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1. In the basic work described in the subject report, techniques previously
developed for measurements of thermal radiation at nuclear detonations have
been successfully applied to study the radiation characteristics of flaming
fuel beds. By use of filter ratio techniques it has been possible to
establish the color temperature of the source, its emittance, and its
irradiance, This is the first time that the radiation parameters of flame
sources have been quantitatively defined.

2. These physical parameters were then applied to measure the biological
effectiveness of flame radiation and establish tolerance levels for human
exposure to these sources.

3. From previously measured laboratory'data and the results of this study
a model system has been established from which "critical energy"” for human
burn production from any radiant energy source may be estimated.

4. In addition it has been shown that burning forest fuel beds are feas-
ible radiation sources for both physical and biological measurements,
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ABSTRACT

: Measurements of the physical characteristics of flame sources of

' radiant energy have been made, using radiometric equipment previously
designed for use at nuclear weapon field tests. These measurements,

. made on an extended plane flame source approximately twenty by twenty

- feet, have shown the source to be equivalent to a black body source
radiating at a temperature of approximately 1200°K and with an emis -
sivity of about 0,3. The irradiance values for these sources is of the
order of 0.7 cal/cm?/sec at a distance of five feet from the flame front,.

- Estimation of ""color temperature' was made by a filter ratio methed,

using energy transmitted by silver chloride and two Corning vitreous
filters (7-56 and 2-58).

Biological studies of the effectiveness of this radiation in producing
cutaneous burns in man and the rat have shown that the radiation from
this source has an effectiveness approximating the ideal maximum,
This maximum is taken as the critical energy value for any thermal
- radiation on blackened skin. On rat skin 2.1 + 0.2 cal/cm? was required
ina I to 3 sec exposure to produce minimal perceptible coagulation,
With increasing exposure time this value rose slightly to 2.6 + 0,5 cal/cm?
-at 4 to 8 sec exposure times. For human skin 1.4 + 0.13 cal/cm? was
required for vesication at the shorter exposure times, <€2.5 sec; for
5 to 10 sec exposures this value is 3.8 + 0.29 cal/cm?,

From this data and that previously reported on laboratory sources,
- critical energy for persistent erythema as a function of color tempera-
"ture has been synthesized. It has been shown that for human skin the
persistent erythema critical energy rises smoothly from 1.64 cal/cm?
for a 1200°K source to 4.6 cal/cm? for a 6000°K source with no inter-
i mediate maxima in this range of temperatures. A general method has
-been stated for estimating critical energies for any spectral distribution
! of energy.
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SUMMARY

T

The Problem

What are the radiation characteristics of flame sources
and how effective is this radiation in cutaneous burn pro-
duction ?

Findings

Burning forest fuels radiate at a temperature of approxi-
mately 1200°K with an emissivity of 0.3. The radiation is
. very effective in burn production on rat and human skin,
i Approximately one-half as much total energy is required
‘ from this source as is required from a carbon-arc source
for equivalent burns.

iii
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1 INTRODUCTION

H This Laboratory has for some time been interested in the nature of
the response of human and animal skin to thermal radiation in various
spectral regions, Studies with carbon arc sources have documented
rather adequately the effects of visible and near infrared radiation on
skin!*? but the limitations of this type of source prevent an extension into
the infrared region.

The production and use of a2 constant source of low temperature
thermal radiation was first suggested to this Laboratory by U.S. Forest
Service personnel who had been using so-called crib fires? in their
) studies of the behavior of fire spread and its associated phenomena,
{Similar studies have also been done by the British for the purpose of
i evaluating the partition of energy in the combustion of wood.* In all these
{ experiments, the purpose of building a given array of wood was to repro-
iduce fires of the same characteristics, This source should be ideally
‘adaptable as an infrared source for measurement of biologic effect at
. high irradiance levels in the spectral region beyond 2.0 p. Simultane-
tously physical characteristics of flame sources could be studied with the
yaim of establishing the role of thermal radiation in production of burns
iin forest or urban conflagrations, With the risk of large urban confla-
rgrations as a result of nuclear warfare it was felt that measurement of
-biological effectiveness and physical properties of flame sources was an
:extremely worthwhile objective,

2 PILGRIM CREEK EXPERIMENTAL STATION

»

A portion of the Shasta-Trinity National Forest, known as the Pilgrim
t Creek Experimental Station has been designated by the U,S. Forest Ser-
- vice as a site for work on fire research. This location was selected
- because the terrain is level, the tree growths range from open spaces of
.several acres to dense groves of trees (mostly Ponderosa pine), and
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because the weather conditions are ideal for safe firing. Situated in a
broad valley, the laboratory is located at a place where the diurnal flow
of air changes direction twice a day, once in the morning and again in
the evening. In the short interval between shifts in the wind direction,
a nearly dead calm persists for an hour or more., It is during these
times that it is relatively safe to ignite a large fire,

The laboratory facilities included one large building equipped with
hot and cold running water, tables, chairs, and a wood stove for heat,
The personnel housing equ1pment included tents and tent frames Wlth
cold water piped from a spring 5 miles away,

3 THE FUEL CRIB

The shape and size of the crib used in these fires was recommended
by Mr. Wallace Fons of the U.S. Forest and Range Experiment Station,
Berkeley, California, as the best for producing the maximum irradiance
and the desired constancy.

For the types of fires required here, sound logs, with bark intact,
about 4 in. in diameter and 10 ft long were required. Among the trees
in the denser part of the woods there are many of 30 to 40 ft in height
which are essentially dead, but which have not yet fallen and are still
sound and free of dry rot. These trees were carefully selected, felled,
limbed, cut to length, and hauled to the burning site,

It is obvious that in the selection of 100 logs, there will be varia-
tions in the diameters, so that in building a crib, large and small logs
were distributed in such a manner that each row would have about an
equal number of large and small logs. All cribs were identical in out-
side measurements and distribution of logs. Each log was weighed
before being placed in the crib so that all contained essentially equal
weights of fuel., Eight iron pipes were driven into the ground flush with
the sides and wired together at the top to prevent the logs from falling
away during the fire, Figures la and lb are photos of a normal fuel
crib before firing,

Ignition of the crib was started by two men with torches walking
around the base and touching the scattered layers of pine needles which
had been sprinkled among the logs near the bottom during the construc-
tion, The time lapse between the initial ignition and the blowup was
about 1 minute,
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Fig. 1a, 1b Views of the Normal Fuel Crib Before Firing. In Fig. la the
water-cooled radiometer is visible on the tripod at the right. Fig. 1bisa
general view of the area showing exposure panels and instrument shelter,
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TABLE 1

Fuel Crib Characteristics

Length 20 ft
Width at bottom 70 in.
Width at top 36 in.
Height ! 50 in,
Average log diameter 4 in.
Volume of fuel 88 3
Volume of crib 368 ft3
Surface area of fuel 1040 2
Fire No. Total Weight Dersity of Fuel
(ibs) (wet weight)
1 3620 0.57
2 3475 0.54
3 3620 0.57
4 3725 0.60
& 4090 0.64
6 3800 0.60

The data presented in Table 1 represent average values for the
dimensions of the cribs, It should be pointed out that precise dimensions
are not realistic in the building of such an array of fuel, but the lengths
given were measured with a steel tape and are correct to approximately
1 in, It should be noted that the density of the wood as presented here
is the wet weight density, or the actual density of the fuel as it was used,
This is not the density often quoted by the USFS, in which the density of
the dry fuel is implied.

4 FIRE BEHAVIOR AND GROSS APPEARANCES

During the time between ignition and the full development of the
flames there was a sharp updraft carrying smoke and embers, probably
mostly the pine needles and the bark, This phase of the fire has been
called the '""blowup'" and during this period no measurements except
radiant power as a function of time were made,

-4-
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After about 2 to 3 minutes, the fire became much more stable and
presented a more uniform appearance (Fig.2). The flames were approx-
imately 15 to 20 ft high and 15 to 20 ft wide. There were distinct and
quite uniform contractions of the flame a few ft above the fuel bed. At
eye level, it was estimated that the thickness of the flame looking along
the length of the crib was not more than 18 inches. Likewise at either
end the flames drew in from the maximum length of the crib.

While the photographs of the flames were alike in showing an opaque
flame front, under certain observing conditions, it was apparent that
the flames were not opaque., If one stood in a position opposite the expo-
sure panels, most of the details of the shutters could be clearly seen
through the flame. One of the reasons for this was the intense illumi-
nation of the panels from the visible radiation emitted by the flames, If
one looked through the flames toward the dark background of the trees,
they appeared opaque just as in the photographs, thus showing that the
apparent optical density depends on the illumination of the background
behind the flame front.

5 SPECTRAL DISTRIBUTION OF ENERGY AND FLAME
TEMPERATURES

5.1 Technique

Since it was known from previous work on fires of the type
used here that the irradiance would not be constant, it was thought im-
practical to scan the flame front with a calibrated spectrometer., It
was therefore decided to measure the spectral distribution with filters
isolating certain portions of the spectrum,

If the total radiation from a given source is measured with a
detector sensitive to all wave lengths and simultaneously measurements
are made with a nonselective receiver through a series of filters, a
series of ratios will be obtained between each filter and the total radia-
tion, These ratios can also be calculated on certain assumptions about
the spectral distribution of energy at the source, The assumptions in
the present case involve two paraméters of the flame front; first that
it is a black or gray body, and second that it has a unique radiation
temperature,

It should be emphasized that this entire procedure is based on
the assumption that the source does in fact radiate as a black or gray

UNCLASSIFIED
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Fig. 2 Appearance of the Flaming Crib Approximately

2 Minutes After "Light-off.” The stake at the right of the

fire indicates the shield location at the time of exposures.

During this blow-up period the shields were left at the
position shown here,
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body at the flame temperature, This is not completely unjustified for
highly luminous flames®; Gaydon and Wolfhard® point out that the color
temperature of the candle flame differs from its true temperature by
only 100°C, They indicate further that as the thickness of a luminous
flame is increased, its emission approaches that of a black body,

The sensitivity of this method depends among other things on
the band width of the filters., In the present case, the band width is
very wide in comparison with the interference filters commonly used
in flame temperature determinations. This width was dictated by the
sensitivity of the receivers and by the necessity of transmitting suffi-
cient energy through each of the filters to produce a cutaneous burn in
the animal, The sacrifice in sensitivity was compensated for by the
ease of observing, and by the practical considerations of placing detec-
tors in the radiation field of the flames at a distance of a few feet,

The method of determining the filter ratios theoretically starts
with drawing energy distribution curves for a series of Planckian radia-
tors at different ternperatures, These curves are, of course, in terms
of black body emitters and as such they describe the maximum possible
intensity at each wave length,

After these series of curves have been drawn, the ordinates
of each are multiplied by the spectral transmission of the filters and a
second series of curves drawn under each of the Planckians. These
curves are for each of the filters and there are sets of filter curves for
each temperature. After these curves have been drawn, the areas under
all curves are measured with a planimeter and ratios computed for each
filter,

Expressed mathematically, the following operation was per-
formed for each of several temperatures, The selection of the tempera-

tures was made on a purely arbitrary basis witk the hope that the
experimental data would fall within the ranges chosen,

»2
»/;1 t(A) I (NN

R =
(o o]
f Tp{Nax
o

»

The ratios are

Where R = Ratio
A= Wave length

t{)\) = Transmission of filter at A
Jr(™

Emittance of black body at temperature T,

-7-
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Figure 3 shows one of the Planckian curves and the calculated energy
transmission of each of the three filters. It should be clear from these
curves, that if one observed the total radiation of a black body at the
temperature indicated, one would see through each filter an irradiance
corresponding to the ratio as expressed above,

In Fig. 4 are plotted the theoretical ratios, determined as
shown, as a function of temperature, These are smooth curves, and it
can be seen that the method is sensitive because of the nonuniformity of
slope of the ratios between the glass filters and the silver chloride,

5.2 Instrumentation

The large exposure panel or shield is shown in Figs. 5 and 6,
and the animal exposure panel is shown in Fig. 7. Below the animal rack
can be seen the cases containing the calorimeter and radiometer used on
each exposure,

In recording the irradiance level at any time in the burning
period the following procedure was used:

l, An exposure panel with one calorimeter and one radio-
meter with filter attached was placed in the shield.

2. Electrical junctions were connected between the instru-
ments and cables leading to the Heiland Recording
Oscillographs located 60 feet behind the shields.

3. The recorders were started by the operator throwing a
switch attached to the back of the shield. When they
were in operation a red light blinked showing that the
paper was running properly through the oscillographs,

4, After the recorders were started, a trip was pulled on
the first shutter, thus opening the exposure panel to the
radiation from the flames., At an appropriate time later,
a second trip was pulled, dropping a second shutter thus
closing the aperture,

5. After allowing the recorders to run for 10 seconds in
order to get a good instrument thermal decay rate, the
recorders were stopped,

After the operation was completed, electrical calibration deflections
were placed on each oscillograph record for each instrument used. The
reduction of the data followed the standard procedure used in reducing
data from any thermal radiation pulse of energy,

-9-
UNCLASSIFIE



UNCLASSIFIED

RATI0S

0.80

0.70

0.60 +—

0.50 p—

0.40 —

0.30—

. O FIRE NO.2
@ FIRE NO.3
O FIRE NO.4
X FIRE NO. 5
A FIRE NO. 6

| | | |

0.20
900

1000 Hoo 1200 1300 1400 1500
TEMPERATURE (°K)

Fig. 4 Theoretical Curves for Filter/Black Body Transmission Ratios.
Points are observed in the various fires.
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Fig. 5 Rear View of Shields Showing the Human Exposure Panel
with Radiometers and Calorimeters in Place; Recorder Cables are
Connected to the Appropriate Instrument,

Fig. 6 Front View of Shields with Aluminum Reflective Curtain

in Position. The shutter on the left is closed. The right hand

shutter is in the open position, exposing the filter array used in
~ spectral studies,
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The calibrations of all instruments were made in the labora-
tory using either the carbon arc or tungsten sources which in turn were
calibrated by secondary standard calorimeters, All calorimeters used
in the measurements had copper buttons 3/8 in. in diameter and 0.020 in,
thick, The calibration constant for these instruments is in terms of
cal/cm?/mv. All radiometers used in the exposure panels were suitable
for irradiances up to 10 cal/cm?/sec. Radiometers of this type do not
require a correction for the decay constant and by applying the calibra-
tion directly to the reading in millivolts, the irradiance may be calculated,

Actual exposure time could also be directly estimated from
the radiometer deflection on the oscillograph trace.

For the measurement of the spectral distribution in the visible
portion, small glass cells were blown which fitted into the calorimeter
cases, These cells had front and back walls of the same glass used in
the laboratory measurements and the solutions in each were identical to
those described in these studies.!

Besides the irradiance measurements made of the flames at
distances of a few ft, continuous measurements were also made of the
flame irradiances at a distance of some 12 ft from the front of the crib.
These were made with a water-cooled radiometer with a 2 field of
view, of the type used in the laboratory for monitoring the 36-in. source.
It has a sensitivity of approximately 1.0 ca.l/cmz/sec mv, Water was
provided to the radiometer from a suspended 5-gal. can and rubber tubing
running this water to the instrument. The rate of water flow was adjusted
so there was just enough water to cool the instrument for the entire period
of the burning, about 80 min, This measurement was made for the pur-
pose of determining the total radiant output of the fire over the entire
burning period.

6 PHYSICAL RESULTS

In order to assure the success of the physical measurements, one
calorimeter and one radiometer were used in each of the exposures,
This was done because these two instruments operate on different prin-
ciples, and experience has shown that often information from one will
be available when the other fails for any reason. Since the spectral
region of interest in these fires extended well beyond the region of
quartz transparency, the calorimeters were exposed with no filter of
any kind., It was found that the variations in air currents altered the

-12-
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temperature rise in the calorimeter buttons to such an extent that none
of the measurements made with the bare calorimeters could be used.
On return of these instruments to the laboratory, identical instruments
were exposed to the sun with and without a filter, and it was found that
there was an apparently greater irradiance in all cases with the quartz
filter in place. Since the measured transmission of these filters for a
6000°K black body is 0.92, it was concluded that the button type calo-
rimeters could not be used without a filter of some kind,

The radiometers on the other hand, because of their high inherent
decay rates, are not appreciably affected by convective losses when no
filter is used, Therefore they gave reliable estimates of irradiance
even though they were not equipped with filters. For this reason,

"no filter' irradiances were estimated from radiometer oscillograph
traces, and calorimeter '"'no filter'" measurements were rejected,

The irradiance of the fire for nearly the entire period of burning is
.shown in Fig.8, The blowup at the beginning is clearly shown as a spike
very soon after ignition, Then there is a period of time when the irra-
diance is more or less constant, The curve is a mean of Fires 4, 5,
and 6,

In Fig.9 are shown irradiance levels measured at the exposure
shields at a distance of 8 ft from the flame front. It will be noticed that
the time scale in this graph is considerably extended over that of the
preceding figure., This fire was selected as showing the most uniform
period for the longest time, Not all the fires showed such a uniform
irradiance for the period shown here, These curves of irradiance vs
time are very similar to those obtained for standard wood crib fires
reported by the British,®

The three filters used and their respective irradiance levels are
givenintabular formin Table 2, In the same table are shown the irra-
diance levels with no filter in place., The observed ratio of any filter is,
then, its irradiance value divided by the corresponding '"no filter" irra-
diance level,

The spectral results are shown in Fig. 4, where the observed ratios
from the above table are plotted on their respective filter curves, It
should be obvious that if no errors of observation had been made, and
that if the fires radiate as a black or gray body, then all the ratios
should have fallen on one temperature value, It is evident that all these
ratios do not, in fact, fall at the same temperature, A mean of all
values falls close to 1200°K. From these observations, then, the effec-
tive Black body temperature of the flames may be taken as approximately
1200™K.

-14-
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TABLE 2

Summary of Spectral Irradiance Levels

(means of observed values during the period when
biological exposures were made, cal/cm?/sec)

Fire No, Without Filter Filter "A" Filter "B” Filter "C”
2 0.85 0.42 0.23 0.26
3 0.58 - 0.19 0.24
4 0,70 0,39 0.14 -
5 0,56 0.35 - -
6 0,64 0.40 - -

Filter "A": Silver chloride coated with a sulfide to reduce its
uansmission in the visible to a negligible value,

Filter "B": Corring glass filter known as 2-58,

Filter "C": Corning glass filter known as 7-56,

In order to examine the visitle portion of the spectrum, a set of
filters was prepared which would transmit only in the visible. The
solutions used and the wave length limits of these filters have already
been described.! Six calorimeters were mounted on a single panel so
that all could be exposed simultaneously behind the appropriate filter,
In none of the filters isolating the visible portion of the spectrum was
there enough energy to produce a deflection of the traces, i.e., less
than 0.03 cal/cm?. It was concluded, therefore, that the amount of
energy below about 1,0 micron was less than approximately 5 per cent
of the total energy radiated by the fires,

7 EMISSIVITY OF THE FLAME FRONT

It can be shown that if a plane rectanguiar source of uniform emit-
tance is measured by an instrument at a given distance from one corner
of the plane, a view factor can be calculated.” In the present case,
motion pictures of the flames showed that they were approximately 20 ft

~-16-

UNCLASSIFIED

———— — — —— — — — —— — ——— —



L set of
The
already
:anel so
e filter,
um was
, less

int of
per cent

‘m emit-
1e corner
ase,

ely 20 ft

1
|H
| o
o

o

TR b oif

N

UNCLASSIFIED

-
| | I |
A 1 1 T e —
~ © 0 <. atd o o o
o o (@] [«] o] o
ONOD3S /WO DS /S3INOTIVD
-17-
U

60 70 80

50

20 30

0 40
TIME FROM IGNITION (MIN)
Fig. 9  Continuous Irradiance-time Measurement with a Water-cooled Radiometer at Eight Ft from the Flame Front,
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high and 20 ft wide during the steady state time of the burning. The
water -cooled radiometer was placed at a distance of 10 {ft from the front
of the crib and was supported on a post 5 ft above the level of the ground,
At this position the radiometer ""saw' the whole flame front and no cor-
rection of view factor was necessary for radiometer field of view. Sub-
stituting these figures into the parameters given in the reference above,
the view factor for the fires is 0.5,

The irradiance from a source such as was defined by these fires
may be expressed by the following equation:

H = FeoT*
where

= irradiance at the radiometer (cal/cm?/sec)

view factor

H

emissivity of the source

H
F
€
o = Stefan-Boltzman constant

T = temperature of the source ( °K)

The measured quantities in the above equation on the assumptions noted
are:

H = 0.41
F = 0,50
T = 1200°K,

Substituting these values in the equation and solving for the emissivity,
a value of € = 0.3 is obtained. The emissivity value is clearly depend-
ent upon the thickness of the flame front and it is not to be assumed that
this emissivity value can be assigned to flame sources in general,

8 BIOLOGICAL STUDIES

Methods
The exposure equipment described in the previous section was used
in all biological exposures, Animal exposures were made in groups of

four using the animal exposure port described in Fig, 7. Human expo-
sures were made singly through the exposure ports shown in Fig. 5,
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Preparation of skin of the rats was made by the method of Kuhl,
et al.,” at least three days before exposure. The volar surface of the
forearm of volunteer subjects was closely clipped and lightly cleansed
with soap and water before exposure.

Animal burns were graded 5 min and 24 hr after exposure by the
following scoring system:
Grade 0 — No response
Grade 1 — Barely perceptible coagulation
Grade 2 — Minimal white
Grade 3 — White
Grade 4 — White with minimal blanch
Grade 5 ~ White with full blanch.

This is a minor modification of a previously reported system.! Analysis

of this data was by the method of regression of severity score on log
dose as previously reported.!

Human burns were graded by the following scoring system:

Grade 0 — No response
Grade 1 ~ Transient erythema
Grade 2 — 24-hr persistent erythema
Grade 3 - Vesication
Grade 4 — Mild coagulation
No effort was made to fit the human data to a regression because of
the relative paucity of data. It is not feasible to make as many exposures

as are possible with the rat burns, For this reason, an average effec-
tive energy was calculated with its associated standard deviation.

9 RESULTS

9.1 Rat Skin
Eight rats were exposed in four different areas to radiation

through each of four filter combinations, i.e.,, none, AgCl, Corning 2-58,
Corning 7-56, at each of three fires. A total of 96 burns through each

-19.
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of the four filters were then available for the regression analysis, The
results of this analysis are given in Table 3,

Apparently the radiation reaching the animal's skin through
all four filters approaches in effectiveness the value for radiation from
a 6000°K source on blackened rat skin. The slight upward trend in crit-
ical energies seen in tke various values for the four filters can be best
explained in terms of failure of reciprocity as previously reported from
this laboratory for a 6000°K source.!®

TABLE 3

Burns on Rat Skin from a Flame Source

At Sttt ————r — e ————

Exposure Filter Biological End Peint
Time Used Minima/! Per:eptible Coagulation Minimal White
(sec) {:al/-m2 (cal/cm2)
1-3 Noae 2.1 4+ 0,2° 2.7+ 0.4
{12009K B.B.) - -
2-5 AgCl 2.1+ 0.3 2.0 + 0.4
3-6 756 2.2 + 0.4 3.0 + 0.4
4-8 2-53 2.8 + 0.5 3.5 + 0.5
Laboratory Findings
2.0 None 4.5 + 0,1% 6.5%
(60009K B.B.) -
. None
2.0 (60009K B.B.) 2.2
Blackened skin
® Standard deviation
% From: Sheline, et al. 9
*2 From: Alpen, et a1l
-20-
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9.2 Human Skin

Because of the obvious lack of critical energy dependence
upon filter used that was observed in the rat data, studies with Corning

2-58 and 7-56 were excluded in this study.
two fires on eight subjects.
through each of the two filters,

Exposures were made at
Six burns were inflicted on each arm, three
A total of 48 burns was observed.

Preliminary calculations of the “"mean effective energy" for
total radiation and radiation through silver chloride indicated that no
significant differences existed between critical energies for the two

filters. For this reason the data from the two were combined to arrive

at a pooled estimate of the critical energy for the various end points.
Table 4 contains the mean effective energies with their associated
standard deviations,

TABLE 4

Human Burns from a Flame Source

Exposure Time (sec)

End Point 0-2.5 2.6 - 3.5 3.6 - 4.5 4.6 - 5.5 5.6 - 10,0
Av 1.7 Av 3.0 Av 4,0 Av 5.1 Av 8.0
No response 0.9% + 1.7 1.5 +0.47 1.74 + 0.34 1,78 + 0.34 2.29 + 0.56
31 6y 3) 6)) 9 (8)
Transient erythema 1.7 1.95 + 0.1 1.5 1.8 +0,65 2.5 + 0,49
(22) 1) 3) 1) 3) (14;
Persistent erythema 1.38 + 0,13 1.9 - - 2.5 + 0,39
) 2 1 (6)
Vesication - 2.1 +0.19 2.5 +0.52 2.9 +0,34 3.8 +0.29
(20) 3) %) (5) ¢))
White coagulation - - - 3.6 + 0,26 4.9 + L1
9 (5) 4)

20Values listed in the table are critical en?r
Numbers in parenthesis are the number of Observations at each level,
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Fig. 10 Critical Energy tor Various Degrees of Burn Severity on Human Skin as a

Function of Exposure Time.
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As in the laboratory studies on hurnan skin, the energy incre-
ments required to produce increasing damage are relatively small,
particularly for the shorter exposure times. At all exposure times the
teffective energy' for transient and persistent erythema are not signifi-
cantly different, However, at the longer exposure times significantly
more energy is required for vesication and coagulation.

If this data is plotted as in Fig. 10, critical energy vs expo-
sure time, it is apparent that approximately the same reciprocity
relationships hold for human skin exposed to a 1200°K source as was
found for rat skin exposed to a 6000°K source, (Sheline, et al,?),

10 DISCUSSION

The most significant finding in the data obtained from rat skin
exposure is that this skin approximates a black body receiver for the
wave length distribution found in flame sources. This is in accord with
the findings of Hardy, et al.}! that skin approximates a perfect radiator
beyond about 2.5 to 3 p. Conversely, it must also be a perfect absorber
in the same region,

The lack of variability in response to radiation passing various fil-
ters arises fromthe fact previously mentioned in the section on physical
characteristics that little or no energy is present in the visible region.
With either 7-56 or 2-58, no energy appears below 1 p and the peak of
[ energy distribution of either filter is at approximately 2.4 p. For this
- reason, critical energies determined with these filters are not compar-
) able with critical energies obtained with the same filters and a 6000°K
source, These findings again point up the fact that both filter and source
characteristics are important parameters in determining energy distri-
bution of transmitted radiation,

The pattern of response of human skin is quite similar to that of the
rat at the wave lengths being investigated with this source. No difference
is detected between radiation passing the silver chloride filter and the
total radiation of the source.

————

From these data and that presented by Alpen, et al.! Table 5
(summary table) may be formulated, It can be seen that effectiveness is
maximum for radiation beyond 2.5 p, and it can be postulated that effec-
tiveness of radiation in burn production will not appreciably exceed this
value in any circumstances as the observed critical energy at Amax= 2.4p
E is approaching the limiting value obtained for radiation on blackened skin.
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TABLE 5

Summary of Spectral Dependence of Critical Energy for
Human Burns

Critical Energy for Persistent Erythema

Spectral Region Maximum (2 sec exposure)

» (cal/cm?2)
04 2.20
0.55 3.25
0.65 9.9
0.85 14.0
L7 2.5
2.4 1.6

It is possible with the data from this study, and that from spectral
studies in the laboratory, to synthesize a critical energy value for any
known spectral distribution of energy. After breaking down the energy
distribution in question into spectral regions corresponding to those for
which critical energies have been established, the weighted mean criti-
cal energy is estimated by a summation of critical energies multiplied
by an appropriate weighting factor. The weightingfactoris the propor-
tion of the total energy available in the region considered. Figure 11
is a plot of cumulative energy as a function of wavelength for various
black body sources at indicated color-temperatures, From these
curves, or from the Planckian formulation, estimates of proportions
of total energy in the various spectral regions can be made. These
values are presented in Table 6. In Table 7, these proportions are
multiplied by appropriate critical energy values and a summation of con-
tributions is made to achieve the estimate of critical energy. It can be
seen from Table 7 and Fig, 12 that there is an upward trend in critical
energy with increasing color temperature with a plateauing of the value
at about 4.5 cal/cm? for color temperatures over 4000°K.,

The histology of graded severity burns on rat skin has been
reported upon adequately in previous reports from this Laboratory.’
However, a comment on the histopathology of human small-area burns
is in order., Grossly, it has been observed by us that vesication can
occur at two levels of severity of immediate damage; erythema or
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Fig. 12  Critical Energy for Persistent Erythema on Human
Skin (2-sec exposure) as Calculated for the Indicated Colar
Temperatures from Table 7.
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TABLE 6

Estimated Distribution of Energy in Black Body Sources at
Various Temperatures

et —

NMax m,‘:;my Per Cent of Total B.B. Energy in Various Spectral Regions
W P )P' 0.5p 0.5-0.65p 0.65-0.85p 0.85-0.95p 0,95-1.5p 15p
2.4 1200 0 0 0 0 4 96
1.45 2000 0 0 2 2 24 12
97 3000 1 5 7 11 33 43
73 4000 8 12 18 8 29 27
4B5 6000 24 21 19 7 18 11
TABLE 7

Estimated Critical Energy for Burn Production on Human Skin at
Various Source Temperatures
(Persistent Erythema, 2 sec exposure)

Contribution to Critical Energy from Various Spectral Regions (cal/cm2)®  Predicted
05p 0.5-0.65p 0.65-0.85p  0.85-0,95p  0.,95-1.5p 1.5p Critical

Temp. Total Critical Energy for Region Energy
(°K) 2.2 3.2 8.9 14,0 2.5 1.6 (cal/cm2)
1200 0 0 0 0 0.10 1.54 1.64
2000 0 0 0.20 0.28 0.60 1.15 2.23
3000 0.02 0,16 0.68 1.54 0.82 0.64 3.86
4000 0.13 0,38 1.74 1.12 0.72 0.40 4.49
6000 0,53 0.67 1.88 0.93 0.45 0.14 4.60

® Values in table are total critical energy for region multiplied by the estimated per cent of
total B.B. energy in the region as listed in Table 6.
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moderate white coagulation. It is felt that vesication following erythema
more nearly approximates the classical second degree burn and that the
frequent vesication seen following a white coagulated burn does not cor-
respond to a true second degree burn but is artifactual, arising from the
smallness of the burn area. :

In Figure 13a is a2 microphotograph of a human biopsy from a white
coagulated lesion in which a blister formed. Biopsy was at 24-hr post
burn and is from the marginal region of the burn including peripheral
normal skin. The plane of cleavage of the blister cap is along the der-
mal epidermal interface. A collection of pink staining serous coagulum
is seen beneath the nonviable epidermis. Moderate changes are present
in the superficial portion of the dermis. These are pynknosis of nuclei,
paleness of collagen staining and presence of edema. Hyperemia of
deeper vessels is seen in the original section but is not clearly visible
in the microphotograph. Viability of all epidermal tissue is unquestion-
ably lost and it is felt that this lesion represents a mild third degree
burn, Figure 13b is a biopsy from a persistent erythema lesion at
24-hr post burn. Normal epidermis is visible at the left edge of the
section. This lesion is characterized by moderate paleness of staining
in epidermal nuclei accompanied by nuclear halos. An intense hyper-
emia and edema is seen in the superficial dermis. Moderately severe
epidermal damage approaching transepidermal necrosis is the best
general expression of the nature of this lesion, It might be categorized
as '"threshold second degree',

One striking difference in the histopathology of burned human skin
from that of the rat is the moderate nature of the leucocytic infiltration
of the'lesion compared to the massive response in the rat at comparable
1 times.,
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feer, have shown the source to be
source radiating at a temperature of approximately 12000K
and with an emissivity of about 0.3. The irradiance values for
these sources is of the order of 0,7 cal/cm2/sec at a distance of five feet from the
flame front. Estimation of "color temperature” was made by a filter ratio method,
using energy transmitted by silver chloride and two Corning vitreous filters (7-56
and 2-58),

Biological studies of the effectiveness of this radiation in producing cutaneous
burns in man and the rat have shown that the radiation from this source has an
effectiveness approximating the ideal maximum. This maximum is taken as the
critical energy value for any thermal radiation on blackened skin. On rat skin
2.1+ 0.2 cal/cm? was required in a 1 to 3 sec exposure to produce minimal per-
ceptible coagulation. With increasing exposure time this value rose slightly 10
2.6 + 0.5 cal/cm? at 4 1o 8 sec exposure times. For human skin 1.440.13cal/cm?2
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feet, have shown the source to be
source radiating at a temperature of approximately 12000K
and with an emissivity of about 0.3, The irradiance values for
these sources is of the order of 0.7 cal/cm2/sec at a distance of five feet from the
flame front, Estimation of " color temperature™ was made by a filter ratio method,
using energy transmitted by silver chloride and two Corning vitreous filters (7-56
and 2-58).
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USNRDL-TR-84  (continued)
was required for vesication at the shorter exposure times, <€ 2.5 sec; for 5 to 10
sec exposures this value is 3.8 + 0,29 cal/cm?,

From this data and that previously reported on laboratory sources, critical
energy for persistent erythema as a function of color temperature has been synthe-
sized. It has been shown that for human skin the persistent erythema critical
energy rises smoothly from 1.64 cal/cm2 for a 12009K source to 4.6 cal/cm? for
a 6000°K source with no intermediate maxima in this range of temperatures, A
general method has been stated for estimating critical energies for any spectral
distribution of energy.
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