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. 
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ABSTRACT 

Based on a consideration of t he  laboratory environment 

and on the  phys ica l  c h a r a c t e r i s t i c s  of high f i e l d  magnet c o i l s  

and of humans, some hazards and sa fe ty  precautions concerning 

steady s t a t e  magnet systems a re  discussed. 

I .  INTRODUCTION 

There i s  reason t o  consider the  safe laboratory use of high f i e l d  

magnet c o i l s  simply because the number of R&D personnel and the  use of 

magnetic f i e l d s  continue t o  grow. 

use of high f i e l d s  s a t i s f i e s  the  conditions which a re  s t a t i s t i c a l l y  

conducive t o  severe i n j u r i e s :  unusua1,nonroutine work; nonproduction 

a c t i v i t i e s ;  and sources of high energy. 

A more bas i c  reason i s  t h a t  l abora tory  

1 

I n  R&D, ne i the r  the  work nor the sa fe ty  precautions can be successfu l ly  

pursued by r o t e  or by following p resc r ip t ions  l a i d  down by someone unfamiliar 

with the  circumstances. 

t he  phys ica l  system. Therefore, t he  next s ec t ion  introduces some of the  

bas i c  p rope r t i e s  of magnet c o i l s .  

Both must r a the r  be based on an understanding of 

* 
Research sponsored by the  U . S .  Atomic Energy Commission under cont rac t  

with the  Union Carbide Corporation. 
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11. TECHNICAL BACKGROUND 

We a re  considering systems with f i e l d  s t rengths  high enough t h a t  

the  augmentation due t o  i ron  would not be la rge ,  and the  simplest  magnet 

type i s  a s ingle  a i r -cored c o i l  o r  "solenoid." The c o i l  might, f o r  

example, be composed of s p i r a l l y  wound "pancakes" stacked on a common 

axis. Figure 1 shows a model pancake having an i n t e r n a l l y  cooled copper 

conductor. The conductor could a l so  have been a f l a t  s t r i p  with cooling 

a t  the  edge of t h e  conductor, a common arrangement i n  superconducting 

c o i l s .  In  e i t h e r  case,  a plane containing the c o i l  axis cu ts  t he  c o i l  

winding as shown i n  Fig.  2b. If one des i r e s  r a d i a l  access t o  the  c o i l  

bore, a mirror  f i e l d , o r  a cusp f i e l d ,  then a p a i r  of c o i l s  may be used 

(Fig.  2 c ) .  

winding ( r i g h t  s ide )  o r  by a s e t  of d i sc re t e  c o i l s .  In  every case,  the  

A t o r o i d a l  f i e l d ,  Fig.  2a, may be produced by a smooth 

c o i l  produces a t  any poin t  i n  space a f l u x  dens i ty  B which i s  propor t iona l  

t o  the  current  and ( f o r  r e s i s t i v e  c o i l s )  t o  t he  square root  of the power. 

A s  indicated below, the  c o i l  windings experience forces  which a r e  propor- 

t i o n a l  t o  B . The d i r ec t ions  of the  magnetic forces  a re  indicated by 2 

the  s m a l l  arrows on Fig.  2 .  

A shor t  segment R of a conductor carrying a current  i n  an ex te rna l  

magnetic f i e l d  experiences a magnetic force  F whose d i r ec t ion  and 

magnitude a re  given by the vector  cross product 

- - - -  - I x B .  F 
R 

Considering the perpendicular component only, 
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(When u n i t s  a r e  not  indicated e x p l i c i t l y  or by subscr ip ts ,  RMKS i s  used.)  

From Eq. (1) and the  Biot-Savart (Ampere's) l a w  it follows t h a t  the  force  

between two p a r a l l e l  wires i s  

For p a r a l l e l  wires carrying equal  cur ren ts ,  

2 -r 

''14 , l b / i n .  , 
d in .  

F - X 0.045 - R (4) 

repuls ive i f  the cur ren ts  a r e  a n t i p a r a l l e l  and a t t r a c t i v e  if p a r a l l e l .  

Equations (2)  and (4)  descr ibe the  magnetic forces  on c o i l  leads and 

show t h a t  f o r  a mult i - turn c o i l  these  forces  a r e  moderate. However, i f  

the  lead supports a r e  not s u f f i c i e n t  and a lead begins t o  move, it may 

move so t h a t  t he  magnetic force i s  l a rge r .  I n  any case,  the  lead sup- 

po r t s  should be ca re fu l ly  considered, s ince i f  a lead t e a r s  loose while 

s t i l l  carrying r a t ed  or overload cur ren t  it can be accelerated t o  

l e t h a l  v e l o c i t i e s  as it moves across t h e  f i e l d .  

The magnetic forces  on the c o i l  winding a re  much l a r g e r  than those 

on t h e  leads,  because the c o i l  has a t  l.east severa l  tu rns ,  most of  which 

a r e  i n  the h igh - f i e ld  region r a t h e r  than i n  the  f r ing ing  f i e l d .  I n  

general ,  the  magnetic forces  a c t  t o  force the  c o i l  windings to become 

more compact and t h e  c o i l  diameter t o  enlarge.  Neighboring c o i l s  t r y  t o  

a l i g n  axes and a t t r a c t ;  c o i l s  with coincident axes and opposi te ly  d i r ec t ed  

f i e l d s  ("cusp co i l s " )  repe l .  Figure 3 gives an ind ica t ion  of t h e  magnitude 

of the forces .  B /2 P (p  = permeabili ty of a i r )  has 
2 Note t h a t  1/2 BH 

the  c h a r a c t e r i s t i c s  of a "magnetic pressure"  ac t ing  both p a r a l l e l  and 
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perpendicular t o  t h e  f i e l d  l i n e s .  Thus, one of t he  requirements f o r  

h igher  f i e l d  s t rengths  i s  a mechanical s t r u c t u r e  whose s t r eng th  goes as 

B . Also, as i n  a pressure vesse l ,  increasing the  diameter of the  c o i l  

increases the  load on the  s t r u c t u r e .  Figure 4 shows a s t r u c t u r e  con- 

2 

t a in ing  s i x  superconducting c o i l s :  fou r  r ace t r ack  c o i l s  and two mirror 

c o i l s . *  

loads t h a t  a spec ia l  high-strength s t e e l  w a s  requi red .  

Even though the  c o i l  cases a re  massive, they c a r r y  such high 

When t h e  f i e l d  of t h e  c o i l  i s  changed, e i t h e r  on purpose or by 

accident,  t he  changing f l u x  w i l l  produce eddy cu r ren t s  i n  nearby con- 

ducting bodies.  The magnetic f i e l d  produces forces  on the  eddy cur ren ts  

j u s t  as on normal cur ren ts ,  and i f  not considered, t hese  forces  may cause 

damage. For example, remote bodies may be moved, s t r u c t u r e s  i n  t h e  c o i l  

bore may be collapsed (or  overheated), and metal dewars may be expelled.  

I n  addi t ion  t o  any eddy cur ren t  forces ,  a ferromagnetic body w i l l  

experience a magnetic force  propor t iona l  t o  the  f i e l d  grad ien t ,  and t h i s  

force  tends t o  move the  body toward the  s t ronger  region of t he  f i e l d  

where the  force  would usua l ly  be s t i l l  l a r g e r .  Therefore, once a remote 

magnetic body i s  moved by the s t r a y  f i e l d ,  it acce le ra t e s  r ap id ly  toward 

the  near face  of the  c o i l .  

The magnetic pressure expression BH/2 a l s o  represents  the  energy 

per  u n i t  volume s tored  i n  the  magnetic f i e l d .  A t  high f i e l d  s t r eng ths  

t h i s  r e se rvo i r  of energy i s  qui te  l a rge ,  as ind ica ted  by Fig .  5, and 

dangerous amounts of thermal or  k i n e t i c  energy can r e s u l t  even i f  the 

t r a n s f e r  mechanism i s  i n e f f i c i e n t .  Except f o r  superconducting c o i l s ,  

one must a l s o  add the energy t h a t  might be received from the  power supply 

during a f a u l t .  
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The p o s s i b i l i t y  of vol tage breakdown must a l s o  be considered. 

Paradoxically,  t h i s  i s  more l i k e l y  t o  be troublesome with a supercon- 

ducting c o i l  than with a r e s i s t i v e  c o i l .  This i s  p a r t l y  because t h e  

superconducting c o i l  i s  l i k e l y  t o  have i n t e r n a l  i n su la t ion  which w i l l  

withstand l e s s  vol tage but  a l so  because it usua l ly  has a much higher 

inductance. A l a rge  superconducting c o i l  should be protected aga ins t  

both high induced vol tages  and excessive energy re lease  i n  the dewar, 

perhaps by a properly s ized ex te rna l  r e s i s t o r 3  ("energy durrrp") across  

the  c o i l  l eads .  

Figure 6 i s  meant t o  give a f e e l  f o r  high f i e l d  magnets by displaying 

some descr ip t ive  data f o r  four  qui te  d i f f e r e n t  systems. The f i r s t  column 

of d a t a  pe r t a ins  t o  the  l a rge  water-cooled magnet of Fig.  7, a c o i l  

p a i r  whose mechanical s t ruc tu re  i s  s t rong enough t o  r e s t r a i n  the  repuls ive  

force  (860,000 lb )  of cusp operat ion.  The second column of Fig.  6 i s  

f o r  the c o i l  shown p a r t l y  assembled i n  Fig.  8, i n  which each pancake i s  

composed of 12 separate  water paths  f o r  b e t t e r  cooling. The t h i r d  column 

descr ibes  the  T\sb Sn superconducting c o i l  shown i n  Fig.  9. The c o i l  has 

s t r i p  conductor wound i n t o  pancakes, and the l i q u i d  helium c i r c u l a t e s  
3 

by n a t u r a l  convection through s l o t t e d  spacers between pancakes, thus 

cooling the edges of the  conductor. The four th  column of Fig.  5 r e f e r s  

t o  a t o r o i d a l  device ca l l ed  ORMAK whose f i e l d  i s  produced by 56 copper 4 

c o i l s  with l i q u i d  ni t rogen coolant .  The torus  i s  r a t h e r  fa t ,  so t h a t  

the  maximum f i e l d  of 36 kG i s  considerably l a r g e r  than the on-axis f i e l d .  

The c o i l  current  i s  pulsed (pulse  length M 1 1/2 sec) approximately once 

every 10 min. 

The da ta  of Fig.  6 i s  by no means complete, and the  four selected 

f i e l d  systems themselves do not span the whole range of high f i e l d  magnets, 



6 

but  the v a r i a t i o n  i n  the data i l l u s t r a t e s  t h a t  not a l l  magnets a re  

hazardous i n  the  same way. Each proposed system should be scanned with 

a f r e s h  and systematic eye t o  de t ec t  poss ib le  modes of f a i l u r e  and t o  

minimize t h e i r  p r o b a b i l i t i e s  and consequences of occurrence. 

111. COMMON HAZARDS 

One common hazard i s  the r i s k  of s t r u c t u r a l  f a i l u r e ,  perhaps brought 

about by increased forces  due t o  over-currents or t o  mechanical i n t e r f e r -  

ence due t o  d i f f e r e n t i a l  thermal cont rac t ion .  However, i n  the example 

of Fig.  10 it w a s  simply a case of the c o i l  spool piece not r e s t r a in ing  

i t s  ra ted  load and completely f r ac tu r ing  across  three  p a r a l l e l  planes.  

The p o s s i b i l i t y  of the f a i l u r e  of e l e c t r i c a l  i n su la t ion  i s  always 

a t h r e a t ,  and such f a i l u r e  may be i n i t i a t e d  by mechanical as we l l  as 

e l e c t r i c a l  s t r e s s .  Figure 11 i s  a postmortem photo of the c o i l  described 

by Figs.  6 and 8. 

i s  considerable evidence of arcing,  overheated insu la t ion ,  vaporizat ion 

of  conductor, and loss of coolant .  I n  t h i s  p a r t i c u l a r  case it a l s o  

happened t h a t  t he  cur ren t  i n  p a r t  of t he  tu rns  a t  each end of t h e  c o i l  

w a s  reversed by the  f a u l t ,  thus  reversing the  fo rce  and moving these 

tu rns  inward across the bore of the c o i l .  The appearance of the  o ther  

end of the c o i l  i s  remarkably similar t o  Fig.  11. 

A s  might be expected i n  an e l e c t r i c a l  f a i l u r e ,  there  

Figure 12  shows a superconducting c o i l  which f a i l e d  by repeated 

arcing as it and i t s  enveloping c o i l  were dr iven normal severa l  times 

without proper pro tec t ion .  The burned area  extended r a d i a l l y  through 

both c o i l s ,  and they had t o  be completely rewound. Fortunately,  most of 

the conductor w a s  salvageable.  

. 
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The loss  of coolant flow through any p a r t  of the  c o i l  may a l s o  cause 

f a i l u r e .  Figure 13 shows a c o i l  with the  small  p iece  of rubber sheet 

t h a t  l a rge ly  blocked one water passage and caused it t o  overheat. A 

s t r a i n e r  was i n  place immediately upstream of the c o i l  header; unfor- 

t una te ly  "immediately" was far enough t h a t  t he  piping could be opened 

between the  c o i l  and the  s t r a i n e r ,  and i n  one such instance a piece of 

gasket ma te r i a l  entered the system. 

It should be emphasized t h a t  none of t h e  c o i l  f a i l u r e s  mentioned 

above placed any personnel i n  danger. The c o i l s  themselves were damaged 

extensively,  but a l l  the  violence was contained within the  magnet 

enclosures . 
Other hazards e x i s t  which do not involve f a i l u r e  of the  c o i l  i t s e l f :  

The f i e l d  may cause forces  on experiments placed within the  c o i l  bore,  

the s t r a y  f i e l d  w i l l  i n t e r a c t  with any neighboring ferromagnetic body 

and the  time-varying f i e l d  w i l l  produce hea t  and forces if conductive 

bodies a re  nearby. Current leads and connectors may move or  become 

separated.  The operation of t he  c o i l  may involve a megawatt power supply, 

h igh  pressure coolant system, force  s t r u c t u r e s  a t  cryogenic temperatures, 

and even l i q u i d  hydrogen; and none of these  becomes l e s s  dangerous merely 

because we f i x  our primary a t t e n t i o n  on t h e  c o i l .  Since one i s  ab le  t o  

p r o t e c t  himself against  a l l  t he  enumerated hazards, probably the  most 

l i k e l y  causes of in jury  a re  i n  the  ca tegor ies  "things not considered" 

and "misconceptions." It should be poss ib le  t o  reduce the scope of those 

two ca tegor ies  by having more than one ind iv idua l  involved i n  t h e  work. 
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IV. mTMA.N mSISTANCE TO ABUSE 

Figure 14 i s  a medical c l a s s i f i c a t i o n  of i n j u r i e s  abridged from t h e  

Textbook of Preventive Medicine as quoted by Steere .  It can be used as  

an in ju ry  check l i s t .  For example, Class I1 i n j u r i e s  include suffocat ion 

and f r o s t b i t e  and should remind one not t o  loca te  a rupture  d i sk  so  as 

t o  f i l l  t h e  operator room with i n e r t  gas when it breaks.  

i n j u r i e s ,  the mechanical in jury  threshold might be taken5 as 50 j (30 f t  l b ) ,  

I n  the Class I 

although of course the  value depends c r i t i c a l l y  on the  circumstances under 

which the energy i s  del ivered.  I n  any case, the  in ju ry  threshold i s  orders  

of magnitude below the energy s tored  i n  most magnet systems (Figs .  5 and 6). 

Figure 14 does not include an i tem f o r  d i r e c t  i n ju ry  due t o  the 

presence of a magnetic f i e l d ,  and considering the present  s t a t e  of knowl- 

edge it would be inappropriate t o  do so. However, there  i s  now wide- 

spread i n t e r e s t  i n  the  e f f e c t s  of magnetic f i e l d s  on l i v ing  organisms, 

and we may hope t h a t  the e f f e c t s  on humans w i l l  be wel l  defined. Present 

work covers a very wide range of f i e l d  s t rengths ,  g rad ien ts ,  frequencies,  

and organisms. 

bad ) caused by magnetic f i e l d s ,  bu t  as ye t  inves t iga tors  have not found 

dramatic changes with p r a c t i c a l  s a fe ty  consequences analogous t o  e l e c t r i c  

shock e f f e c t s .  

6 There may e x i s t  subt le  or  long range changes (good7 or  

0 

The e l e c t r i c a l  e f f e c t s  mentioned i n  Fig.  14 are  de t a i l ed  i n  Fig.  15. 

The e f f e c t s  a r e  somewhat frequency dependent, bu t  60 Hz da t a  i s  customarily 

given because t h i s  frequency i s  both t h a t  of the power g r id  and tha t  a t  

which shock e f f e c t s  tend t o  be g r e a t e s t .  The f i b r i l l a t i o n  region, which 

i n  95% of the cases occurs f o r  an arm-to-opposite-leg cur ren t  of 80 t o  

240 mA, i s  p a r t i c u l a r l y  dangerous because the h e a r t  w i l l  not u sua l ly  

* 
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recover from t h i s  s t a t e  of random twitching even when t h e  shock cur ren t  i s  

removed. 

usua l ly  recovers if t h e  cur ren t  i s  removed before secondary damage i s  

done. 

t o  l i m i t  t he  cu r ren t  t o  t h e  paralyzing threshold of 10 mA unless t he  

voltage i s  5 V o r  l e s s .  

I n  con t r a s t ,  below 30 mA and i n  the 4 A region, the person 

Note t h a t  t he  body i n t e r n a l  r e s i s t ance  of 500 s2 i s  not high enough 

The conclusion can only be t h a t  the  unprotected human body i s  very 

f r a g i l e  i n  comparison t o  the  various hazards of high magnetic f i e l d  

sys tems . 

V. SAFETY PRECAUTIONS 

Figure 16 l i s t s  some suggested s a f e t y  precautions.  F i r s t l y ,  i n  t h e  

design o f  the  system it may be necessary i n  some areas t o  push design 

values t o  the  l i m i t ,  and i f  so one should consider a l l  f a i l u r e  modes and 

take s t eps  t o  render the  f a i l u r e s  harmless t o  humans and t o  o ther  equip- 

ment. If necessary, add such weak l inks  as rupture d isks  so t h a t  t he  

system w i l l  not f a i l  i n  a more d i sa s t rous  manner. However, t he  f a c t  t h a t  

a design must be marginal. i n  some areas  does not reduce t h e  d e s i r a b i l i t y  

of making it conservative i n  the  remaining areas .  

Secondly, a system of s a f e t y  in t e r locks  and key-operated permissive 

sequence should be designed, i n s t a l l e d ,  and checked both pe r iod ica l ly  and 

with every change i n  the  system. The checking should be by a c t u a l  attempted 

use of the system. For example, one would energize the  c o i l  a t  a very low 

l e v e l ,  shut of f  t he  coolant,  and thereby prove t h a t  the flow in t e r lock  

shuts  down t h e  system. Again, i f  t he re  a re  areas forbidden t o  personnel 

during operation, they may be caged, the cage provided with a lock which 
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w i l l  r e l ease  i t s  key ( the  only one ex i s t ing )  only when the  door i s  closed 

and locked, and t h e  key from every door i s  required t o  operate the  c o i l ;  

a check of the  permissive system would be a de l ibe ra t e  attempt t o  operate 

the  c o i l  with a cage unlocked. 

Thirdly, remove loose metal from around the c o i l .  One should be 

e spec ia l ly  c a r e f u l  about the  s u i t a b i l i t y  and r e s t r a i n t  of a l l  apparatus 

within the  c o i l  bore, t a b l e s  and other things on wheels, t o o l s  used around 

t h e  c o i l ,  and such th ings  as mechanical penc i l s  and 6- in .  metal s ca l e s  

which w i l l  f l y  out of a s h i r t  pocket i f  one bends over i n  an appreciable 

s t r a y  f i e l d .  

Fourthly, sh i e ld  personnel from the  e f f e c t s  of equipment f a i l u r e .  

A c o i l  should be enclosed i n  a sh ie ld  which w i l l  render harmless so l id  

p r o j e c t i l e s ,  steam or  cryogenic f l u i d ,  and molten metal. If poss ib le ,  

the  sh ie ld  should permit v i s u a l  inspection of t he  c o i l  while bo th  c o i l  

and sh ie ld  a re  i n  p lace .  One su i t ab le  arrangement i s  Lexan or Lucite 

sheet backed by expanded metal ( s t a i n l e s s ,  painted black f o r  b e t t e r  

v i s ion )  held by a framework of s t a i n l e s s  angles. 

F i f th ly ,  do not permit operation by a s ingle  person. Most company 

p o l i c i e s  p roh ib i t  working alone i f  t he  work involves such hazards as 

high energy mater ia l s ,  high pressure,  cryogenics, e l e c t r i c a l  equipment, 

e t c .  I n  addi t ion ,  most magnet c o i l s  i n  research and development a re  

used t o  provide a f i e l d  i n  which experiments are t o  be performed. The 

exuberant des i r e s  of the various experimenters ought t o  be r e s t r a ined  as  

necessary by a second indiv idua l  whose r e s p o n s i b i l i t y  i s  proper operation 

of the  magnet. 

F ina l ly ,  as  when operating any p o t e n t i a l l y  hazardous equipment, be 

a l e r t  and aware of the present condition of t he  system. 

* 
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FIGURF: 1 
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Bo = CENTRAL FLUX DENSITY 
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P = POWER 
X = PACKING FRACTION 
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6 ,G = GEOMETRY FACTORS 
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SOLENOID COIL PAIR 
(MIRROR OR CUSP) 

P w 

Common Coil Configurations. 
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COIL A X I A L  FORCES COIL RADIAL  FORCES M AG N ET I C M AT E R I A L 
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MAGNETIC PRESSURE /VI F, = (@e - @o) 

FOR A LONG SOLENOID, 

4 2 BH 

% =  T H O B O  1 l T f 2  

Magnetic Forces. 

FIGURE 3 
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ORNL DWG. 73-4607 

STORED ENERGY 

1 1 
2 MAGNETIC FIELD: W = 7 BH =- L12 j/m3 

MAGNETIC FIELD AT 100 kG, W = 40 Mj/m3 = 5 kj/2"cube 
METHANE - 34. hlj/m3 

TNT, DYNAMITE - 6,000. Mj/m3 
GASOLINE - 35,000. Mj/m3 
180 gr. BULLET AT 3000 FT/SEC - 5 kj 

FIGURE 5 



ORNL DWG. 73-4616 

ILLUSTRATIVE COIL PARAMETERS 

Central Field, kG 
Bore, inch 
Conductor, inch 
Operating Temp., 
Current, A. 
Current Density2 , kA/in.* 
Inductance, h 
Stored Energy, Mj 
Magnetic Pressure, psi 
dT - w/o Coolant, "C/sec 
d t  

Power, MW 
Conductor power density, 

KW/ir3 

63 
12 
0.7 Cu 
45°C 
9200 
17 
0.078 
3.3 
2,3 00 

6.7 

6.4 
0.4 

100 
2 

66°C 
4600 
105 
0.038 
0.04 
5,800 

475 

3.3 
27 

"1 6 c u  

100 
3 
'4 X 0.008 S.C. 
4.2"K 
440 
85 
1.65 
0.16 
5,800 

5000 
(180 at 15°K) 
e 0  
0 

(56-coil torus)' 
21 (36) 
26 
0.5 X 3/8 Cu 
80°K' 
12,500 
59 
0.041 
3.2 
250 (750) 

25 

16.5 (peak) 
a . 5  

1. Slow pulse device. See text. 
2. Over the whole cross section. 
3. 110°K at end of pulse. 

FIGURE 6 



. 

FIGURF, 7 



FIGURE 8 



20 

. 

FIGURE 9 



21 

. 

FIGURF, 10 



22 

. 

FIGURE 11 
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FIGURE 12 
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FIGURE 13 



ORNL DWG. 73-4604 

Illustrations of Class I Injuries, Those Due to the Delivery of 
Energy in Excess of Local or Whole Body Injury Thresholds 

Type of Energy Primary Injury 
Delivered Produced 

Mechanical 

Thermal 

Electrical 

Displacement, tearing, breaking 
and crushing, predominantly at 
tissue and organ levels of body 
organization. Majority of in- 
iuries are in this group. 

Inflammation, coagulation, char- 
ring, and incineration at all levels 
of body organization. 

Interference with neuro-muscular 
function, and coagulation, char- 
ring and incineration, at all levels 
of body organization. 

Ionizing Radiation Disruption of cellular and sub- 
cellular components and func- 
tion. 

Generally specific for each group 
or substance. 

Chemical 

From N. V .  Steere, H. of Laboratory Safety 

O R N L  DWG. 73-4935 

Illustration of Class I1 Injuries, Those Due to Interference with 
Normal Local or Whole Body Energy Exchange 

Type of Energy Exchange Types of Injury or 
Interfered with Derangement Produced 

Oxygen Utilization Physiologic impairment, tissue or 
whole body death. 

Thermal Physiologic impairment, tissue or 
whole body death. 

From N. V. Steere, H. of Laboratory Safety 



ORNL DWG. 73-4603 

60 Hertz Effects on 150 Ib Man 

Imperceptible 0 - l m a  
Perceptible, Mild 1 - 3 m a  
Annoying, Painful 3 - 1 0 m a  
Paralyzing, “no-let-go” 2 10ma 
Asphyxiation, Unconsciousness 2 30 ma 
Fibrillation, Loss of Circulation 
Heart Paralysis Threshold 4a approx. 
Burning, Heat Damage 2 5a 
Electric Fences 

Body Internal Resistance = 50052 

80/240 ma - 4a(5 sec.) 

10-20 KV, 5 ma Max, 
1 pulse/sec 

Source: R. H. Lee, p. 33 of ISA MONOGRAPH #110, Elec- 
trical Safety Practices 

FIGURE 15 



ORNL DWG.  73-4602 

RECOMMENDED SAFETY PRECAUTIONS 

1 .  IN DESIGN, CONSIDER ALL FAILURE POSSIBILITIES, & DESIGN 
CONSERVATIVELY WHERE POSSIBLE. 

2. INSTALL & PERIODICALLY EXERCISE INTERLOCKS 
3. REMOVE LOOSE METAL. 
4. PROVIDE TRANSPARENT PERSONNEL SHIELD. 
5 .  DON'T OPERATE ALONE. 
6. IN OPERATION, BE AWARE. 

FIGURE 16 


