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I n  the studies on the pro tec t ion  by c l o M f n g  against  the thermal 
r a d i a t i o n  associated w i t h  nuklear detonatiorrs, the Naval Material 
Laboratory has invest igated the s i t u a t i o n  In  which the HOtde t  Uniform 
assembly i s  separated from the rat skin a f i x e d  distance of pSm. 
The f a b r i c  assernbl y was 1 r rad ia  ted by the rad ian t  f l u x  f r o m  a csFbon- 
arc  pulsed t o  simulate the therm1 r a d i a t i o n  associated w i t h  n u d e a r  
detonations I 

The rad ian t  exposures to  muse burns r e s u l t i n g  in escha on skirr 
of anesthetized r a t s ,  were 
the thermal r s d i a t i o n  f lux corresponding t o  250, 1000, 2900, and 
16,000 k i l o t o n  det-tlons, respectively. The c r f t l ca l  radiant 
exposure f o r  a IO megaton thermal pulse is -% percent gmater  than 
that  for a 250 k i l o t o n  pulse. 

The cr i t ical  radiant  exposures )o produce eschar are, s l i g h t l y  
less than those required for i g n i t i o n  of the fabric system. The 
threshold burns are caused by t he  v o l a t i l e  productsitransferred 
from the heated cloth to the s k i n .  l es ions  r e s u l t i n g  i n  eschw are 
produced by v o l a t i l e  p r a d c t s  when the s k i n  terspemture i s  held 
between b3 and 45'C f o r  a t  l eas t  5 seconds. 

16.2, 16,3, and 19.7 cal/cm' for 

The data from this experiment can be used 4-0 p r e d i c t  the e f fec ts  
of thermal r a d i a t i o n  on other cot ton unifonns under s t d l a r  conditions. 
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The Naval h t e r i a l  Leborstory I5 studying the inf luence of 
#actors relevant t o  p ro tec t ion  by uniforms against bums caused by 
the thermal rad ia t i on  associated w i th  nuclear detonations. The 
purpose o f  th is invest igat ion was to  study the Inf luence of timpon 
y i e l d  on t h e c r i t i c a l  (or minimal) radiant exposures which would 
cause burns t o  s k i n  when behind and separated f r o m  the uniform. The 
skin of anesthetized white r a t s  m s  employed as the, sensing elenent; 
the f a b r i c  system invest igated was the so-ca l led  'Hotdet"  uniform. 
The heat t ransfer  mechanism, tmpereitures, and other physical phemot~ena 
associated w i t h  such burns also were studied as p a r t  of t h i s  
i nves ti gat i on . 

The uni form-ra t system was expmed t o  a mod i f  l ed  carbon arc whose 
i r radiance was caused to  vary so as t o  represent the thermal f l u x  , 
emitted by nuclear detonations w i t h  y ie lds  ranging from 250 to 10,OOO 
k i lo tons .  The exposure level o f  immediate i n te res t  was t h a t  whlch 
would r e s u l t  i n  minimal white bums and eschar. During the exposures 
the r a t s t  skin surface temperatures were recorded. The NAAL skin 
simulants were exposed behind the fabr ics  t o  the same radiant 
exposures as the rats.  Temperatures were recorded on the surface 
and a t  a O,O5 c m  depth id  the s k i n  simulants. 

The complete evaluation o f  the pro tec t ion  of a f a b r i c  cr uniform 
system involves the consideration o f  several important exposure 
parameters. The f p b r i c i  may be e i the r  i n  contact or spaced frm the 
body, the layers m y  be doubled as i n  reinforced areas, or the inner 
layers m y  not be present, as for legs and arms. 
which the l a  e s of  the uniform are i n  contact twjs been imresfigated 
and reported!l!. The next important s i t u a t i o n  requ i r i ng  study is  the 
normal uniform assembly when spaced, t h i s  geometry a l so  representing 
important areas of the uniform. The study o f  two other i m p o r t a n t  

L s i t u a t i o n a m l t i p l e  l a y e r s a n d  s i n g  I 8  laprs,has been deferred, 
although some in+arlaat.ien can be in fe r red  frat t he  slsrple contact and 
spacing studies. A t  present data on burns under fabr ics  separated 
from the s k i n  which r e s u l t  from the absorption of the thermal rad ia t i on  
of nuclear detonations a re  drawn pr inc ipa l  l y  f r o m  laboratory exposures 

range of weapon yields. While good inferences may be drawn frw such 
data f o r  use i n  predicting r w u l  ts in -actual  s i tuat ions the uncer)at%tha 
i n  such predict ions may be consIderableo 

The s i t u a t i o n  in 

I t o  constant-irradiance pulses o r  from f i e l d  exposures t o  a 1dW 
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BACKGRCU ND 

During 195349% NMIL inves ti gated the tempera ture r i s e  of a pol y- 
ethylene sk in  simulant behind fabr ics  when exp d to constant- 

s h w  that spacing a uniform i n  f r o n t  of the subject necessitates higher 
rad ian t  exposures to produce the same e f f e c t s  as i n  the uncovered and 
uniform-in-contact s i  tuations, The Un ivers i ty  of Rochester reported 
that spacing a c l o t h  5 m from pigs o f f e  
carbon a r c  constant-irradiance exposuresnf. In b y  19% NI#L reported 
that t he  c r i t i c a l  rad ian t  exp es f o r  i g n i t i o n  of s ing le  fabr ics  

importance of  studying the phenomenology o f  t h e  spacing burn, they 
do not give the c r i t i c a l  exposures f o r  burns from nuclear-weapon 
therm1 pulses; they do not y i e l d  information on the basic heat 
transf et- phenomena . 

ir rad iance thermal exposures of  t h e  carbon a r c  E7 . These studies 

increased pro tec t ion  to 

m a  funct ion of  weapon y i e l d  Y 6  . While these resul ts  ind icate the 

In  the f i e ld ,  studies have been made of  the v a l i d i t y  o f  laboratory 
methods employed i n  the invest igat ion of t h e  pro tec t iuh  given by 
uniforms. Exposures of sk in  simulants spaced from uniform assemblies 
as well as other fabric-ba king s i t ua t i ons  were made e t  Operations 
PIumbbob(5) and Hardtack(6j. It was determined that the exposure area 
of 17 mn diameter approximted by the source employed i n  t h i s  study 
i s  adequate. The v a r i a t i o n  o f  f l u x  w i t h  t ime of the laboratory source 
was found t o  be sa t is fac to ry ,  but careful  accounting m u s t  be made for 
the f i n a l  phases o f  the pulses which are not simulated i n  the  laboratory. 
Spectral dif ferences between the laboratory s w r c e  and the f i e l d  source 
under some condit ions gave s i g n i f i c a n t l y  d i f f e r e n t  resu l t s  f o r  the 
spectral I y se Iect ive"Hot4et"uni form.  
the bum phenomenology under spaced fabr ics  i n  those cases i n  which 
i g n i t i o n  i s  involved, tending t o  increase the amount of pro tec t ion  
fo r  the I a w e r  range of weapon y i e l d s .  

The b l a s t  wave markedly a1 tared 

For a p a r t i c u l a r  co t ton  f a b r i c  assembl y there a r e  a t  least two 
important var iables which can a f f e c t  the production o f  burns in the 
spaced si tuat ion.  One i s  the molsture content o f  t he  c l o t h  and t e 

Outing the exposures the"Hot4VeP uniform was subjected to  an a i r  
stream of I ft/sec maintained a t  65 percent r e l a t i v e  humidity. This 
pa r t i cu la r  spacing geometry was selected since i t  was easiest  t o  
control  experimentally. Ea r l i e r  experiments i nd i ca te  that an 
approxinate a i r  f l a w  of  I f t/sed enhanced c l o t h  combustion a t  t he  
lowest possible radiant exposure. Lower ra tes o f  f l m  would cause 
suffocat ion of any flames which m y  develop, while faster flow rates 
would i n h i b i t  ign i t ion.  

other the a i r  supply t o  o r  f l o w  of  a i r  over the i r r a d i a t e d  ares(? P , 

The maintenance of a i r  f l a w  across the 
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uniform also excludes possible variables resu l t ing  f r o m  f ree 
convection. 

Cloth samples f o r  test ing are normalty stored a t  65 percent 
r e l a t i v e  humidity, 
conditioned t o  maintain t h i s  re la t i ve  humid; ty. 

Therefore the a i r  stream i n  th is  exprimen) was 

Temperature h i s t a l e s  a t  the surface of rat. s k i n  and a t  the 
surface of and a t  a depth of 0.05 cm i n  the sk in  simulant were 
recorded. Pre-expsur% mon8 tor ing of the r a t $ $  surface temperature . 
i s  essential for  control of the r a t  s k i n o s  burn response, &?spite 
such e f f o r t s  for control led experiments there are some variables 
af fect ing resul ts which are not eas i l y  control  led. These variables 
include var ia t ions i n  arc irradiance and pulsing mechanism, variable 
r a t  skin response and sub-epidermal temperatums. 

Ear l ie r  data on r a t  burns and s k i n  s imuhnt temperatures have in- 
dicated that a temf?emhrre r i s e  maximum of 25’C a t  a depth of 0.05 in. 
In i f ~ e  simulernt, correspondedowi th  minor qual i f  ications, to minimal 
whi t e  burns i n  rats. This cri ter ion was derived from exposures of  
r e t  and skin simulant, uncovered and i n  contact wi th  the cloth, for 
pulses equivalent to  weapon yields ranging frombQ k t  t o  10 At .  

Although investigations a t  N f &  have shown that the k p c t s d  -)I) 
and humans d i f f e r  by a r a t i o  of I b IS i t  may be assumed that, a t  
radiant exposure leve ls  causing burns associated with c l o t h  corn- 
bustion, burns would resu l t  i n  both subjects. Only i n  those areas 
where boundary e f fec ts  occur, such a5 burns resu l t ing  from v o l a t i l e  
products, would the minimal c r i t i c a l  radiant exposure for human sk in  

\{ be less than that d i7Qt %a, Assuming that burn sever i ty i s  d i r e c t l y  
re la ted 9.0 the skin’s temperature rise and that the radiant exposure 
t o  cause the temperature r i s e  Is i n  turn i n d i r e c t l y  proportlonal to 
the square roo t  o f  the k p c product 40 percent less radiant exposure 
would be required Po produce the same damage t o  human sk In as to 
the skin of anesthetized r % t S o  

E X P E R I I A L  APPARATUS AND PROCEDURE 

In th is  series o f  experiments, the rat5 and sk in  simulants were 
exposed 4 and 6 rnrn, respecPively,behind a”Hot+etU uniform suspended 
v e r t i c a l l y  in  the exposure plans o f  a high-Intensity carbon arc  whme 
rediant f l ux  was varied w i t h  time to simulate Phennal pulses produced 
by nuclear weapons and whose tiwe to second maximum mnged from 0.5 
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t o  3.2 seconds. 
employed i n  the c loth-contact  study except f o r  the add i t ion  of the 
spacer and the a i r  f l a w  apparatus, The apparatus is shown i n  sect ion 
i n  Figure I, 

The apparatus and procedure were the same as those 

The thermal source was a modified &-inch Naval carbon-arc 
searchl ight  u t i l i z i n g  an e l l i pso ida l  f i r s t - su r face  aluminum m i r r o r  
with foc i  a t  I1 and 52 inches. The lamp was water cooled to  a l low 
the employment of h igh current  dens i t ies  w i t h  the 11 mm U l t r e x  
posi t i  ve carbons and Orot i  p negative carbons . 
were s t r ipped of t h e i r  copper jackets t o  prevent s p l a t t e r i n g  o f  
mol ten copper on the m i r r o r .  No door glass was employed. 
spectrum of t h i s  source has not been measured but  i s  ro ab ly  very 

i r rad iance d i s t r i b u t i o n  i n  the exposure plane was essential I y 
gaussian w i t h  the i r rad iance n inety  percent o f  the maximum value a t  
a rad ia l  d istance o f  0.6 c m o  The rad ia l  vane shut ter  o f  the search- 
l i g h t  was dr iven by a c m to produce pulses equivalent to  the 
genera I ired f i el d pulse?[ . 

The negat ive carbons 

The 

s i m i l a r  t o  that of the NML source-previously measured 81 OP The 

A radiometer, w i t h  a f a s t  response recorder, measured the 
v a r i a t i o n  of i r rad iance dur ing the pulse. The time to  second 
maximum, tm, f o r  the equivalent nuclear weapon pulse curve was 
determined by matching the i r rad iance h i s  tory to  the general ired 
f i e l d  pulse i n  the v i c i n i t y  o f  maximum irradiance. A copper but ton 
calorimeter measured the rad ian t  exposure (laboratory), Q1 , and 
maximum irradiance, ti,.,,, inc ident a t  the  exposure plane. For the 
generalized pulse the f i e l d  rad iant  exposure, Qf ,  i s  re la ted  to  the 
maximum irradiance, t+,, and time t o  second mximurn, tm: 

Q f  2057 H mt, 

Since Q1 
and k i s  a constant of  propor t ional i ty ,  Qf 

The rat io ,  2.57/k, describes the compensation necessary t o  compare 
the energy produced i n  the laboratory w i t h  tha t  produced in  the f i e l d  
s ince the pulse i n  tk laboratory i s  a r b i t r a r i l y  stopped a t  a time 
equal t o  approximately IO t,. k has a magnitude of about 2.0, and 
var ies s l i g h t l y  as the  shut ter  mechanism wears .  

k Hmtm, where Ql i s  the laboratory rad iant  exposure 
0 2.57 Ql/k. 
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During the  exposures,the‘HOt4Q< uniform was sub-iected to an 
a i r  stream of I f t/sec condi t ioned a t  6% R.H, resu l t i ng  i n  
an environmental s t a b i l i t y  i n  the a i r  surrounding the uniform. Since 
c l o t h  samples f o r  t e s t  are s tored a t  6%; H.H. the a i r  stream was 
conditioned to  maintain t h i s  standard. 

Temperature h i s t o r i e s  during the thermal i n s u l t  were recorded a t  
the surface of the r a t  s k i n  and in  the s k i n  simulant on the surface 
and a t  O,O5 cm depth. The a i r  f l o w  was adjusted by passing i t  through 
a manometer. Moisture was added to the a i r  b y  passi ng i t  through spun 
glass saturated w i t h  water. 
stabi I ized by passing i t  t h r o u g h  a chamber containing a saturated 
;;elution of anunonium n i  t ra  te. 
a long tube w i th  a cross sect ion I x 2 inches w h i c h  terminated co in-  
c iden t l v  w i t h  the uniform’s edge. 
s top-cock va I ve . 

The moisture content of the a i r  was 

Linear CI cwv was achieved, through use of  

The a i r  flow was cont ro l led  by a 

A t  the time of i r r a d i a t i o n  the r a t  was placed on a p la t form be- 
hind a copper p la te  O,O5 cm thick,  
p la te  to expose the  r a t .  
aperture and he ld  i n  place w i t h  f o a m  rubber pads backed by an aluminum 
p la te .  
a l  low passage of thermostatical I y control  l e d  wa tw which maintained 
the r a t  skin’s surface temperature between 31” and 2 ’C .  
diameter thermocouple was suspended v e r t i c a l l y  behind the copper p la te  
and i n  the center of t he  aperture i n  0.5 gm tension. The thermocouple 
was connected in  ser ies w i th  an ice bath and a recording potentiometer. 
The”Hot-Wet” uniform was suspended ver t i c a l l  y a t  the secondary focus 
under f i r m  tension. In I r r a d i a t i n g  the simulant the s k i n  simulant 
thermxouples on the surface and a t  0.05 cm depth were connected 
d i r e c t l y  to the recorder. 
tempera tu re  o f  the s i  mu I ant  . 

The“Hot=Wet”uniforrn was stored i n  b e l l  p r s  maintained a t  65% RoHa 

A 12 mm aperture was c u t  i n  the 
The r a t  was gent ly  pressed against  the 

The ou ter  edges of the copper p l a t e  were double walled to 

A 0.006 cm 

No attempt was made to  contro l  the i n i t i a l  

f o r  a t  least  four hours p r i o r  t o  the experiment. 
c l o t h  during exposure was kept a t  65% R,H, by the a i r  flow, 

The moisture o f  the 

Spra u d a w l e y  Alb ino  ra ts  were emplcyed i n  t h i s  experiment. 
Females, 2 0-70 days o l d  and averaging 150 grams, were c l ipped and the 
h a i r  was removed w i t h  “Nair” dep i la to ry  & hours p r i o r  to exposure. 
The cream was l e f t  on the animals fo r  8 to I O  minutes. I n  e a r l i e r  
experiments t h i s  method resu l ted  i n  the most complete h a i r  removal 
w i t h  leas t  i r r i t a t i o n .  Anesthesia was essential f o r  t h i s  operation. 

8 
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Twmty rrlinut?s 'before an wpxurQ!  s e r i e s  the r 2 t  was anesthetized wi th  a 
l r l f  s o l d t i a n  of veter inary rlcmhutal i n  sa l i ne ,  in jected in t raper i -  
toneal I y, i n  3 dose of I.@ mg per k i  Ioy3::i o f  body weight. 

I m e J i s  t ?I y' a f t e r  expmure the burns were assessed b y  visual  
es ti mate as " n ~  burn", " m i  n i  mall, "nodera te' # o r  "severe" red, "(ni n i  mal" , 

inof3eraft?" or '*5were" whi te. T h i r t y  mindtes l a  tor they were re -  
examined 3 r d  a q a i n  assesqed, urinc) t h e  s m e  c r i  ter ia .  
t w m t y - f w r  h w r s  la ter  they w e r s  exaai r i s j  f 3 r  the occurrence qf scabs. 

W 

Eighteen t o  

I ?  M a r c h  1358, s k i n  simulants w r e  exposed 5 mm behind the"Hot- 
Wet'lunifwrn t,? pulses of equivslent y i e l d s  mny ing  from 250 to 13,000 
k t .  
2 5 O C  were measured. Assunin? tha t  those r s d i a n t  exposures were 
c r i t i c a l  i n  the production c f  minimal "hi tc burns, r a t s  were exposed 
under t be same condi  t ians a t these r a d i a n t  exposure levels.  Exposures 
were i ncrmased or  decreased i n 1 C) pcrcent i ncremcn ts, dependi ns upon 
the produc t i  on or non-uroduc t i on of n i n i XI I 8vfh i te  nurns . Usi ng the 
March fg58 data as a p ~ i d e  the r a t s  and skirr ,I;imulsnts were exposed  
to a seccond ser ies dur ing SepkmScr 3nd Oct3ber of the same year. 

The r a d i a n t  exposures which would cause a temperature r i s e  of 

RESULTS 
5 

The frql:sncy o f  c lo th  i q n i  t i o n ,  burns and eschar a s  a function 
of  eq.civalent F i c l d  rad iant  cxpcsbre,  Q f ,  and t ine  t3 second maximu'II, 
i s  t,iven i n  Table 1 For  t, of I 3nlj j.2 cec3nds t h e  number of  
ex;a,ures r e p o r t d  under '' I i n a i  ;2 4~ AssQ5srwit'' i ~ s  qracttcr tMrn that 
reporiad f o r  t.be "a Hour Asswsnent." A n i i n a l  m r t a l i t y  explains 
th i  s anoma I y e 

9 



Table 2 presents the f i f t y  percent e f f e c t i v e  rad ian t  exposures, 
REw, and the n lne ty - f l ve  percent cosafiderxe l i m i t s  for c lo th  Ignition, 
for white burnso and for s abs. 
L i t c h f i e l d  and Wilcoxon (12f was used i n  % i s  analysis, 

Th@ modified p r o b i t  method of 

There is  a 40 percent increase i n  REw f o r  en change 09 pdse .< length h a %  OQ 0.5 second to 382 sacondse  his pulse range 
represents nuclear detonations in the Iowep. atmasphere of wmpon 
y ie lds ranging from 250 k t  t o  80 M t .  During the experimentation i t  
was noted t ha t  white b u m  ,aamr;red i n  s i t ua t i ons  which d i d  not r e s u l t  
I n  i g n i t i o n  of  the c loth,  
t o  Imed ia te  assessmentn eventual ly developed i n to  lesions with SCUbSm 
Analysts of the data indicates a 4 to 7 percent Bower a%cj~  f o r  white 
burns than f o r  c l o t h  fgni t ion, and a 2 Po 9 percml. lower RE50 f o r  
scab burns than fop white burns, The ocsuwenceo4 burns in  non- 
i g n i t i o n  situations was unexpec e The laver energy requirement f a  
scabs had been noted praviausOylNj: Table 3 presents the healing 
time i n  hows  f o r  a l l  scab burns, including those which d i d  not  resuit 
from i g n i t i o n  of the f a b r i c  system. 

On the other hand, some red burns, eccad ing  

Twenty-four hours a f t e r  exposure each animal was examined for 
If scabs were p r e s m t  their development was followed u n t i l  lesions. 

t h e i r  disappearanceo 
intervals,  the reported durat ion times ere given i n  muIt ip les of 

Since scabs were abswved only a t  &--hour 

I2 houm Q 

Sub-fgnltfon scabs were deep pink o r  l i g h t  tern a t  the iniPf&! 
&-hour assessment, These turned brown subsequen t0 y e  The i g n i t i o n  
scabs, howevero were deep brown a t  (he &-hour assessment. 
scabs l i f h d  like those o the bare r a t  and f a r  the r a t  i n  contact 

BWtlY, 

I g n i t i o n  

w t  tR the'Hot-We?'Unifaa f9T . The non- igni t ion scabsi, however, faded 

The average durat ion of eschar Is presented i n  Table k-fas h e  
various equivalent weapon yiel ds investigated, The heading, @Total 
Scabsa, includes e l !  scabso i g n i t i o n  and non-ignition, I t i s  to  be 
noted that scabs not associated with i g n i t i o n  heal faster than those 
associated w l th  i g n i t i o n  of the febr ic.  

speced sc& was Dongar than that f o r  the contact and bare situations, 
whereas the bate and contact scabs r e m i n d  longer far pulses with 
a t, o f  3.2 secondSe 

A t  t 8s 3 0.5 and I *O seconds the average duration of S I B  "Hot-Wef" 
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Figure 2 presents the maximum temperature r i s e  a t  the surface 
7f r a t  sk in  as a funct ion of the equivalent f i e  d rad ian t  exposure) 
s.91 i d  po ints  ind ica t ing  temperature r i s e s  which are associated w i t h  
subsequent scab burns. I t i s  to be noted tha t  he maximum temperature 
r i s e s  associated w i t h  c lo th - i gn i t i on  s i  tuat ions were always higher 
than 2OoC and resu l ted  i n  scabs. The scab burns associated wi th  
s i  tuat ions in which the c l o t h  d i d  not i g n i t e  represent 29, 23, 52 and 
k2 percent of the to ta l  scabs for t,vs o f  0.5 1.0, I e 7  and 9 Seconds 
respect ively.  The points i n  F igure j represent a1 I t h e  exposures 
f o r  w h i  c h tempera tures were measured . 
recorded duri n3 a l  I exposures due to the breaking of  thernocouples 
during the experiment. Temperature mxima l e  s than &“C, a t  which 
H3rdy e t  a l  repor t  i r reve rs ib le  t issue damage?lj), seldom resul ted 
i n  burns except f o r  an equivalent t m  o f  3.2 seconds, f o r  which some 
burns occurred a t  s I i ght I y I ower tempera tures. 

However, tempera tures were no t  

The ternpera tu re  r i s e  maxi mum associated w i  t h  threshol d scabs 
For the”Hot-Wet” spaced behind the Hot-Wet Uniform is about 13”C, 

contact s i t u a t i o n  the mximum temperature r i s e  i s  about 21 t o  WC., 
and maximum temperature r i s e s  on bare r a t  sk in  range from 45 t o  Z T C  
fc?r pulses w i th  t m  ranging from 0.5 t o  3.2 seconds. Analysis of  the 
tenperalure h i s t o r i e s  indicatestha t the temperature r i s e s  behind 
sraced c lo th ing  are maintained the longest wh i l e  those o f  bare r a t  
skin usual ly  tend to fo l l ow  the shape of the i r r a d i a t i n g  pulse, wi th  
teaperature r i s e s  fo r  tho contact s i t u a t i o n  lagging the pulse somewhat 
wi th  respect t o  the time in te rva l  f o r  which the temperature I s  
ma i n  ta i ned . 

Figures 3 and 4 present t y p i c a l  temperature histories associated 
w i th  scabs. 
temperature and slower cool ing i s  associatad w i th  an i g n i t i o n  
s i tuat ion.  The lower curves are associated w i th  non-ignit  ion scab 
sl tuations. A I  I temperature h i s t o r i e s  fo r  rad ian t  exposures less t b n  
those required t o  cause c lo th  i g n i t i o n  have the same time dependence 
as the non- ign i t ion scab curves but w i t h  less amp1 itude. A s  indicated 
by the mximum temperatures of Figure 3, temperature h i s t o r i e s  w i t h  
magnitudes between those given f o r  each exposure i n  Figures4 and 5 
r a t e l  y occurred. 

I n  each caseb the curve w i th  the higher maximum 

Temperature h i s t o r i e s  a t  the surface o f  the s k i n  simulant were 
sirni l a r  to  those o f  r a t  sk in  f o r  simi l a r  s i tuat ions.  Contrary t o  the 
pred ic t ion  of theory, the maximum temperatures of the s k i n  simulants 
were lower than t b s e  of  the r a t  skin. Th is  discrepancy was a r e s u l t  
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of d i f f e r e n t  spacing distances f o r  r a t  and s k i n  SitnUIBnt; because of 
d i f f i c u l t y  i n  c o n t r o l l i n g  the bulge of the r a t  through the 12 RIQI 

aperture the spacing varied from 3e4 to  5d+ mm, whi I e the spacing 
f o r  the sitnutant was 6 ram (See Figure I ) .  

Skin simulant maximum temperatures a t  the surface and a t  a depth 
of O,O5 CR indicated an average temperature gradient of I O  to 15 
percent f o r  non-lgnl t i o n  and i g n i t i o n  s i tuat ions.  

Analysis of s k i n  slnwlant temperature h i s t o r i e s  reveal that  
a f t e r  20 to 30 seconds the temperatures i n  depth were equal t o  surface 
temperatures for s 1 tua tiom srss&iated w i  t h  charr ing and flaming. For 
s i t ua t i ons  which caused glow the temperature gradiant was maintained 
longer, Oepth temperatures sometimes were higher than surface 
temperatures i n  the l a t e r  phases of the pulse,, ind icat ing appmciable 
heat  loss a t  the surface. 

In i g n i t i o n  of the"Hot4et"unifot-m i n  the spaced s i tuat ion,  
temperature r i s e s  of l5'C o r  higher were maintained a f t e r  the maximum 
temperature had been attained, for sewn tims as long as typ ica l  

"Hot-Wet"contact sceb-esssae!ated fernperatwe h is to r ies ,  fo r  fm*sOo6eQ,5r 
and twice as long f o r  % t ~  of I .O and 3e2 seconds . 

I n  non-ignl t l o n  s l ) w t i o n s  the temperature r i s e  was due p r i m a r i l y  
to heated a i r ,  steam and v o l e t i i s  products. 
evidence of candensation of moisture or t a r  products from the cloth. 
The f i r s t  naxi~~urn i n  the tsmperature-time, curves f o r  equivalent t, 
of 0.5, I .O and le7 i s  due to the rap id production of v o l a t i l e  
products for the most intense period o f  the thermal pulse.  The 
temperature of the surface o f  the ratQs skin does not reach e maximum 
u n t i l  the irradiance has reached i t s  mximum. Heat  i s  not t ransferred 
un t i  I a f t e r  the rad ian t  energy has transferred enough heat t o  the 
c l o t h  to  b o i l  the absorbed moisture and sublimate the volatile 

I materials. As mentioned above, t h e  energy pulse is terminated a t  I O  
times t,j I n  hon-ignit ion si tuatlons, If the e n t i r e  pulse were 
delivered, the addi t ionel  v o l a t i  le products which wwOd be released 
could conceivably lower the threshold radiant  energy 4or producing 
scab burns, 

I 

There was no visual 

I 

Since the temperature r i s e  maximum occurs a t  IO t o  30 seconds 
a f t e r  zero time, possible voluntary w inwlruntary emsfve ac t ion  
could occur during a nuclear attack, thereby avoiding the serious 
burns caused by Ign i ted cl of%. % 



Lab. Project. W6-16, Bt 7 
Fina l  ReporO 

. 

S 

Y 

Typical  exposed cloths, representing non-igni t i o n  and i g n i t i o n  
i tua t ions  a r e  presented i n  Figure 5, f o r  several equivalent weapon 
ie lds  and rad iant  exposure leve ls .  I t  i s  to be noted tha t  the  data 

Fresented a m  for the s ih ra t ians  i n  which actual experimentation was 
car r ied  ou t  and that  the  observed e f fec ts  might have been obtained 
a t  other rad ian t  exposure levels, 
occurred the cuter garment was flashed o f f  leaving the underwear charred. 
A t  I a 7  seconds t m  however both garments were consumed. 
times resul ted in re la t iwe ly  equal c l o t h  destruction. Upon termination 
of the pulseD the c loth was allowed t o  burn or gtm and the r a t  was held  I n  
pos i t i on  u n t i l  t o ta l  skin  temperature droppea to &“C. 

For 0.5 second t, when f laming 

Glow €9) a1 I 

Figure 6 presents the distance, i n  feet, a t  which RE occurs 
f o r  eschar, as a funct ion of weapon yield.  The m la t i onsh  i jo  ps employed 
are for defonations lln the lower atmosphere and for-atmospheric 
t ransmissiv i ty of O a 9  per land m i  I e. The re la t ionships between t,, 
weapon y i e l d  radiant exposure, and distance from ground rero,arer 

2 W 8 t m  0 and, 

P 
1000 WiD 

DL 
Q I Q  

where W i s  the weapon y i e l d  i n  megatons 

0 ,  i s  the time t o  second mximum (sec) 

D Is the distance from burst In d9m (5280 ft/mile) 

and Q equa I s rad iant  exposure (caI/c&) 

T equals atmospheric transrnissivi t y  per land mi le  I 

Equations ( I )  and (2) hold only for dbtonatIonr In the 

A n  empir ical equation has been f i t t e d  to the scab data 

:$ 

/ I ower a tmosphwe 

f o r  the”Hot4et ‘  un i f  om separated from the back I ngr 

0 = AWbs 

I 

where D aquala the equivalent distance f o r  scab RE50 in land 
m i  les, 
W equals weapon y i e l d  megatons, 
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A equalls a constant (5.6 from 0,02 to 2.0 M t  and 

6.3 from 2 NIt to IO M t ) ,  and 

b equal s a c o n s t ~ n t  (0,a from 0002 M t  to  2 h41 

and 0.27 frw 2 M t  to I O  M t )  

D ISCUSS I ON 

Although 100 percent scab production was expected a t  c fo th -  
i g n i t i o n  radlant-exposure levels, the production o f  scabs a t  sub- 
i g n i t i o n  levels and those involv ing v o l a t i l e  products was considered 
rather un l ike ly .  A s  the pulse time is increased the production of sub- 
i g n i t i o n  burns increases. 
t h i s  phenomenon necess] tates, not on! y the development of fabr ics  w i  th 
e f f i c i e n t  flame retardant componenfs, but also addi t ives which do not  
vol i ta l  i z e  r e a d i l y  and fabr ics  wbse absorption of moisture Is minimum. 

in  t h e  development of protect ive fab r i cs  

The d i f fe rence between fhe REtp level f o r  whl te burns and that 
f o r  scabs is. not consldered s ign i f i can t .  Since the bum assessment 
i s  made immediately a f t e r  exposure, threshold type white burns are 
not immediately discernible,  Howeverp some sub-white immediate 
assessments b v e  developed, on second examination, i n t o  white burns 
and subsequent1 y i n  to  scabs. The second assessments were made f i f teen 
minutes a f t e r  exposure. The difference between the 
white burns and t h a t  for scabs is, therefore, ins ig  
be pointed out t h a t  w i t h  the probi t  method employed 
95 percent confidence leve ls  a m  dependent t o  some extent on t 
manner i n  which the best curve f i t  is  estimated. 

The increased pro tec t ion  afforded by the "Hot-Wet" system spaced 
from the backing,reIative t o  that o f  the *bar@' and "contact" s i t ua t i ons  
i s  more pronounced a t  tho lower weapon yields than a t  the higher yields. 

Analysis of the scab data indieatem that burns caused by v o l a t i l e  
product are not as severe as those r e s u l t i n g  from c lo th ign i t ion.  
The observed maxi mum temperature associ ated w i  t h nm-l gn i t i on burns 
v e r i f y  t h a t  they are threshold lesions. The scabs associated with 
vol a t !  le products are I ess severe than those produced 1 n the contact 
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and bare s i tuat ions,  whereas the  scabs due t o  i g n i t i o n  a re  more severe 
than those produced i n  the bare and contact s i tuat ions.  E l iminat ion 
of f laming by non-vo lat i le  flame retardents o r  evasive ac t ion  would 
increase the RE% f o r  the spaced "Hot-HTet" Uniform. 

transferred bythe iapingingef vo la t i  l e  p r a u c t s  on the s k i n  surface. 
Since the temperature r i s e  i s  not appreciable u n t i l  a f t e r  the 
i r radiance reaches i t s  maximum val ue, the temperature r i s e  due to  
d i r e c t  rad iant  energy i s  negl ig ib le .  A t  low rad ian t  exposures the 
moisture entrapped by the f i b e r s  i s  evaporated, causing an increase in 
temperature a t  the uniform backing. 
the v o l a t i l e  products i n  the c l o t h  f i be rs  a r e  vaporized, resu l t i ng  i n  
scorching and charring. 
the i r rad ia ted  uniform surface wh i le  the r e s t  t ransfers  heat t o  the  skin. 
A t  rad ian t  exposures causing severe c l o t h  char the v o l a t i l e  products 
are ign i ted  and then flame dur ing the i r r a d i a t i o n  period. A t  the 
termination of the pulseo flaming may cease bu t  i g n i t i o n  continues as 
c l o t h  glow, 
convection and conduction, and i s  a functioca o f  the I g n i t e d  cloth 
a rea ,  the distance of the c l o t h  from the skin, and the transmittance 
of the  v o l a t i l e  products. The v o l a t i l e  products and steam are the 
agents for convection. 
steam and v o l a t i l e  products a t  the sk in  surface. For the"Hot4et"  
spaced s i t u a t i o n  heat t rans fer  i s  due mainly to  convection and 
conduction. 

A t  rad ian t  exposures below the  RE f o r  c l o t h  ign i t ion,  heat i s  

A s  the rad iant  exposure i s  increased, 

Some steam and v o l a t i l e  products escape a t  

. 

Heat t ransfer  from the glowing f a b r i c  i s  bv radiat ion,  

Conduction resu l t s  from the condensation of 

The maximum temperature r i s e s  o f  the r a t  sk in  a t  rad ian t  
exposures less than those required to cause i g n i t i o n  range f r o m  10 
to  I5'C the h i gher tempera ture r T ses caus i ng i r revers  i b I e t i  ssue 
damage as evidenced by scab burns. 
occurs, are much higher than thme a t  non- igni t ion levels, and range 
from 20 t o  40 "~ .  

The temperatures, when i g n i t i o n  

The inf luence of  parameters,such as wind speed, moisture content 
of the uniform, and i n i t i a l  r a t  s k i n  temperatureewas not detennined 
i n  t h i s  experiment, 
t ransferred by vola ti I e pmducts, the energy requi red f o r  ign i  t ion, 
and the energy t ransferred t o  the sk in  by the flaming c lo th.  
contacf s i tuat ion,  where the heat t ransfer  i s  dui dqlnly t o  conduction, 
these factors  would have I l t t l e  or no influence. 

These var iables w o u l d  inf luence the amount of heat 

Fo r  the 
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Lower anb i en t tempera tures wou I d  I owor the tempera tures o f  the  
c l o t h ,  but, un less the change was extrerve, the hciat t rans fer  would 
be a f f e c t e d  I i t t l e  since f h e  d w p d a t i o n  tmiv r -a tu res  f o r  co t ton  a re  
r e l a t i v e l y  high. 
depend on t h e  dura t ion  of t he  i s r a d i a t i c m  pulse. 
an increase i n  t h e  moisture content of the c l o t h  might decrease the 
r a d i a n t  exposures t o  cause burnsj,  s ince these is an increase of the 
amount o f  steam produced e 

The influence 0 5  a ctmnye i n  moisture content would 
For shor t  pulses 

A i r  f l o w  below 1 ft/sec would a l l o w  t h e  accumulation of voltit114 
products a t  the i r r a d i a t e d  su r face  0 6  h e  c lo th ,  which would then 
absorb some of the  r a d i a n t  f l d x .  A t  h igher  wind speeds the v o l a t i l e  
products are p a r t i a l  I y removed, thereby Iessenipg the seve r i t y  o f  the 
burns due t o  t k s e  praducts .  S t i l l  higher wind s p e e d s  a l s o  i n h i b i t  
I g n i t i o n  and would ex t i ngu ish  the f lame. The rad ian t  exposures to  
cause burns behind a c l o t h  sepaP-at.sd f r o m  the backing, therefore, 
increase w i  5 h w i  nd speeds in E ~ Y , G ~ F ; S  of  1 f t/sec. 
employed i n  t h i s  aperirnent approximates t h a t  f o r  which the  r a d i a n t  
exposures f o r  burns bshirrd spaced f a b r i c s  i s  a m i n i m u m .  

The wind speed 

Data-der ived  from t h i s  i n v e s t i g a t i o n  can be employed to derive 
the e f f e c t s  on other  uniforms of co t ton  fEGers i n  s i m i l a r  s i t ua t i ons .  
Fabr ics  made o f  syn the t ics  o r  O B  wool w o u l d  experience d i f f e r e n t  
e f f e c t s  i n  the spaced s i  tuaf-ionn f o r  t h e  absorpt ion of heat by such 
f a b r i c s  usual l y  r e s u l t s  in wY t ins. 

The d is tsnce from the p . o i n t  o f  a nuc lear  detonation, a t  which 
50 percent of the  ra t  p o p u l a t i o n  wouI0 r e c e i v e  scab burns may be 
r e l a t e d  to  the weapon y i e l d  in megatons by the expression; 

0 ANb 

Data from which the constants f o r  t h i s  equation was der ived a r e  3.50 

5.7, 8.5 and 11.9 l a n d  mi les  f e r  nuclear weapon y ie lds  of 0.25, I.0, 
2.9 and 10 megatons. 

Threshald burns m y  be e f f e c t e d  a t  rad ian t  exposures whicc do 
not cause i g n i t i o n ,  



Lab Project 50464 6,Pt 
Final  Report 

7 

. 

Assuming healing time f o r  scabs as a good c r i t e r i o n  f o r  burn 
severity, a uniform of f i b e r s  w i th  high i g n i t i o n  points would reduce 
the number of  burns fo r  a given s i  tuation. 

For sub- igni t ion burns, heat t ransfer i s  mainly due to v o l a t i l e  
products. 
and conduction of heato 

Ign i t icn- type bums are  caused by radiat ion, convection 

Maxiinurn temperature r i s e s  associated w i t h  sub-igni t i o n  burns 
range from I O  t o  I5'c, Maxiinurn temperature r i s e s  causing i g n i t i o n  
burns range from 25 to 40°C. 

Wind speed, c l o t h  moisture content and i n i t i a l  s k i n  temperature 
inf luence t h e  radiant exposures to cause burns under spaced clothing. 

Data published i n  t h i s  repo r t  can be employed to  predict  e f fec ts  
on other co t ton  uniforms under s im i la r  conditions. 
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TABLE I 

Fr‘equertcy of Bums, Scabs and Ctoth  Effect as a 
Function sf Equivalent F i e l d  Rerdfmt Expowre 
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TABLE 2 

The F i f t y  Percent Ef fec t ive  Radiant Exposures 
Causing Cloth Ignition, White Burns And Scabs 
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TABLE 4 
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