, 
Inc. ,  Sept. 20, 1966, unpublished information. 

R. P. Kennedy, EfSeets of ai1 Ai rc ra f t  Crash i n t o  n Concrete lieactoor 
Containment Wiildirig, Holmes & Narver, Inc. ,  J u l y  1966. 

W. 13. C o t t r e l l  and A. W. FBvolainen (MS. ), U. S. Reactor. Containment 
Technology, USAFX Report ORNI;-NSIC-5, Ch;,-pt, 6, Oak Ridge Watiorial 
Laboratory, August 1965. 

J. H. Perry (Ed. ), Chemical Engineers Ihnclbook, M c G r a w - I f Y t l ,  brew 
York, 1950. 

I 

J. S. D o o l i t t l e  and A. H. Ze~ban, Engineering Thermodynamics, - In t e r -  
na t iona l  Textbook, Scranton, PeniisyLvania, 1964. 



28. 

29. 

30. 

31. 

32. 

33. 

34. 

35. 

36. 

37. 

38. 

39. 

40 f 

41. 

42. 

4.3. 

J. H. Kennan, Thermodynamics, Wiley, New York, 1948. 

Le t t e r  from Teo. J. Finnegan, S ta f f  Engineer., Enginerring and Test 
Branch, At0mj.c Energy Division, P h i l l i p s  Bt ro leum Company, National 
Reactor Testing Stat ion,  t o  R. C. Gwaltney, ORNI,, Jan. 10, 1967, 
subjec t :  Missile Velocity Equations. 

F. P. Beer and E. R. Johnston, Jr., bkchanics  f o r  Et~gineers, McGraw- 
HIl.L, New York, 1957. 

R. Week, B r i t t l e  Fracture of a Thick-?Jailed Pressure Vessel, B r i t i s h  
Welding Research Association Bullet in ,  7 ( 6 )  : 149-178 (June 1 9 . r  

T. E. Sterne, A Note on the  I n i t i a l  Veloc i t ies  of  h iagmnts  from 
Warheads, RRL Report 648, B a l l i s t i c  Research Laboratories,  Sept. 2, 
1947. 

li. W. Gurney, Velocity and Range of Fragments from a hkrstiag G u n ,  
BRL Report 563, B a l l i s t i c  &search Taboratories,  Am, 28, 1946. 

W. T. Shith,  Hazards Pertaining t o  the  Converted Thlrty-Inch Pressure 
Vessel, Part 1 OS Compendium of G a s  Autoclave Engineering, ed i t ed  by 
C. E. Muzzal.1, USAEC Report Y-1478, Union Carbide Corporation, Nuclear 
Division, Nov. 2, 1964. 

H. Rouse and J. W. Howe, Basic Meciiantcs of  Flu.id.s, Wiley, New York, 
1958. 

-^ --I 

W, Goldsmith, Impact, Edward Arnold, Ltd., London, 1960. 

F. Holik, Portions o f  Tra i t e  de Balis t6Lque Experimentale, NOTS-TM- 
Rl?R-75, U. S. Naval Ordnance Test Stat ion,  Inyokern, Cal i fornia ,  
May 1, 1950. 

M. Kornhauser, ,Structural  Ef fec ts  of k p a c t ,  Spartan, Baltimore, 
Maryland, 1.960. 

F. J. Simuely and C. W. Hamann, Civ i l  f i o t e c t i o n ,  The Architectural  
Press,  London, 1933. 

A. Amirikian, Desigfi of Protect ive Structui-es, Report NP-3726, Ihireau 
of Yards and. Docks, Department of the  Navy, August, 1950. 

C. R. Russell, Reactor Safeguards, MacMillan, New York, 1962. _- 

I e t t e r  from W, E. Baker, Ivhnager, Engineering DyLiairLcs See tion, 
,Southwest Research bnsti.t,ixi;e, t o  €3. C. Gwaltney, ORNL, Nov. 4, 1966, 
subjec t  : Missile Penetmt ion  and Damage L i t e ra tu re  =arch.  

Fundamentals of e o t e c t i v e  Design, Report AT1207821, Army Corps of 
Engineers, Office of  the  Chief of Engineers, 19L4. 



61 

44 

45. 

46. 

47. 

48. 

49. 

50. 

51. 

52. 

53. 

54. 

55. 

56. 

National Deferise Research Committee, Ef fec th  or̂  Iripnc-t and Fxplosion, 
Summary Technical Report of Division ,?? Vcllivl-e I, Washington, D.C. ,  
1946. 

R. W. White and N. €3. Botsford, Contair-cnient of Fk-agrnents from a R m -  - 
away Reactor., Report SRIA-113, ,%anford Research I n s t i t u t e ,  S q t .  15, 
1963. 

R. F. Recht and T. W.  Ipson, B a l l i s t i c  Per fora t ion  Eynaraics, J. Appl. 
&eh. , 30: 384-390 (September 1963). 

G. D. Whitman, G. C. Robinson, Jr., and A. W. SavoI.aiiien (Eds .  ) 
Design of Nuclear Pressure Vessels, Chapter 6, pp. 2 8 2 4 2 9  i n  Tech- 
nology of Steel Pressure Vessels f o r  Water-Coded Nuclear Reactol-s $ .. 

USAEC Report OKNL-NSIC-21, Uak Ridge National Laboratory-, December 
3-96". 

E. C. -Miller, m e  I n t e g r i t y  of' Reactor Vessels, USAXC Report. Om-L- 
NSIC-15, Oak Rjdge National Laboratory, May 1966. 

W, A. Irvirie,  A. Quirk, and E. bevitt , ,  Fast Fracture  of Pressure 
Vessels : An Appraisal of Theoret ical  and Experirnental Aspects and - - 
Application t o  Operational. Ekfety, J. B r i t .  Nucl. Energy &c., 
pp. 31-48, January 1764. 

E. Revi t t ,  A. C O W ~ ~ ,  and A .  L. Scot t ,  Fa i lu re  Tests on Cyl indr ica l  
Steel Vessels Containing Axial Faults, J. B r i t .  Nucl.. Energy Soc., 
pp. 16-30, January 1964. 

R. W. Nichols, Prevention of' Catastrophic Fa i lure  i n  S t ee l  Bessure 
C i rcu i t  Components, N u c l .  Eng., pp. 369-373, May 1966. 

T. Tagami, Inter im Report on Fafety Assessment and F a c i l i t i e s  Estab- 
l ishment Pro jec t  i n  Japan for Period Ending June 1965 (No. 1). 

Let t e r  from Id. E. Baker, Nmager, Ergineering Dynamics &%ction, %- 
partment of Mechanical Sciences, %utliwest, Researr91 L n s t i  tlute, t o  
R. C. Gwaltney, OXNL, O c t .  2'7, 1966, subJec t :  Discussion P ~ ~ p e r  on 
Mlissile Generation and Protect ion.  

G. F. Kinney, Explosive Shocks i n  Air, pp. 7.5--77, &cMri.I.l.an, New Yol-k, 
1962. 

W. Doering and G. Burkhardt, Contributions t o  the Tiiec-)ry of Detona- 
t i o n  ( t r a n s l a t e d  from the  Geman as Tech. liep. No. F-TS-1227-2A3 
CDAM A7-T-4G), Wright-Patterson A i r  Force B,zse, Ohio, WAY l9L3. 

W. E. Baker, The Response of Containment S-triActures t o  Transieni, 
Pressures Caused by Nuclear Reactor Runaway, Progress i n  PTuclear 
Energy, Ser ies  N, Technology, Engineering, and &fei.,y, Vol. 5, 
pp. 581-599, Perganzon Press, Loridon, 1963. 



62 

57. J. F. Proctor,  Adequacy of Explosion-Response Data i n  Estimating 
Reactor-Vessel Damage, Nucl. Safety, 8 (6) : 565-571 (November-December 
1967).  

58. G. 17. Warren and T. W. Rice, An Assessmeni of Rcactor 3 i f e t y  Modeling 
‘Techniques Eased on the  Accidciit t o  the  SL-1 Boiling Water Reactor, 
B r i t i s h  Heport AWlN R-3/65, United Kingdom Atomic Energy Authority, 
August 1965. 

59. G. Tnng, Expl.osions of Molten Aluminum in Water - Cause and Preven- 
t i o n ,  Metal Yrogr., 71: 107-13.2 (May 1957). 

60. 

61. 

62. 

63. 

64 

65. 

66. 

67. 

68. 

W. Nelson and E. H. Kennedy, Nha-t Causes Kraft  Dissolving Tank Explo- 
sions, Reprint from the  Paper Trade Journal.. - 
D. G. R a r c e ,  D. L. Ward, and P. Hayes, Liquid-Iiydrogen Explosions 
i n  Containment Vessels, B r i t i s h  Report AERE-R 4584,, Unlted Kingdom 
Atomic Energy Amthority, February 1966. 

‘I?. H. Pigford, Explosion and netoilation Propert ies  o f  Mixtures of 
Hydrogen, Oxygen, and Water Vapor, USMC Report O&i-1322, Oak Ridge 
National Laboratory, Aug. 14, 1952. 

U.S. Atomic Energy Commission, The Study of Missi les  Resul t ing from 
Accidental Explosions, A Manual f o r  Inves t iga tors ,  AEC Safety and 
F k e  Protec-tion Bil l le t in  No. 10, pp. 34-35, firth 1966. 

W. D. Kennedy and E. T. Rmce, A i r - B l a s t ,  MeasuremenLs on Pressed 
and Cast High Explosives i n  Service Use, Report NAVORD 98-46, Unj.l;ed 
Sta t e s  Naval Ordnance Laboratory, November 1946. 

€1. J. Goodman, Compiled Free-Air Blast  Data on Bare Spherical  Pento- 
l i t e ,  BRL Report 1.0532, l h l l . i . s t i c  Hesearch Laboratories,  February 1.960. 

R. J. k r s o n  and W. Olson, Measurement on A i r  B las t  E f fec t s  from 
Sirrtu.lated Nuclear Iieactor Core Excursions, BIiL Memorandum Report 11.02, 
B a l l i s t i c  Research Laboratories,  September 1957. 

D. W. Boyer, 11. L. Brode, 1. I. Glass, and J .  G. Hall, B l a s t  from a 
Pressurized Sphere, UTIA Report No. 48, Universi ty  of Toronto, January 
19%. 

P. K Wood, A Study of  Possible  Blast  Effects from HlU‘ Pressure Ves- 
sel Rupture, USAEC Heport ORNTj-CF-54-12-100, Oak Ridge National Labo- 
ra tory,  Dee. 14J 1954. 

E. A, Brown, Experiments on the  Explosive Decompression of Water, 
Report ARF-4132-9, Armour Research Foundation of I l l - i n o i s  I n s t i t u t e  
of Technology, November 1959. 



63 

70. 

71. 

72. 

73. 

74. 

75. 

76. 

77. 

78. 

79. 

80. 

tJa P. Weber, J .  Sav i t t ,  J. Krc, and 11. C. Brovne, Iktonatior? W s t s  
Evalliating High Pressure Cells, IndB Eny. Chein. 53(11) : 1 2 9 A - l 3 3 A  
(F$ovember 19G1). 

R. C. Gwaltney, Blast  I ies is tant  Design, Part 2 of Compeizdiim of Gas 
Autoclave Ii;ngineeri.ng Studies, ed i t ed  by C. E. Muzzadl, US,GC: Report 
Y-1478, Union Carbide Corporation, Nuclear Division, Wov. 2, 1.964. 

J. N. MacDuff and J. R. Currer i ,  Vibration Control., M c : G ~ a x ~ - W i l l ,  
New York, 1958. 

I n d u s t r i a l  Engineering Study t o  Es tab l i sh  Ehifety Design Cr i te r ia  f o r  
U s e  i n  Engineering of Explosive F a c i l i t i e s  and Operations, Wall Re- 
sponse, Report AD-4ll445, Picat inny Arsenal, April  1943. 

H. A. Bethe e t  al., Blast Wave, TJSAEC Report IA-2000, Los A7.amos 
S c i e n t i f i c  k b o r a t o r y ,  i%r. 27, 1958. 

I. '13. Zeldovich and A. S. Kompaneets, Theory of Detonation, Academic 
Press, New York, 1960. 

R. H. Cole, Underwater Explosions, Dover, New York, 1.965. 

R. Meyer, Facts You Should Know About Water Ifealxrs, Family 3iC;IT êty, 
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