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 SUMMARY

In its study of protection against the thermal radiation from nucl ear
weapons the Naval Material Laboratory has exposed uncovered and covered
rat skin to pulsed radiant energy from a carbon=arc thermal radia tion
source. Some thermal and optical properties of the rat skin employed in these
studies have been defermined by mecasuring the temperature of .the surface of
rat skin auring exposura to thermal radiation.

A kpc product of l0.6t0.6x|0—h cgs units for the denuded blackened
skin of anesthetized rat skin was determined for square wave exposurss
ranging from | to 10 seconds in duration. A systemic reaction, probably
vasodilation, caused a marked increase in the kpc product for exposur:s
lonqer than 10 seconds. In prior investigations at NAL the kpe product
for human skin was measured to be 846 x 107 cgs units.

The effective extinction confficient was found to change from 26
tn 6.7-cm"I for | to 20 second exposures ro carbon=-arc radiaticn and
from 32 to 12 em™' for | to 15 second exposures to tungsten lanp
radiation, Comparison of the effactive extinction coefficients for
both media shows fhat human skin is more opaque than that of the
ancsthetized rat, :
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INTRODUCT 10N

The Naval Material Laboratory is studying the profocflﬁn by various
clothing systems @ajainst the interse thormal entruy roleased by the
detonation of nuclear weapons. The objactive of this investigation was
the measuremont of the kpe \k conidustivity; p, dencity; <, specific heat)
and the effective extinction C)‘ffivle t, v*, for carbun=arc and for

tungsten radiation,

During the exposures of unzovered vat skin and of rat skin under the
hot-wet uniform assenbly to pulsiés of hor-al radiation it was found that
the temperatures of the surface of the rat's skin were lower than the
sorresponding temperatures of the wkin simufant. Since the simulant was
mafcned to human skin- the implications werz that the temperaturas of
human skin when irradiated would be higher than those f rat skin under
the same condi tions. To document this differuncze the physical and
optical constants for rat skin were determinad. The paranmcters for
human skin had been measured in pruVlOUS invcstigations at the Naval
Material Laborarory."2’3’ '

The theriaal proporties of rat skin have been investigated by
other observors. Hardy5 et al reportad the kpc rroduct for male Sprague-
Dawley rats to be 8.4 x 10"4 cgs units, Unanesthetized rats, painted
vith prnnfer's ink, were exposed fherwal radistion with irradianges
ranging from 0,05 to 0.5 cal/bma sec.. In another experiment, Hard
determined that the administration of azepetine caused a 20 parcent
increase in the kpc product and attributed this change to vasodilation,

In order to deternine the constants that would apply to the resul ts
of the investigation on the uncovered rat and on the protection afforded
by the hot-wat uniform the temperatures of the blaﬂ“annd and of the
hara rat were combined with the appropriate expressions of heat flow
theory. Assuning that blackened shaved depilatod rat skin behaves,
thermally, as an opaque homogeneous semi=infinite solid, the temperature
cf the surface rmay be represented by the equation: -

o4
" kpe’ : (1)

where - Lgis the temperature rise (°:),
" A is the radiant abézrpfancn
is the irradiance (*al/ ~sec),

to is the time of exposure (sec),
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k is the thermal conductivity (cal/cm-deg C-snc),
p is the density (gn/cn?), 3
c is the specific heat cal/gm-deg c).

Solviﬁg equation (1) for k c yields

hAHf :
“pe = ﬂ(AZ)"2 | | : (2)

The spécrral distribution of the thermal radiation emitted during

‘a nuclear detonation is approximated by the carbon arc and in some

instances by a tungsten lamp operated at 300094. The measured effective
extinction coefficients, ¥ *, for a medium relative to these sources
should provude the order of magnitude of ¥ for thermal radiation. The
temperature rise at the surface of a homogeneous senn-unflnnfe

~ diathermanous medium is expressed as:

i .
Fl ' 2 ht o
b = 2AHEZ e m2 T erke Y\[h’r " e (3)

o

Vikpe. 2 ¥ Vht ’

where h = k/pc, the thermal diffusivity,
t is the time of reference (sec),
¥ is the extinction coefficient (em=!), and

erfc y = A e X2 4.

Equation (3) is based on a variation of irradiance with dep th

[te]
-

ven by

= - rx
He = AHg o T,

the case of a non-selective and non-scattering medium. Skin is ne2ither
non-sclective nor non-scattering. The effect of the szlectivity of skin
has been shown to be a function of exposure time'# 33, The effect of
scafferlng is to change the irradiance~depth rel*f:onshlp. The term,
"affective extinction coefficient", is employed in this report as the
value of ¥ in equation (3) which satisfies the experimentally determined
temperature-irradiance-time picture at one point and one exposure time.
It serves as a ready means of comparing and presenting results, but is
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useful in precise computations only for the sources, exposure times,
and geometric situations involved in its determination.

In addition to changes such as vasodilation |nduced by anesthetics
ofher factors can change the physical properties of rat skins The
depilgptory and its application may remove part of the stratum corneum as
well as the hair. Variations in diet and the presence of disease may
also influence the physical properties, '

The simplified mathematical model of the opaque skin probably’
is not adequate for times less than 0.5 seconds and will also fail
when the time of exposure is long enough to allow systemic response,
If the properties of rat skin change with depth the longer exposures
will be affected, The deeper portions of the skin would have a greater
effect on surface temperatures for long exposures than for short exposures,
Unfor tuna tel y systemic responses and cooling factors also operate.
~ selectively on the longer exposures and my mask the changes of the kpc
product with depth.

EXPER IMENTAL APPARATUS AND PROCEDURE

‘Bare and blackened rats were exposed to square wave pluses of
thermal radiation from carbon=arc and tungsten sources with exposures
ranging in time from | to 25 secondse. During exposure, temperature
histories were recorded. Initial skin surface temperatures were
recorded, Thermostatically controlled water, passing inside a copper
shield, minfained the initial skin surface temperature at 3l A A
Radiant exposures causing maximum temperature rises less fhan those
required to produce burns were normally employed.

A modified 24" carbon-arc searchlight, operated at 60 wlts and
87 amperes, provided the carbon=arc radiation for the experiment, A
combination elactronic and bimetall ic-strip feed system maintained the
positive carbon at the primary focus of an ellipsoidal mirror whose
foci are located at Il and 52 inches, Specimens were irradiated at
. the secondary focus, The specfrum of the radnaguon from this source
- had been determined in a previous investigation”, :

A 1000~wa tt blplane tungsten projecflon Tamp, si tuated at the
primary focus of a similar ellipsoidal reflector, and operated at
105 volts, provided the effective 30009 black~body radiation. Specimens
were exposed at the secondary focuse. - :
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Copper button calorimeters, whose output was read on a recording :
potentiome ter, measured the radiant output of both sources.

A plated copper~constantan thermocouple in series with an ice
point and recording potentiometer measured the skin temperature prior
to exposure and the temperature history during exposure. The diameter
of the thermocouple was 04005 cne. Vertical suspension of the thermo-
couple at 0.5 gn tension maintained good thermal contact between rat
skin and thermocouple when the animal vas pushed against the thermo-
couple. The bimetallic junction of the thermocouple was situated at
the geometric center of a 12 mm aperture in a copper shield, double-
walled to allow passage of the thermostatically controlled water. Tkis
aper fure was placed in the exposure plane and the animal pushed genfly
against it.

The animal holder is illustrated in Figure |, The thernocouple and
copper shield are integral -parts of this assembly. The platform upon
which the rat is placed is mde of lucite. An aluninun angle, 1/16 inch
tr.ick, padded with foam rubber, mintains the rat at the exposure
aporrure, thereby establishing thermal contact between rat and thermo-
coupleo, Spring-loaded clamps maintain the position of the aluminun
angle. The length of the angle was approximately the shoulder~-to-
pelvic length of the rat.

Twenfy-four hours prior to exposure to thermal radiation, fenale
- Sprague-Dawley rats, 50 to 70 days old,were shaved and depilated.
Ferty mg of penfobarblfal sodium per kilogram of animal weight were
injected |nfraper|foneally in solution of | cc of pentobartital to

Il cc of saline, prior to depilation. When the rat succumbed to
anesthesia, progienic scissors, utilizing a standard head with triple
zero cutting assembly, cuf the excess hair on the back and flanks
from the shoulders to the tail. "Nair" depilatsry removed the -
remining stubble. The depilatcry was kept on for 8 to 10 minutes.

t

On the day of the thermal exposures the animal was anesthetized
with the same dosage as described for depilation. Uhen the rat
succumbed the depilated area was divided into twelve 2areas, six on
either side of the animal. If the skin were fo be laid cut in a plane,
the orid w-uld be composed of three lateral by four transversal, The
areas were designated numerically R=l, R=2, R-3 running along the back
from shoulder to tail and R=L, R=5, R-é on the flanks from the first
rib to the shanke The left side was dnvnded accordingly. The animal
was then ready for exposure, S
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in a previous invesrigafion8 the diffuse spectral reflectance of
rat skin was measured. The total radiant absorptance was computed to
be 0,66 for carbon-arc radiation and 0.72 for 3000° K black=body ra=-
~diation.: : ' '

For the animals to be exposed in an essentially opaque situation
a blackening agent was prepared and applieds The blackening agent was
a commercial stove polish with the trade name of "Vulcanol". It is
graphi te suspended in an oil emulsion. For ease of application it was
‘diluted with water to @ light cream consistency and applied with a
brush. The applisation was dry in a few minutes and left a matt
coating about 0,001 cm thick which flexed with the skin and remained
opaque. Such a coating has been measured fo be neutral at least to
2,8 microns wi th an absorptance of 0.95«

RESULTS

The temperature rises of the irradiated, 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 differing irradiance and are plotted
on logari thmic scales to facilitate comparison with the relationship
given by the simplified theoretical model. The data represent points
from |5 temperature histories on two rats obtained with essentially
different sets of apparatus for each rat, :

The temperature rise maxima ranged from 5-to 3i°C, corresponding
to maximum skin surface temperatures of 36 to 62°C. Even though the
temperature associated with irreversible fissue damage were exceeded no
lesions resul ting in scabs were found. Because of the obscuring effects
of the blackening, scabs might not have been noticed. The smal |
numbers of exposures inwlved preclude conclusions on this point.

The kpc product was computed for each of the temperatures corre--
sponding to, exposure times less than ten seconds; an average value of
10.6 x 1oL cgs units was calculated. The line representing an ideal
sol id with the average kpc product is shown in iigure 2. The 95 percent
confidence limit was calculated to be 0.6 x 107+, The experimental
data were found to be siguificantly different for the longer fimes. It
was postulated that kpc would change 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 kpc product for the temperature rises
ranging to 31°C, The change with temperature is considered
insignificant for surface temperatures up fo 62°C, Plotting the
values of kpc against exposure time as in Figure Ly reveals a significant
change for exposures longer than 10 seconds. While the kpc product in
cas units. averaged 10,6 x 10=4. for times less than 10 seconds, it
increased to 15 x 10=4 for the temperature rises measured at 2L seconds,
This change in kpe valua could be a result of a systemic raaction to
temperature such as an increasa in blood flow-or it could result from
an inhomogenaity in the skin's thermal properties with depth., The
variability in the tempcrature dats includes an uncertainty of approxi-
mately 5 percent in scurce irradiance for an individual exposure, and
an error of 10 percent in the indicated temperature, due to uncertainty
in thermocouple contact as well as to real differences in fhe physical
properties of the individual rat,

The temperature data for the surfaceof the bare rat skin are
plotted in Figure 5. One rat was exposed to carbon=arc radiation for
a total of six exposures with temperature rises ranging from 12 to 26°C,
wi th one scab lesion occurring at the highest temperature. The second
rat was exposed to the tungsten radiation, also for six exposures,
resul ting in the same temperature range, with, howevar, no lesions.
Again, because of the limited number of exposures, no conclusions as to
tempzratures would have meaning. Lines representing the average of the
temperatures measured are shown in Figure 5 for the two sources. The
higher transparency for the carbon=-arc radiation, with its greater
proportion of visibla over infrared energy, is apparent,

The affective extinction coefficients of rat skin for the two sources
investigated in this study were computed employing the average
temperatures, equation (3), and the kpc's just determined, Table | lists
the data thus obtained; the data for human skin from a previous
invesfigation' are also included,
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o - TABLE |
>-THE EXT INCT {ON COEFF|C|EN;S FOR RAT AND HUMAN SKlN
Rat Skin ' Human Skin
TTme | Carbon- | Tungsfen Tarbon- | tungsten
arc  arc
sec !t | et | om! em=!
0.5 o 188 el
| %6 1 2 80 w b5
2 | 20 23 L5 30
5 15 T 31 22
o L oie |w | m |a
é 15 . 8 TN ' - ‘
teo |7 ‘ - §"_26
3% 5 | .

© DISCUSSION

The confidence interval, as computed for the kpc product for _
exposures less than 10 seconds, was & 0,6 cgs units, which corresponds
to'a surface temperature uncerfainty of I 3 percent. In computing the
teuperatures associated with burns, this error is insig¢nificant,
compared with that which is involved in determining radiant exposure
levels. While the value of the kpc product represents the properties
of the rat skin actually employed in fhe NWL burn studizs with the
Hot wet unifora if may not be adequate for experiments employing
other rat types or sizes and other preparation and anesthesia technijues.

The kps product found, 12,6 x o= cgs units, is significantly
different than the value of 86 x to~l found for human skin. This
difference means that for many burn situaticns the temperatures for .
human skin will be hijher than those of rat skin by 10 percent.
Temperatures in depth will have second order dif ferences caused by
difforences in. thermal diffusivity (kp:s) as well as fhose resul ting
from dif ferences in kpse :

10
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The values of kpc for rat and human skin zan be used as a basis
for computing the radiant exposures to cause burns to humans in ferss
of fthe equivalert radiant exposure fo cause burns o rat skin. For
the case of the cloth in confact or spaced, the radiant exposuras for
human sk in are computed o be 10 percent less than those for rat skine

The data show a gradual increase in kpc as the time of eﬁposure

calculated for the temperatures found after J, seconds of exposure
resul ted from tempera tures which were |3 percent lower than those
which would have been predicted from exposures of less than 10 seconds.
If the change is caused by a systemic reacfion the skin has different
physical properties for extended exposures than fhose calzulated on

the basis of no time dependence. The applicability of the kpc rroduct
under these for other than demonstration purposes is questionable.

The situation calls for an analysis involving systemic reactions or
non-homoijeneous thermal properties.

Most exposures of skin covered with cloth which result in hurns
involve temperature histories which are longer ttan 10 seconds, even
for very short thermal oulses, Analysis of situations inwolving

teupora ture histories longer than 10 seconds should include consideration
of the changes in skin properties which resul t from fthe skin's reaction

to sustainad elevated temperatures. Comparison Se tween “urn data on
individual stbjects and befwesn spocies inplies similarity in fhe
skin's raaction to sustained temperatures.

The data for the blackened rat skin are cons iderad reliable to
within 5 percent; the dara given in Fiqure L for the bharc rat skin
should have a siailar certainty 'since fThe data wereobtained in the
same manner as those for the blackenad rafe

The time variation of the effective extinctive zoefficient as
given in Table | is most probably caused by the wave length selectivity
of the rat skin to tne penetration of fthe radiation from the carson
arc sourae, The effect WOulf 8@ sinilar to that noted for ‘uman skin
in an earlier investigation.'? »  The effect of tha preparation of
the anesthesia on the diathermancy of fhe skin is not known buft is
probably of less imporfance than the effect of anesthesia on the
thermal proparties.
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As shown in Table I, fthe tempera turaes of the rat skin were higher
tor the funisten radiation than for ‘he carbon-arc radiation. The
lower extinction coefficient for carbon=2rc radiation indicates
relatively greater pene fration than by tungsten radiation, For humn
skin the carbon=arc radiation was less penetrating than tungsten. The
difference in femperature caused by the two spectra is probably caused
by the higher penetration of radia tion in the blue part of the visible
spectrun, a fact which may be deduced from the higher reflectance of
rat skin over human skin in this spectral region. o :

To calculate equivalent radiant exposures for human skin burns
from data obtained by exposing uncovered rat skin,a first order
correction can be computed employing the temperatures for bare skin.
For carbon=-arc radiation the ratio varies with exposure fime but
averages approximately 0,66, That is, since human skin has temperatures
on the surface which are 50 percent higher than those for rat skin,the
radiant exposures fo cause equal temperafures in human skin are 66
cercent of those for rafs. This correction compensates for kpc.

di f ferences as well as optical dif ferences. While the ratio corrects
for surface temperatures differences, the temperatures in depth might
not follow and would require further sfudy. . . '

Approv ed s
N/ Uy

Ve Ao UTLEY, Cf @»’LWZ‘,Z;R, Uik ' 7
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