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SUMA'ARY 

In its study of protection against the thermal radiation fr.:,m nuclear 

weapons the Nav31 Matc•ria I Laboratory has exposed uncovered and c.:,vored 

rat skin to pul~ed radiant energy from a carbon-arc tr,ermal radiation 

source. Some _thermal and optical proper ties of the rat skin employed in these 

studies have been determined t,y measuring the temperature of .the surface of 

rat skin durin•~ exposure to thermal radiation. 

A kpc product of IJ.6!:0.6,cto·4 cgs units for the denuded blackened 

skin of anesthetized rat skin was determined for square vrdvc exposur~s 

ranging from I to 10 seconds in duration. A systemic roaction, probably 

va5odilation, caused a ITl<'lrked increac;e in the kpc product for exposur,s 

lon0or than !O seconds, In pri·>r i:iv,,.-s!i~/ions_at.NML the kpc prod:Jct 

for hu:nan sk an was measured to be 8.6 x 10 '+ cgs una ts. 

The effective extinction cooff ic ient was found t'.) ch1n1e from 26 
to 6. 7 cm•1 for I to 20 second exposures to carbon-3rc radiation and 

fram 32 to 12 cm-1 for I to 15 scc,)nd exposures to tun<Jshm lanp 

radiation. C,)mporison of the eff,c:?ctive extinct ion coefficients for 

b0th medio shows H~t hur:an skin is more opaque than that of tho 

anesthetized rat. 
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INTRODUCTION 

The Naval Nater-ial Laboratory is studyinJ thr:- rroti?ctbn by various 
clothing syst•1ms a1ai nst 1-he intense th,1r:nl c•n:-:·rJy rA •:?Jscd by the 
detonation of nuclear weapon!:;, The obJJctiv,:; ,,~f this invi::srigation was 
Y1e nr)asLir-:'!mnt '>f the kp:: (k, conlu:tivity; p, den~ity; c, specific heat) 
and the effective extinction c:,dfided, y*, Lr carbun-Jrc and for 
tungsten radiation. 

During the expof.ures of un~ovcr,~J rat skin an1 ;,)f rJ t skin under tho 
'.101"-wet unifor:n assenbly to ;x.ilsi:s A ·!Fr·al n-:liJti,_,n it was fr>und that 
the tc•mpcrurures of the surface of n,c r.:it's skin wer~ lower than tha 
::::rresponding ternp(•ratures of the ::.l,in ::dmul.lnt. Since the sir1uf:.rnt was 
mtc:1ed to hunon sl<iri the implic.)ti,"_)ns wen~ fiat the t~npcratur8s :;.f 
human skin ,,, ·,en i rra dia ted wou I j be hi ·J h0r tlla n those A rat skin un,jer 
the same conditions. T::> docur.1ent i·his ,jjff;:•r:::n-;e Hie physical and 
optical constants for rat skin were determined. The parameters for 
human skin had been measurpd in previous inwstigations at the Naval 
Material Labora tort•' ,2,3,4 . 

The ther,:ial r:rop0rties of rat skin ha\n been investigated by 
of'her observc:rs. 'Hardy5 et JI r~ortad tho !-:pc : t)rluct for ma le Sprague
Da·:11 ey rats to tJe 8.4 x 10•4 cgs units. Unanesthe~ized rats, painted 
with_printer•s ink, were e_xposed ro ther'.:lal r3dbthn w!th irradian9es 
rJng,nq from 0.05 to 0.5 cal/crrF- sec. In another exr:ivrtment, H~rd}'° · 
determined that the administration of azepetine caused a 20 pr.rcent 

. increase in the kpc product and attributed this c:,ange to vasodilation. 

In .,,-der to deter,ine the constants that •.r-uld ':lpr,ly to the results 
':)f the inv2stigation c~n the uncov~red rat and on the protecti::m affcrded 
by tho hot-wet uni form the tempG('a tures -:Jf the b I ,Jcku nr.:d -Jnd of the 
bi::ira r:J t were combi n,)d with the appropri3 te exr.rcssbns of heat fl ON 
theory. Assuning that blackened shaved depil:Jhd rat skin behaves, 
t'1crrially, as an opaque homogeneous semi-infinite solid, the temperature 
cf the surface r.a y be represented by the equation: 

where ¾,· j s the 

A is the 

H is the 

to is the 

I 

2AH t 2 
o. 

1l kpc 

temperature rise (Oc), 

radiant abs'.)rptance 

i rra,::iia nee ( ca I/ cn2 ~ ec) , 

time of exposur_o ( StJC) 1 

4 
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k is the thernal conductivity (car/cm-deg C-sec), 

p is the dens i ty ( gm/ cm1). -'lnd 

c is the spec i f i c heat ( ca I/ gm-deg C) • 

Solving equation (1) for k;c yields 

LA2H2to kpc Cl L.j,'\ 

TL ( Ae )2 (2) 

The spectral distribution of the thermal radiation emitted during 
. a nuclear detonation is approximated by the carbon arc and in some 

instances by a tun3sten lamp operated at 3000°K. The measured effective 
extinction coefficien.ts, Y*, for a medium rel3tive to these sources 
shou Id provide the order of magnitude of y for therma I radiation. The 
temperature rise at the surface of a homogeneous semi-infinite 
diathermanous medium is expressed as: 

I 

2AHt 2 
!:lo • ... -~--

J[T/pc. 

. rn= Y2 ht • r-· 
. I + ylle erfc y JLht -

2
J;f, (3) 

2 YVht 

where h = k/p;, the tt'Pr;,al diffusivity, 

t is the ti me of ref ere nee {sec), 

r is the extinction coefficient ( cm•I), and 

erfc y =- jY e -x2 'dx. 

Equation (3) is based on a variation of irradiance with depth 
given by 

- yx 
Hx = AHO e , 

the case of a non-selective and non-scattering medium. Skin is neither 
non-selective nor non-scattering. The effect of the s0l0ctivity of skin 
has been shown to be a function of exposure ti me1 , 2 ,3. The effect of 
scattering is to chan,3e the irradiance-depth rel~tionship. The term, 
"effective extinction coefficient", is employed in this report as the 
value of y in equation{:,) which satisfies the ex;Jerime,tally determined 
temperature-i rradianco-ti me picture at one point and one exposure time. 
It serves as a ready means of compnri ng and presenting results, but is 

5 



Lab. Project 5aJ>-16 Part 4 
Final Report 

useful in precise computations only for the sources, exposure times, 
and geometric situations involved in its determination. 

In addition to changes such as vasodilation induced by anesthetics 
other factors can change the physical proper ti es of rat skin. The 
depit,tory and its application may remove part of the stratum corneumas 
wel I as the hair. Variations in diet and the presence .of disease may 
also inf I uence the phys I cal proper ti es. ·· 

The si mp I If led ma the ma ti ca I model of the opaque sk in probab I y · 
is not adequate for times less than Oo5 seconds and wi II also fail 
when the time of exposure· is long enough to allow systemic response. 
i"f the properties of rat skin change with depth the longer exposures 
will be affectedo The deeper portions of the skin would have a greater 
effect on surface temperatures for I ong exposures than for short exposures. 
Unfortunately sy~temic responses and cooling factors also operate 
selectively on the longer exposures and may mask the changes of the kpc 
product with depth. 

EXPERIMENrAL APPAAATUS AND PROCEDURE 

Bare and blackened rats were exposed to square wave pluses of 
thermal radiation from carbon-ar_c and tungsten sources with exposures 
ranging in ti me from I to 25 seconds. During exposure, temperature' 
histories were recordedo lni tial skin surface teq:,eratures were 
recorded. Thennostatically controlled water, passing inside a copper 
shield, maintained the initial skin surface temperature at 31 ! 1•. 
Radiant exposures causing maximum temperature rises less than those 
required to produce burns were norlll31 I y employed. JII.. 

' 

A mod ifl ed 24" carbon-arc search Ii ght, operated at 60 vol ts and 
87 amperes, provided the carbon-arc radiation for the experiment. A 
combination el,actronic and bimetall lc-strip feed system maintained the 
positive carbon at the primary focus of an ellipsoidal mirror whose 
foci are located at II and 52 inches. Specimens were irradiated at 
the secondary focus. The spectrum of the radia5ion from this source 
had been determined in a previous investigation-, 

A I 000-wa tt bi p I ane tungsten pro Jee ti on' Tamp, s i tua ted at the 
primary focus of a similar eltipsoidal reflectcr, and operated at 
105 vol ts, provided the effective 30000\<. black-body radiation. Specimens 
were exposed at the secondary focus. 

6 
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Copper button calorimeters, whose outpu't was read on a recording 
potentiometer, measured the radiant output of both sources. 

A plated copper-constantan therrnocouple in series with an ice 
point and recording potentior.ieter measured the skin temperature prior 
to exposure and the temperature hishry during exposure. The diameter 
of the thermocouple was 0.005 c~. Vertical suspensiQn of the thermo
couple at 0.5 gM tension maintained good thermal contact between rat 
skin and thermocouple when the animal vas pushed against the thermo
couple. The bir:ietall ic junction of the ther'llOcouple was situ.3ted at 
the geom<~tric center of a 12 mm aperture in a copper shield, double
walled to allow passage of the thermostatically controlled water. This 
aperture was placed in the exposure plane a09 the anir.-ial pushed gently 
against it. 

The animal holder is i I lustrated in Figure I. The thernocoupfe and 
copper shield are integral parts of this assembly. The platform upon 
which the rat is placed is ITf:lde of lucite. An alur.1inun angle, 1/16 inch 
tt.ick, padded with foam rubber, naintains the rat at the exposure 
aperture, thereby es tab I ishi ng thenna I contact between rat and thermo
coupleo Spring-loaded clamps maintain the position of the alur.inur.i 
angle. The length of the angle was approximately the shoulder-to-
pelvic length of the rat. 

Twenty-four hours prior to exposure to thermal radiation, fer.iale 
Sprague-Dawley rats, 50 to 70 days old,were shaved and depilated. 
Forty mg of pen tobarb i ta I sodium per k i I ogram of an i ire I weight were 
injected intraperi toneally in solution of I cc of pentobarbital to 
11 cc of sa Ii ne, prior to depi I ati on. When the rat succumbed to 
anesthesia, progienic scissors, uti I izing a standard head with triple 
zero cutting assembl>•, cut the excess hair on the back and flanks · 
from the shoulders to the tai Io "Nair" depi lat-::ry removed the 
remaining stubble. The depilatory was kept on for 8 to 10 minutes. 

On the day of the thermal exposures the anima I was anesthetized 
with the same dosage as des·cribed for depilation. '.'Jhen the rat 
succumbed the depilated area was divided into twelve 3reas, six on 
eitt-er dde 0f the animl. If the skin 'AE!r•? to be lc)id cut in a plane, 
the grij ·:r-uld be comoosed of three lateral by four transversal. The 
areas were designated numerically R-1, R-2, R-3 runninq along the back 
from shoulder to tail and R-4, R-5, R-6, on the flanks from the first 
rib to the shank. The left side was divided accordingly. The animal 
was then ready for exposure. 

7 



Lab. Project 5046-16 Part 4 
Final Report. · 

In a previous i nves ti gat I on8 the di ff use spectra I ref I ectance of 

rat skin was measured. The tota I radiant absorp tance was cor.ipu ted to 

be o.66 for carbon-arc radiation and 0.72 for 3000° K black-body ra

diation. 

For the animals to be exposed in an essentially opaque sitt.ation 

a blackening agent was prepared and appf ied. The blackening agent was 

a commercial stove polish with the trade name of "Vulcanol". It is 

graphi te suspended in an o I I emu Is ion. For ease of app I lea ti on it was 

diluted with water to a I lght cream consistency and applied with a 

brush. The appl it:~tion was dry in a few minutes and I eft a matt 

coating abouto.oor cm thick which flexed with the skin and remained 

opaque. Such a c~ ting has been measured to be neutral at least to 

208 microns with an absorptance of 0.95. 

RESULTS 

The temperature rises of the frradiated, blackened rat skin, as 

determined from the recorder traces,are shown plotted as a function of 

time in Figure 2. The data are given in terms of unit irradiance for 

ease of comparison of exposures of differi,ng irradiance and are plotted 

on I ogari thmic seal es to faci I ita te comparison with the ref ,3t i onsh i p 

given by the simplified theoretical mode I • The data represent points 

from 15 temperature histories on two rats obtained with essentiaH y 

different sets of apparatus for each rat. 

The temperature rise maxima ranged from 5-to 31 °C, corresponding 

to maximum skin surface temperatures of 36 to 62°c. Even though the 

temperature associated with irreversible tissue damage were exceeded no 

lesions resulting in scabs were found. Because of the obscuring effects 

of the blackening, scabs might not have been noticed. The smal I 

numbers of exposures involved preclude conclusions on this point. 

The kpc product was computed for each of the temperatures corre-

sponding to
4

exposure ti mes I ess than ten seconds; an average value of 

10.6 x 10- cgs uni ts was calculated. The I ine representing an ideal 

sol id with the average kpc product is shown in L,..igure 2. The 95 percent 

confidence limit was calculated to be o.6 x 10-·. The experimental 

data were found to be sigiificantly different for the longer times. It 

was postulated that kpc would chJnge as the exposure time is increased; 

it was considered possible that kpc would change because of the higher 

temperatures associated with the longer exposures. Both theories were 

investigated .. 
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Figure 3 is a plot of the l<pc product for the tanpcrature rises 
ranging to ;1°c. The change with temperature is considered 
insignific,3nt for surface tamperatures up to 62°C. Plntting the 
values of kpc against exposure time as in Figure 4 reveals a significant 
change for exposures longer thr,n 10 seconds. While the kpc product in 
ens uni ts.· averaged I o.6 x Io-..:_ for ti mes I ess than IO seconds, i t . . I 
increased to 15 x IO•'-" for the temperature rises measured at 2h seconds. 
This change in kpc v:llua could be 3 result of a systemic reaction to 
tempera tu re such as an i ncreasa i n b I ood f I ow or i t c au Id resu I t from 
an inhomogeneity in the skin's thermal properties with depth. The 
vs:iriabil ity in the tempc!rature dat3 includes an un-:ertainty of approxi
mately 5 percent in source irradis:,nce for an individ 1Jal exposure, and 
an •~ror of I:> pero~nt in the inr:Hcated temperature, crue to uncertainty 
in thGrmocouple contact as well as ro real differences in the physical 
properties of the individual rJt. 

The temperature data for the surface of the bare rat skin are 
plotted in Figure 5. One rat was exposed to carbon~rc radiation for 
a total of six exposures with temperature rises ranging from 12 to 26°c, 
with one scab lesion occurring at the highest temperature. The sec·:>nd 
rat was exposed to the tungsten radiation, also for six exposu~es, 
resulting in the same temperature range, with, however, no lesions. 
Again, because of the I imited number of exposures, no conclusions as to 
temperatures would have meaning. Lines representing the avarage of the 
tempera tu res measured are shown in Figure 5 for the two sources. The 
higher transparency for the carbon-arc radi,tion, with its greater 
proportion of visible over infrared energy, is apparent. 

The effective extinction ooefficients of rat skin for th,~ two s~urces 
inv1?stigated in this study were computed e_mploying the average 
temperatures, equation (3), and the kpc's just determined. Table I I ists 
the data thus obtained; the data for human skin from a previous 
investigationl are also included. 

9 
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TABLE I 

THE EXTINCTION COEFFICl8'lTS Fffi RAT ANO H.Ji\\.<\N SKIN 
. ' 

f· 
_..,._., . .,,,,, .. 

Rat Skin Human Skin 

Carbon-· ungs ton ~arbon- ungs en 

ere arc 

sec cm•1 I cm·1 .cm·1 cm•1 

0.5 188 64 

26 I 32 80 45 

2 20 23 45 30 

5 15 17 31 . 22 

10 12 14 23 21 

15 8 12 
' i 20 7 26 

t J I 35 5 I ,._ ... 

DISCUSSION 

The confidence interval, as computed for the kpc product for 

exposures less than 10 sec::inds·, was t o.6 cgs uni-ts, which corresponds 

to·a surface temperature uncertainty of !. 7 percent. In computing the 

ter:iperatures associated with burns, this error is insisnificant, 

compared with that which is involved in determining radiant exposure 

lc•vols. While the vcilua of the kpc r,:roduct represents the properties 

of the r.Jt skin actual I y employea in the NN1L burn studies with the 

Hot '.'let unif::rt:i it may not be adequate f;:,r ex?eriments employing 

other r:lt types or siz.es and other preparation and anesthesia techniqu(.'!s. 

The kpc product bund, IJ.6 x 10-4 cgs units, is significantly 

different th:Jn the value of 8.6 x 10-4 found for human skin. This 

difference means that for many burn situations tha temperatures for 

human skin wi 11 be hi ]her, than those of rat skin by IO p~rcent. 

Temporat.ires·in depth will have second order differences caused by 

difbrenc~s in thermal diffusivity (kp:) as well as those resulting 

from differenc~s in kp:. 

10 
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The valuef, of kpc for rat and hurnn skin ~n be used c1s a basis 

for comrutinq the radiant exposures t-:""J cause burns tD humns in terrs 

of the equivaler,t radiant exposure to cause burns to r':it s,~in. Fer 

the case t)f the cloth in contact or spaced,th(i radiant expostJr'2s fc:f" 

human skin eire computed t,::, be 10 pprcent less than thase for rat skin. 

ThA data shc,.v a qradu JI increase in kpc as ·rhe timl? of erposure 

is I engthened to niore than 10 seconds c The value of I~ x 10-4 

calculated for tm temperatt;res found after 24 seconds of exposure 

resu I te,j from tempera tu res which were I 3 per.:ent I ower- rhan those 

whicr. would have been predicted from exposures of less than 10 sec:>11ds. 

If the change is caused by a systemic reaction the skin has different 

p:1ysici":il properti8s for extended exposures than those cal:ul:3ted on 

the basis of no time dependenc a. The app I i cab i I i ty of the kpc F rodu ct 

under these for other than demonstration purposes is questionable. 

The situation calls for an analysis involving systemic reactions or 

n•~n-homo7eneous therrral properties. · 

Nost exposures of skin covored with. cloth which r-esult in burns 

involve ternperat\Jre histories which are longer Han 10 sccon-:s, 8V0n 

for very short thermal pulses. Analysis of situathns in\KllVi'Yj 

te:~pora ture his tori !?S I onger than IO seconds shou Id include c,ins i dera t bn 

of the changes in skin properties which result from the skin's readion 

to sustained elevated ter.-iperature:::;. Comparison :)9tween ')urn dsJt:1 on 

individucil subj0cts and betwe,:rn sp,cles hplics simil~rity in the 

skin's r2action to sustained temperatures.· 

The data for the blac1<2.ned rat skin :lre o,nsid,:n-1d "'' iable to 

within 5 percent; the data ;ivc:n in Fiqure 4 for tho hare: nt skin 

s:,,:)uld hnv,1 a si.-nilar certc:iin ty since the dab wereobt<1ined in J·hc 

scu;,e nanner a:3 those for the blilc!,encd r:::it. 

Th8 tine vnriation of the effective exrinctiva coefficient as 

given in Tnble I is r:1ost prob-Jbly caused by th..,, wav~ length selectivity 

of the r.Jr skin to tf-e penetniti0n of the• radiati m fr,::>m t•1e car::;,on 

~re s:)ur~'~: T~e eff?ct ~oul.; t;,c si:;_il.:ir to th-:it norcd for 11u~:ln skin 

1n an earlier 1n,i2st1gation. 1 ,~,3 Tne effe-ct of th·1 prep:)i)t1,)n of 

the ,H1s?stll13sia on the .jiJth0r:ac1ncy of the sldn is n1)t l<nown ':,ut is 

probably of I 8ss impor t3nce than the effect of nnesthasia on the 

thermal prop•:;?rties. · 
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As -shown in Tab I e I , the temp_era turas nf the rat skin were higher 

for the tunJsten rJdiation than for the carbon-arc radiation. The 

lower extinction coefficient for carbon-ere radiation indicates 

relatively greater penetration than by tungsten radiation. For hunun 

skin i·he carbon-arc radiation was -I ess penetrating than f'llngsten. The 

difference in temperature caused by the two spectra is probably caused 

by the higher penetration of radiation tn the blue part of the visible 

spectrun, a fact which rray be deduced from the higher roflectance- of 

rat skin over human skin in this spectral_ region. · 

To calculate equivalent radiant exposw-es for human skin burns 

from data obt<1ined by exposing uncovered rat skin,a first order 

correction can bo computed employing the temperatures for bare skin~ 

For carbon-arc radiation the ratio v,ries with exposure time but · 

averages apprcoc i :natel y 0~66. That is, s i nee human 'skin has temperatures 

on the surface which are 50 percent higher than those for rat skin, the 

radiant exposures to cause equal temperatures in human skin are 66 

percent of th06e for rats. This correction cor:tpensates for i<pc 

differences as wel I as optical differences. While the ratio corrects 

for surface tempera h.lres differences, the temperatures in depth might 

not fol I ow and would require further study. 

12 
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Figure 3 - The Effect of Temperature Rise 
on the k p c Product 
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Figure 4 - 'Ihe Effect of Time on the 
kpc Product 
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Figure 5 - 'lhe Temperature Rise per Unit 
Irradiance or Diathennous Rat Skin 
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ceverac! irats wer13 sxpossd to intense thamal radiation 
fo? i'lMh burn si:1-\Cau.; · Pel"tinerrt thermal and optica.1 
pr:,perlies of the· rat skin ·employed 1n the i!ll'!l - studililS 
we~ detarmined bymea~uring.the temps'l'l!l.tur~ of the 
ski."l surfe.o,i- dm'ing irradiation. A kpc:i produ©t of - --
10. 5 X 1(}-4 ogs units was determined· foi, the· skin of: 
an ame!ttheti-zad rat. · Expoatt'l"es lor>..g&r than 10 s111eoms 
p'.<'©duoed a eha.ng6 in the'fcpo p:roduet. Albin-, rat 
skin vras mora t,:,a.nspaNnt than human skino 
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- In prwious htvestigat.i:ons -uncoverGd and cloth
oove;•ed rats· wer·9 ~xposod--to intanse thermal r•c!.distieE 
fo1• f'lash burn studies. Pertinent 'th8l'l!lal and optio!!l 
properties of the rat sld.r. employed in thesm s'tudfos · 
vrere determined by mea·sut>ir,g the ·temperatm•a of' the 
skin surface during irradiation;. A· .\{po product of· 
10.6 X J.0-4 ORS units-w@.s dete:nnined for -the skin of 
an imisthe'l.l,'Z\14 I&'\. ·· Expom.rres longer ·than 10 seconds 
produced a change in the Jqse product. Albino ra.t 
skin we.s more transparunt then human skin. 
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