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FOREWORD
This report presents the final results of one of the 46 projects comprising the military-effect
program of Operation Plumbbob, which included 24 test detonations at the Nevada Test Site in
1957.

For overall Plumbbob military-effects information, the reader is referred to the "Summary
Report of the Director, DOD Test Group (Programs 1-9), " ITR-1445, which includes: (1) a
description of each detonation, including yield, zero-point location and environment, type of
device, ambient atmospheric conditions, etc.; (2) a discussion of project results; (3) a summary
of the objectives and results of each project; and (4) a listing of project reports for the military-
effect program.
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ABSTRACT
The purpose of Project 8.2, Operation Plumbbob, was to determine the adequacy of the labora-
tory methods employed in the study of the effects of intense thermal radiation on materials. The
primary objectives were to determine the adequacy of physical methods for studying thermal
damage to materials and for evaluating, by means of a physical skin simulant, the protection
afforded by clothing to personnel against intense thermal radiation. A secondary objective of the
project was to compare the burns predicted from the temperatures of the skin simulant behind
an irradiated fabric assembly and the burns e,,.ained on animals under identical exposure con-
figurations. Project 8.2 made basic thermal radiation measurements for the use of Projects
4.1, 8.1, and 8.2.

The skin-simulant study involved a major participation at stations which received radiant
exposures of 6.5 and 15.5 cal/cm2 during the Shot Priscilla (36.6 kt) detonation and at a distance
corresponding to a radiant exposure of 16.2 cal/cm 2 for the Shot Hood (74.1 kt) detonation. Proj-
ect 8.2 also made supporting measurements during Shots Lassen and Wilson. Representative
cellulosic materials were exposed during Shot Priscilla at stations corresponding to radiant ex-
posures of 6.5, 8.5, 10, 13, 15 and 21 cal/cm2 to determine whether the threshold ignition ener-
gies of these materials determined under field conditions verify the data predicted from labora-
tory studies. Basic thprmal radiation measurements were made during Shots Lassen, Wilson,
Priscilla, and Hood.

The results of this field experiment indicate good agreement between temperatures measured
in the field and temperatures predicted by laboratory methods employed in thermal radiation
studies. The exceptions were that the laboratory experiments would predict higher temperatures

for 3.5 and the 7.5-cm-diameter areas for exposures for which cloth would be expected to ignite
than those which were measured in the field experiment. Blast effects are postulated to account
for this difference.

In three of the four situations for which postshot data were available, the skin simulant ade-
quately predicted burns to pig skin exposed in similar exposure geometries.

Measurements of thermal radiation were made successfully, and showed reasonable agree-
ment with the generalized pulse except for a slightly higher irradiance after the irradiance maxi-
mum for Shots Priscilla and Hood.
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PREFACE
Corresponding to the primary objectives of Project 8.2, this report has been divided Into two
parts: (1) evaluation of laboratory methods for determining the protection afforded by uniform
systems and the comparison of the skin burns predicted from the temperatures of the skin simu-
lant with the burn severities obtained on pigs under similar exposure configurations, and (2)
effects of thermal radiation on a standard reference material.

The basic thermal radiation measurements are covered In the Appendix of this report.
The authors wish to acknowledge the guidance and invaluable assistance of Major William C.

Linton, USA, Director, Program 8, in surmounting the many difficulties which are associated
with participation in field tests of this type.

The authors are indebted to George J. Dashefsky, Edward J. Jehle, and Joseph M. McGreevy
of the Naval Material Laboratory for encouragement in the planning and execution of this project.

George Mixter, Jr., M.D., consultant to the Naval Material Laboratory on the Thermal Injury
Project, assisted in the design of the burn-simulant response study, analyzed the burns of the
animals, and gave invaluable support in the operational phases of this project.

Alfred Lawes is due major credit for the -lesign, proper fabrication, and excellent records
of the electrical circuitry associated with the oscillographic rpernrdtng of the many transient
temperatures. He skillfully designed and fabricated many specialized devices required for the
successful achievement of the project objectives.

The following personnel of the Naval Material Laboratory assisted in the preparatory work
at the laboratory: Joseph Filosa, Ralph C. Maggio, and Guy P. DeLhery.

Personnel of the Quartermaster Research and Development Command fabricated the special
uniforms for the pigs employed in the animal skin-simulant study, in making pigs available for
this purpose, and In coordinating the placement of the animals. Personnel of the U.S. Naval
Radiological Defense Laboratory, particularly John M. Nichols, assisted in the developing of
the oscillographic records.

The authors wish to gratefully adknowledge their indebtedness to Richard R. Deasy for his
efficient job in typing the manuscript from rough notes under the duress of the field operation
and for his many valuable suggestions.
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Par/ / EVALUATION of LABORATORY METHODS for
DETERMINING THERMAL PROTECTION of UNIFORMS

Chopter /
INTRODUCTION

1.1 OBJECTIVES

The objective of the skin-simulant study was to determine the adequacy of laboratory methods
employed in studying the effects of intense thermal radiation on biolovical systems. More spe-
cifically, the purpose of this investigation was to: (1) determine the adequacy of the irradiation
area, tinie variation of irradiance, and spectrum of the laboratory sources employed in evalua-
ting the protection afforded to personnel by uniforms; and (2) compare the burn severity predicted
from the temperature histories of a skin simuilait behind an irradiated fabric assembly with the
actual burns noted on animal skin irradiated under similar exposure configurations.

1.2 BACKGROUND AND THEORY

Thermal radiation damage to materials and personnel has been studied extensively at the Naval
Material Laboratory (NML). Included have been both the critical radiant exposures required to
cause typical damage to representative materials and the protection afforded to skin by various
clothing assemblies. The purpose of Project 8.2 was to validate these laboratory study methods,
the results of which are important to military and civil defense groups in evaluating operational
and tactical situations.

1.2.1 Skin-Simulant Study. A skin simulant utilizing a temperature criterion for determining
burn severity has been developed by NML for use as a substitute for animal and human skin in
the study of subfabric radiant-energy burns (References 1, 2, and 3).

During Operation Upshot-Knothole (Reference 4), a fuli-scale experiment was conducted to

evaluate the protection of uniform systems employing a polyethylene skin simulant. Since that
time, refinements have been made in the skin simulant and in the techniques employed in evalua-
ting the protection afforded by uniforms. The improved skin simulant has the thermal properties
of an average human skin and closely resembles human skin in optical characteristics (Reference

3). This skin simulant includes a fine-wire thermocouple embedded at a depth of 0.05 cm, per-
mitting the use of a maximum-temperature burn criterion with minor qualifications.

The experimental design for the field test included more replication than previous tests, a
greater range of exposure areas was employed, and the radiant exposures were more represent-
ative of situations that would result in burns for the particular uniform assemblies employed.

The situations were documented in the laboratory as to temperature histories, burns to rat skin,
influence of area of exposure, relative humidity, and air flow.

The primary objective of the skin-simulant study in the field will have been achieved if the

temperatures measured for the actual thermal radiation pulse from the nuclear device can be

shown to be the same as the temperatures for exposures to the simulated device in the labora-

tory, either by direct comparison or by computation of both from heat-flow theory. The temper-

ature histories for systems involving semi-infinite and finite media in contact with semi-infinite

opaque and diathermous media have been derived for constant-irradiance pulses. The tempera-
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ture histories for more complex radiant-energy pulses, such as those of nuclear weapons, maybe computed by synthesizing the pulse with a series of constant-irradiance pulses. For the skinsimulant, correspondence of the temperature maxima for the laboratory and field pulses shouldbe an adequate criterion of validation, since the depth at which the thermocouple is placed In thesimulant was chosen so that, on the basis of heat-flow theory, the maximum temperature rise ofthe medium would be the burn criterion (Reference 5).

1.2.2 Comparison of Skin-Simulant Response and Burns to Pigs. The Improved NML skinsimulant, molded from s1iiica-powder'filled urea forImldehyde, has the thermocouple embeddedat a depth of 0.05 cm in order to give burn predictions based on maximum temperature attainment.The basic criterion Is a rise of 25 C or more for a second-degree burn to human skin or for a2+ mild burn to pig skin. This criterion is based on the assumption of (1) the equivalence of aminimal white burn on the rat skin (or a 2+ mild burn in pig skin) to a second-degree burn inhuman skin, (2) an Initial skin temperature of 31 C, and (3) correspondence of the thermal pro-perties of pig, rat, and human skin. The accuracy of such a burn prediction in terms of indicentradiant exposure is estimated to be ± 10 percent. A skin-simulant temperature rise of 20 C orgreater is estimated to correspond to a first-degree human burn or a 1+ moderate pig skin burn,and a rise of 35 C is estimated for a third-degree human burn or a 3+ mild pig burn. The latterestimations, probably accurate to ± 20 percent, are based on pig-burn data obtained at the Uni-versity of Rochester (Reference 6). The best estimate as to the influence of initial skin tempera-ture was used to correct the burn-severity criteria (Reference 7). Thus, for every degreecentigrade over or under a pig skin temperature of 31 C, a correction of 0.9 C was applied to the
25 C criteria for 2+ mild burns.
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Chapter 2
PROCEDURE

2.1 OPERATIONS

For its skin-simulant study, Project 8.2 participated in four shots: Lassen, Wilson, Priscilla,
and Hood. For Shot Priscilla two major recording stations were instrumented at distances of
7,500 and 12,150 feet from ground zero. For Shot Hood, one station was instrumented at a dis-
tance of 10,500 feet from ground zero. In view of the requirement for NML to make basic thermal
measurements during Shots Lassen and Wilson, minor stations were instrumented at a distance
of 3,930 feet for both, providing actual experimental data for devices of relatively low yields.

The data obtained, the temperature histories of the simulant, were recorded on oscillographic
equipment. The recording equipment at the major stations was installed in shelters below ground
in order to minimize the effects of blast and prompt and residual gamma radiation. Protective
covers were removed from exposure assemblies prior to the detonation. The various assemblies
and recording equipment were recovered as soon after the detonation as practicable.

Project 8.1 coordinated the placement and the recovery of the pigs employed in the study of
correlating the skin simulant response with macroscopic burn damage to pig skin.

2.2 INSTRUMENTATION

2.2.1 Skin-Simulant Study. The two major stations for Shot Priscilla were instrumented with
twenty simulant units at each station. The thermocouples embedded in the skin simulants were
connected to Helland oscillographs, which recorded the thermal emf similar to those studied In
the laboratory. To minimize the effects of popcorning (Reference 8), and of reflection of radia-
tion from the desert floor (Reference 9), the assemblies were mounted at a height of 7 feet above
the ground on panels secured to the station structures.

Six basically different uniform-simulant configurations were evaluated: the NML simulant,
uncovered, with and without a layer of blackening; the Army's Hot-Wet uniform assembly (5-oz/yd2

poplin, shade 116, over 4-oz/yd 2 white sheeting), both In form contact with the simulant acid
spaced 5 mm from the simulant; and a dark-gray, 9-oz/yd2 cotton sateen over a 4-oz/yd' white
sheeting, both in firm contact with the NML simulant and spaced 5 mm from the simulant.

The spectral absorptances of the simulant and the two outer fabrics were measured and are
shown in Figure 2.1. The radiant absorptances were computed for the carbon-arc spectrum and
are given in Table 2.1. From Figure 2.1 it may be seen that the skin simulant and the poplin are
inversely selective to short wave length or visible radiation and longer infrared radiation. There-
fore, significant differences in the spectra of the laboratory source and the field thermal pulse
should result In appreciable differences in the temperature rise of the backing. If the carbon-arc
laboratory source was deficient in visible radiation, the temperatures obtained in the laboratory
under the poplin would be lower than those from the nuclear device and those for the uncovered
simulant would be higher in the laboratory than in the field. Deficiencies in the infrareil regions
would cause inverse effects. The blackened simulant and the gray sateen were essentially neutral;
consequently, differences in the spectra of the two sources should not have affected the tempera-
ture rise of the uncovered blackened skin simulant and that of the normal simulant behind the gray
sateen.

The NML skin simulant was a 3.8-cm-diameter disk, 1.0 cm high, as shown in Figure 2.2.
The skin simulant is also shown in Figure 2.2 in a 10-cm-diameter semicylindrical mount. Firm
contact between cloth and skin simulant was achieved by means of springs, which held the fabric

13
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I -- ~.-Gray Cotton Sateen
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0.2 -- \ I

0.1- _ _ __ _ _ _ _

0.2 0.6 1.0 1.4 1.6 2.2 2.6

Wave Length , Microns

Figure 2.1 Spectral abborptanice of NML skin simulant and standard fabrics.

Figure 2.2 Naval Material Laboratory skin simulant unmounted and mounted.
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in tension against the curved surface of the simulant, as illuieLrated in Figure 2.3. For exposure
areas larger than 3.5 cm in diameter, the skin simulant was mounted in a 10-cm-diameter poly-
ethylene semicylinder 8 cm wide. Since polyethylene has thermal properties sufficiently like
those of the skin simulant, cloth reactions under irradiation and the temperatures of the thermo-
couple in the simulant, for the exposure times and cloth thicknesses employed, should be the
same as those for a backing entirely of the simulant material.

A lucite plate was employed to effect positive spacing for small-area and large-area exposures,
as illustrated in Figure 2.4. The outer cloth was held with sufficient tension to pull the fabric apart
when it lost its strength. Thin aluminum plates with holes of the appropriate diameter were fas-
tened to the outer fabric to serve as apertures. These apertures were used to simulate sources
having various irradiating areas. Several apertures are shown in Figure 2.5, which shows sev-
eral specimens in place on a panel. Shields were employed to restrict the admission of thermal
radiation to only the desired portions of the specimens.

Each of the six basic specimen configurations was repeated at least once, and some situations
were repeated four times at each station for Shot Priscilla, employing apertures of 0.9, 1.7, 3.5,

TABLE 2.1 RADIANT ABSORPTANCES OF SKIN

SIMULANT AND STANDARD FABRICS

Specimen Radiant Absorptance

Skin simulant, bare 0.72

Skin simulant, blackened 0.95

Poplin, Shade 116, 5-oz/yd2  0.63

Sateen, gray, 9-oz/yd2  0.91

and 7.5 cm in diameter. The use of two stations for Shot Priscilla essentially duplicated the ex-
posures at a second radiant-exposure level.

For Shot Hood the specimen configurations were similar to those for Shot Priscilla, except
that all specimens were mounted at the one radiant-exposure level, attenuating screens being
employed to obtain lower radiant exposures.

In Shots Lassen and Wilson, the following four exposure configurations were evaluated: (1) un-
covered skin simulant, 3.5 cm aperture; (2) uncovered, blackened skin simulant, 3.5 cm aperture;
(3) skin simulant in contact with Hot-Wet uniform, 1.7 cm aperture; (4) skin simulant in contact
with dark-gray cotton sateen, white sheeting combination, 1.7 cm aperture.

At the designed radiant exposure of 15 cal/cm2 the exposure configurations, In which the uni-
form assemblies were to be spaced from the skin simulant, should have involved ignition and
required more precise control of the fabric's moisture content. These exposure assemblies at
this station, therefore, were kept at a minimum moisture content by enclosure of the assemblies
in a desiccated chamber. The window material was a thin film of plastic, polyvinylidene chloride
(Saran), 0.0005 cm thick with an optical transmission factor of 0.90. The edges of the thin win-
dow were blackened in order that the initial phases of the thermal pulse would remove the window.

Motion-picture cameras operating at 64 frames/sec were employed at the two major record-
ing stations during Shot Priscilla. The cameras were placed in front of the specimen racks to
document the presence of smoke, flame, local dust or smoke obscuration, and other factors.

In the laboratory, the six configurations employed in the uniform evaluation study (see second
paragraph of this section) were exposed to the carbon-arc thermal-radiation sources, whose ir-
radiance duplicated the nuclear-device thermal pulses. A time to maximum, tin, of 0.2 second,
corresponding to a 40-kt device, was employed with radiant exposures ranging from 4 to 17
cal/cm 2 in terms of equivalent field radiant exposures, Qf. Because the exposure was terminated
at 9tm, the laboratory pulse delivered a radiant exposure of two times the product of the maxi-
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mum Irradiance, Hm, and tm. The appropriate correction was applied to obtain Qf, the equiva-

lent field radiant exposure, which was given by:

Qf = 2.57 Hm tm

Exposures have been made to the carbon-arc sources without an aperture and with apertures
of 0.9 and 1.7 cm in diameter to determine the influence of area of irradiation on the temperature

Figure 2.5 Typical skin-simulant exposure panel.
AFSWP Photo No. 30-65-PLK151-4.

rise of the skin simulant for the six different configurations. The distribution of irradlance in
the exposure plane of the carbon-arc source is approximately Gaussian, the irradiance dropping
to 90 percent of the irradiance maximum at a radial distance of approximately 0.8 cm.

To extend the study of exposure area to larger areas, a tungsten source employing a bank of
tubular lamps was utilized. The area of irradiation was essentially uniform over an area 8 cm

17
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in diameter. .Since the irradiance was limited to a maximum of 6 cal/cm"-sec and a variable
shutter mechanism was not readily available, constant-irradiance exposures were employed.

2.2.2 Comparison of Skin-Simulant Response and Burns to Pigs. The fabric-animal exposure
configurations duplicated three of those employed with the skin simulant. The 5-oz/yd2 poplin
was placed over the 4-oz/yd2 bleached rheeting against the shaved pig; tension was applied to the
cloth to provide firm thermal contact. The same cloth assembly was exposed with a 5-mm spa-

Pig 3 Pig 2 Pig I

Station - 7,500 Feet

Pig 3 Pig 2 Pig I

Station- 12,150 Feet

C- Poplin and Sheeting in Contact

S-Poplin and Sheeting Spaced 5mm

9-Dare Pig Skin

Figure 2.6 Schematic diagram of clothed pigs showing areas of controlled exposure.

cing between the cloth and the animal's skin. Apertures of 3.5 cm in 0.010-inch aluminum-faced
cloth were employed. The spacing was obtained by placing a heavy fabric under the uniform
assembly, with a hole cut to match the aperture over the uniform assembly. Portions of the
sides of each pig exposed were left uncovered as control areas.

A diagram showing the positions of the various fabric assemblies on a pig is presented in
Figure 2.6.

After exposure during the detonation, the pigs were inspected at H + 2 and H + 24 hours to
determine the nature and extent of the thermal injury under each of the exposed areas. The ex-
istence of burns, if present, was noted and the burns were graded as to severity. The data thus
obtained were compared with the predictions from the response of the skin simulant.

2.3 DATA REQUIREMENTS

2.3.1 Skin-Simulant Study. The data required for the validation of laboratory methods of
evaluating the protection afforded by uniforms were the maximum temperature rises produced
in the skin simulants by the thermal radiation pulse of the nuclear detonation and the radiant ex-
posures and irradiance history at the particular station.

The data were recorded in the form of 48 traces on four separate photographic oscillographic
records. The skin-simulants' temperature histories were derived from the deflections of the
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recorder traces by the use of the thermocouple constant (27 C/mv) and the sensitivity (mv/mm)
as determined for the actual circuit employed at the respective stations. The maximilm temper-
ature rises thus obtained were compared directly with those predicted from laboratory exposures.
Skin-simulant temperatures were measured in the laboratory for the range of radiant exposures
expected in the field test, and the predicted values were adjusted for deviations from the antici-
pated radiant exposures. Any differences In the actual temperatures from the predicted values
were studied to determine inadequacies in the laboratory evaluation methods. The influences of
a sufficient number of parameters were evaluated in the field to permit drawing conclusions as
to those aspects In which the laboratory exposures failed to duplicate the exposures to a nuclear
detonation (whether the inadequacy may be attributed to differences in the spectra of the two
sources, in their areas of irradiation, in their pulse shapes, etc.).

A record of temperature, relative humidity, pressure, and wind direction and velocity in the
immediate region of the Project 8.2 stations was required. Such data permitted an evaluation of
the validity of the field-test results. The presence or absence of dew on the windows of thermal-
radiation meters and on materials, excessive air flow across the specimen, and other effects of
the environment, if present, could account for significant differences between laboratory and
field data. Therefore, the indicated meteorological data were required in order to evaluate these
effects.

2.3.2 Comparison of Skin-Simulant Response and Burns to Pigs. The data required for com-
paring the temperature response of the skin simulant with the burn response of the pigs were the
actual burn severities noted for each of the fabric-animal configurations at the two stations and
the maximum temperature rise of the skin simulant for the corresponding fabric-simulant ex-
posure condition. The same climatological data requested in the skin-simulant study were nec-
essary in this study for proper evaluation of the results.
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Chapter 3
RESUL TS

3.1 LABORATORY DATA

Two experiments which were immediately applicable to the analysis of the field results were
conducted in the laboratory. In one experiment, the various fabric-skin-simulant configurations
were exposed to the carbon-arc source whose output simulated the thermal flux emitted by a
nuclear detonation. The temperature rise of the skin simulant for each configuration is given
in Figure 3.1 as a function of the equivalent field radiant exposure for a 40 kt device. The tem-
perature rise of the skin simulant for these configurations Is given in Figure 3.2 as a function of
simulated-device yield.

The temperature rise of the skin simulant for the various configurations when exposed to the
side-area tungsten source is given ii, Table 3.1 as a function of the area of exposure. The expo-
sure durations were selected to give a maximum temperature rise equal to that obtained for a
radiant exposure of 5 cal/cm 2 for a pulse with a simulated yield of 40 kt. Because of spectral
differences between sources, the exposures were longer for the poplin than for the gray sateen.
To simulate exposures at the 15-cal/cm2 station, the exposures were made three times as long
as those for 5 cal/cm 2. At the lower radiant exposure, it will be noted that for the fabrics in
contact the differences between the 0.9-cm and the 7.5-cm exposures are more than 10 percent;
for the spaced configuration the differences are large; however, the temperature rises are low,
and these differences have no practical significance. For the exposures equivalent to a field
radiant exposure of 15 cal/cm 2, high temperatures were experienced for all areas of contact;
however, for the spaced situatina the amount of cloth burned in the smaller aperture was usually
insufficient to cause temperatures normally associated with flaming cloth of appreciable size.
Temperature maxima when the cloth was ignited and either glowed or flamed varied between
rather wide limits hut were usually greater than those associated with the 2+ burn level.

3.2 SHOT LASSEN

Because of the device's extremely low yield, the temperature rises of the skin simulant for
all exposure configurations evaluated were negligible during Shot Lassen.

3.3 SHOT WILSON

The temperature-rise maxima measured are given in Table 3.2 for the four specimens exposed
to Shot Wilson. The radiant exposure as measured at the station was 17.5 cal/cm2 with a tm of
0.11 mecond. The laboratory values were extrapolated from exposures longer than 0.2 second
tm. The temperature of the uncovered simulant was 17 percent less than predicted, and the
blackened skin simulant was 31 percent less. Temperature rises in excess of 60 C are seldom
employed in laboratory work, since they are much in excess of the burn levels of interest. The
face of the blackened simulant was charred. Temperatures as high as 120 C have been exceeded
in the laboratory for longer pulses without charring to the extent noted. The field exposure to
the short pulse with a tm of 0.1 second of 17.5 cal/cm 2 evidently produced the steep temperature
gradient predicted by heat-flow theory for opaque substances. The clothed-simulant temperatures
were high and characteristic of a flaming or glowing outer cloth, an effect which was to be ex-
pected at this radiant exposure.
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3.4 SHOT PRISCILLA

3.4.1 Skin-Simulant Study. The maximum skin-simulant temperatures are given in Table
3.3 for the 7,500-foot station and In Table 3.4 for the 12,150lfoot station for Shot Priscilla. One
oscillograph failed to run and the data are incomplete for this reason. The laboratory values
have been derived for radiant exposures of 6.5 and 15.0 cal/cm 2 and from the data of Figures

TABLE 3.1 TEMPERATURE RISE OF CLOTHED SKIN SIMULANTS AS A FUNCTION OF AREA
OF EXPOSURE FOR A 3,000 DEGREE KELVIN TUNGSTEN SOURCE

Spccimen, Radiant Temperature Rise
Skin Simulant t Exposure for Aperture Diameter

Covering sw Square Field 0 f9 cm 1.7 em 3.5 e m 7.5 Dm
Wave Equivalent

sec cal/cm2  cal/cm2  C C C C

Poplin and 0.91 5.5 5 16 18 19 19
sheeting in
contact 2.7 16.5 15 30 to 60 30 to 60 30 to 60 s0 te 60

Gray sateen 0.70 4.3 5 17 19 19 22
and sheeting
in contact 2.1 12.8 15 30 to 60 30 to 60 30 to 60 30 to 60

Poplin and 0.51 5.5 5 2 3 5 5
sheeting
spaced 5 mm 2.7 16.5 15 10 12 30 to 60 30 to 60

Gray sateen 0.7 4.3 5 2 3 5 5
and sheeting
spaced 5 mm 2.1 12.8 15 20 28 30 to 60 30 to 6u

* t w, duration of square wave pulse.

3.1, 3.2, and Table 3.1. For the specimens which were expected to flame, a range of tempera-
ture rises is indicated, the predicted temperatures being in excess of those corresponding to

the important burn level for the larger apertures.
The influence of blast, such as causing the removal of a burning or glowing cloth, is to be

discounted as reflecting on the adequacy of laboratory methods in this investigation. During

TABLE 3.2 MAXIMUM TEMPERATURE RISE OF SKIN SIMULANT AT
3,930-FOOT STATION, SHOT WILSON

Laboratory values are for 17.5 cal/cm2 and a tm of 0.11 second.
Specimen, Maximum

Specimen Skin Simulant Apretre Temperature Rise Difference
Covering Laboratory Field

cm C C percent

1 Uncovered 3.5 114 95 -17

2 Uncovered, blackened 3.5 168 116 -31

3 Poplin and sheeting 1.7 30 to 60 51 -

in contact

4 Gray sateen and 1.7 30 to 60 38
sheeting in contact

Operation Upshot-Knothole, blast in most cases only served to reduce the temperatures which

had already exceeded the temperatures associated with burns by blast time.

The temperatures of the simulants in firm contact with the cloths at the 7,500-foot station
were as high or higher than those predicted for the flaming cloth. Behind the ignited spaced
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TABLE 3.3 MAXIMUM TEMPERATURE RISE OF SKIN SIMULANTS AT
7,500-FOOT STATION, SHOT PRISCILLA

Laboratory values are for 15.0 cal/cm
2 

and a tm of 0.20 second.
Specimen, Aperture Maximum

Specimen Skin Simulant Diameter Temperature Rise Difference
Covering Laboratory Field

cm C C percent

1 Uncovered 0.9 100 93 -7
2 3.5 100 94 -6

3 Blackening 3.5 140 115 -18

4 Poplin and 0.9 30 to 60 53 -
5 sheeting in 7.5 30 to 60 71 -

contact

6 Gray sateen 0.9 30 to 60 77 -

7 and sheeting 0.9 30 to 60 46 -

8 in contact 7.5 30 to 60 47 -

9 Poplin and 0.9 10* 16 -

10 sheeting 1.7 12 19 -

11 spaced 5 nt 3.5 30 to 60 25 -

12 7.5 30 to 60 30 -

13 Gray sateen 0.9 20 * 14 -

14 and sheeting 1.7 28 20 -

15 spaced 5 mm 3.5 30 to 60 22 -

16 7.5 30 to 60 22 -

• Lab temp)raturv rbclise. iijna are critically dependent on completion el

combustion. Differences in ignition and not maximum temperature rise are
significant in these situations.

TABLE 3.4 MAXIMUM TEMPERATURE RISE OF SKIN SIMULANTS
AT 12,150-FOOT STATION, SHOT PRISCILLA

Laboratory values are for 6.5 cal/cm 2 
and a tm of 0.20 second.

Specimen, Maximum
Specimen Skin Simulant Apeeture Temperature Rise Difference

Covering Laboratory Field
cm C C percent

1 Uncoverel 0.9 42 -

2 3.5 42 -

3 Blackening 0.9 59 50 -15
4 3.5 59 * -

5 Poplin and 0.9 21 -

6 sheeting 1.7 24 26 f8

7 in contact 3.5 24 25 + 4
8 7.5 24 -

9 Gray sateen 0.9 22 25 +14
10 and sheeting 1.7 24 26 +8
11 in contact 3.5 24 24 0
12 7.5 24 *

13 Poplin and 0.9 2

14 sheeting 7.5 4
spaced 5 mm

15 Sateen and 0.9 2
sheeting 7.5 5
spaced 5 mm

. Temperatures were not recorded.
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cloths, the temperatures, while indicating skin burns, were not as high as those predicted from
laboratory exposures. The temperature histories peaked at 5 to 7 seconds and indicated that
the blast blew out the flame. When flaming is not interfered with, the high erratic temperatures
are maintained as long as 30 seconds. The temperatures predicted by laboratory methods for
Shot Priscilla were too high by about 10 percent for the bare-and-blackened simulant and too low
by 7 percent for the cloth-covered simulants.

The air temperature during Shot Priscilla was 17.5 C and the relative humidity 29 percent;
the air was calm. The correlation of the effects of thermal radiation to those obtained under
normal laboratory conditions would not have been affected by this environment.

3.4.2 Comparison of Skin-Simulant Response and Burns to Pigs. Table 3.5 lists the burns
predicted from the temperatures measured in the skin simulants and the burns observed on the

TABLE 3.5 MAXIMUM TEMPERATURE RISE OF SKIN SIMULANT AND RESPONSE OF PIGS AT
THE 7,500-FOOT AND 12,150-FOOT STATIONS, SHOT PRISCILLA

Skin Simulant initial
Specimen Radiant Burn Temperature Predicted Skin

Pig Covering Pig No. Exposure Assessment Rise Maximum Burn Temperature
Severity

cal/cm' C C

Bare 1 6.5 1 * mild - --

2 1 + mild 36
3 No burn 31

1 15 3+ 93 In excess -

2 2+ of 34
3 34

P-'piin ,ad 1 6.b 14 severe 25 2 + mild -

sheeting 2 No burn 2÷ mild 38
in contact 3 1 + mild 36

1 15 3+ 60 In excess -
2 1 + mild of3 -

3 2+

Poplin and 1 6.5 1+ mild - - -

sheeting 2 No burn
Spaced 5 mm 3 1 + mild to

no burn

1 15 3+ 27 In excess
2 No burn of 2+
3 No burn

three pigs at the 7,500-foot station and the three pigs at the 12,150-foot station. The results of
the measurements of initial skin temperature are also listed for the two animals it was possible
to instrument. Unfortunately, the field data for the uncovered simulant and for the spaced uni-
form were not obtained at the lower radiant exposure when the one oscillograph did not function.
Laboratory measurements have indicated that the temperature rise of 42 C expected for the un-
covered simulant would have caused a prediction of a burn much more severe than was actually
observed. For the poplin and sheeting spaced, a low simulant temperature would be indicated
from laboratory measurements, and a no-burn observation would have been predicted.

While every effort was made to shave the pig skin thoroughly, and almost no stubble remained,
the cloth-to-skin attitude was not ideal. The pig-burn results for 15 cal/cm 2 and for cloth con-
tact probably reflect inadequate control of contact. The thermal contact was probably less than
that possible with the curved simulant, which had a smooth, hard surface and provision for posi-
tive cloth tension.

The skin-simulant temperatures on Shot Priscilla afforded adequate predictions of the pig
skin burns in three of the four situations where a comparison was possible and would certainly
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TABLE 3.6 MAXIMUM TEMPERATURE RISE OF SKIN SIMULANT AT
10,500-FOOT STATION, SHOT HOOD

Laboratory values are for 16.3 cal/om' and a tm of 0.27 second.
Specimen, Maximum

Specimen Skin Simulant Aperture Temperature Rise Difference
Coverin D Laboratory Field

cm C C percent

I Uncovered 0.9 105 81 -23
2 3.5 106 75 -29

3 Blackening 0.9 142 113 -20
4 3.5 142 114 -20

5 Poplin and 0.9 30 to 60 47
6 sheeting 7.5 30 to 60 71 -

In contact

7 Gray sateen 0.9 30 to 60 46 -

8 and sheeting 7.5 30 to 60 53 -

in contact

9 Poplin and 0.9 10* 5 -

10 sheeting 1.7 12 19 -
11 spaced 5 mm 1.7 12 17 -

12 1.7 12 25 -

13 3.5 30 to 80 27 -

14 7.5 30 to 60 34 -

is Gray sateen 0.9 20 1 14 -

16 and sheeting 1.7 28 20 -

17 spaced 5 mm 1.7 28 22 --

18 3.5 30 to 60 30 -
19 7.5 3n ton 1 33 -

* Lab temperature rises are critically dependent on amount of cloth actually
Ourned. Differences in ignition are important here rather than temperature rises.

TABLE 3.7 MAXIMUM TEMPERATURE RISE OF SKIN SIMULANT AT THE
10,500-FOOT STATION. SCREENED EXPOSURES, SHOT HOOD

Laboratory values are for 4.0 cal/cm2 and a tm of 0.27 second.
Specimen. Maximum

Specimen Skin Simulant Aperture Temperature Rise Difference
Covering Laboratory Field

cm C C percent

I Uncovered 0.9 26.3 25.2 -4
2 3.5 26.3 25.8 -2

3 Blackening 0.9 35.3 40 -13
4 3.5 35.3 40 -13

5 Poplin and 0.9 14 16 + 14
6 sheeting 1.7 1i 21 + 40
7 in contact 1.7 15 17 + 13
8 1.7 15 21 +40
9 3.5 15 22 +46

10 7.5 15 23 +53

11 Gray sateen 0.9 14 19 4 36
12 and sheeting 1.7 15.5 21 + 39
13 in contact 1.7 15.5 22 +42
14 3.5 15.5 20 +32
15 7.5 15.5 24 +55

16 Poplin and 0.9 2 3 -
17 sheeting 7.5 4 4 -

spaced 5 mm

18 Gray sateen 0.9 2 1.5 -
19 and sheeting 7.5 5 5 --

spaced 5 mm

25

CONFIDENTIAL



have permitted prediction of the no-burn observation under the spaced assembly at the 12,150-
foot station. Simulant temperature did not predict the no-burn observation under assembly in
contact at the 12,150-foot station. The possible lack of positive contact of cloth to pig skin and
the contribution of the postulated correction to the burn-temperature criterion might account for
the lapse. The possibility was anticipated that different burn severities for pigs similarly ex-
posed could occur as a result of different initial skin temperatures. Skin-temperature differences
measured on previous nights, as well as on shot night, showed a variation from pig to pig. The
pig which had lower skin temperature would be expected to sustain less severe burns. The vari-
ability in burns could have been at least partially caused by different initial skin temperatures.

3.5 SHOT HOOD

The maximum temperatures of the skin simulants at the 10,500-foot station for Shot Hood are
given in Tables 3.6 and 3.7. The laboratory temperatures quoted are those for 16.3 cal/cm2 as
derived from Figures 3.1 and 3.2 and Table 3.1. Table 3.6 lists the values for the simulant ex-
posed under the screen having a transmission of 0.25. The laboratory temperatures listed for
this case are for 4.0 cal/cm2 .

The temperatures for the bare-and-blackened simulants were lower than predicted for both the
screened and unscreened exposures. For the cloths in contact the temperatures were as pre-
dicted for the unscreened exposures but were considerably higher than expected under the screens.
Where the cloths had been spaced the temperatures were as predicted, although modified by the
blast so that the excessive erratic temperatures associated with flaming did not occur.
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Chapter 4
D/SCUSSION

4.1 DATA RELIABILITY

The laboratory experimental error of the maximum skin-simulant temperatures is within 10
percent of the values given in Figure 3.2. Any individual determination of radiant exposure, ir-
radiance or temperature is subject to a maximum error of 5 percent considering the combined

calibration and reading errors.

4.2 CORRELATION WITH LABORATORY DATA

A summary of the analysis of the .kin-simulant data is given in Table 4.1. The laboratory
methods accurately predicted ignition and t' , consequent high temperatures in all cases, although

TABLE 4.1 SUMMARY OF FIELD AND LABORATORY DATA
CORRELATION

Numerical values are in percent except values of tm and Q;
negative values indicate that laboratory data was too high
while positive values Indicate laboratory data was too low.
The affirmatives show'that laboratory methods accurately
predicted ignition on high temperatures; (B) indicates blast
Pffr-t,.

Shut Wilson Priscilla flood

tm, sec 0.1 0.2 0.2 0.27 0.27
Q, cal/cm2  17.5 15.0 6.5 16.3 4.0
Bare -17 -4 - -26 -3
Blackened -31 -15 -15 -20 -13
Poplin Yes Yes + 6 Yes + 38
contact

Sateen Yes Yes ,4 Yes ý 42
contact
Poplin Yes(B) - Yes(B) Yes
spaced
Sateen Yes(B) --- Yes(B) Yes
spaced

in the spaced cloths the blast prevented the attainment of the high temperatures. Laboratory pre-
dictions were too high for the uncovered and blackened simulant temperatures. Laboratory pre-
dictions were too low for the cloth-covered simulants in contact.

The temperatures of the uncovered and blackened simulants and of the cloth-covered simulants
were not predicted as closely as was expected near the important burn ievel. The discrepancies
were expected to be less than 10 percent with the careful calorimetry and instrumentation em-
ployed. A possible explanation for the apparent discrepancies stems from the differences in
speed with which the heat is transferred into the system and the effect of energy in the later
phases of the pulse. Examination of the temperature histories has shown that the uncovered and
blackened simulants' temperature maxima occurred at about 1.5 seconds and would probably not
be affected by energy arriving after about 1 second or about 4 or 5 tm. A partial explanation of
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the fact that the temperatures recorded at Shots Priscilla and Hood were lower than predicted by
the laboratory pulse would be that the field exposures had more energy arriving In the later pha-ses of the pulse used in the laboratory. The temperatures for the cloth-covered simulants In
contact peaked at about 5 seconds or 20 tm and the absence of the energy in the laboratory pulseafter 10 tm may have led to the low predictions.The predictions of lower temperatures of the cloth-covered simulants behind the 0.9- and 1.7-
cm diameter apertures were borne out by the experiment. The adequacy of laboratory methodsto determine area effects was demonstrated. The temperatures for the 0.9-cm and i.7-cm ap-ertures, when the cloth flamed or glowed, should probably be interpreted as a burn indicationeven though not excessive when whole uniform protection is considered, as pointed up in the lab-
oratory results. The use of the laboratory large-area tungsten source was shown to be adequateto determine area effects within the range of apertures and effects under study. The effects of
blast should always be considered when uniform-protection predictions are made from laboratoryresults; the effects of blast are usually to remove flaming fabrics, reducing burn severities overwhat would probably be predicted in the laboratory.There were no systematic differences between results of the uncovered and the blackenedsimulants, on one hand, and between the simulants under the neutral sateen and under the selec-tive poplin on the other. Therefore, it is believed that the laboratory sources were correct asto spectrum.
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Chptler 5
CONCLUSIONS end RECOMMENDATIONS

5.1 CONCLUSIONS

The correlation of skin-simulant temperatures for the six configurations showed that the lab-
oratory methods employing the carbon-arc thermal radiation source and simulated nuclear-
weapon pulses were adequate to within 20 percent. The time variation of the irradlance appeared
fully adequate and with a more careful consideration of the effect of the later part of the pulse,
the remaining laboratory-to-field discrepancy would possibly be reduced.

Since there were no systematic differences between the spectrally selective uncovered simu-
lants an& the poplin-covered simulant, and the neutral blackened simulant and the simulant be-
hind the gray sateen,. the spectrum of thP abhoratory carbon-arc thermal source rnay be cun,,id-
ered adequate.

The lower temperatures for the 0.9-cm diameter apertures for cloth contact and also for the
0.9- and 1.7-cm diameter apertures when the cloth was spaced demonstrated the need for careful
evaluation of laboratory results when employing these exposure areas. The adequacy of labora-
tory methods to detect and correct for these discrepancies was shown.

The experimental design as to station locations was successful in that exposures were obtained
below as well as above the important burn thresholds.

The skin-simulant temperatures adequately predicted the burns observed on the animals in all
cases compared; however, the failure of one recorder at the 12,150-foot station resulted In a loss
of two items of skin-simulant data which therefore could not be compared.

5.2 RECOMMENDATIONS

It is recommended that in laboratory investigations of the effects of thermal radiation on
materials careful consideration be given to the influence of the later phases of the thermal pulse
and its contribution to the total radiant exposure. The effect of employing areas as small as 1.7
cm in diameter should also be considered and the results should be checked, employing larger
exposure areas.

In the light of the results of this experiment, investigations of the effects of thermal radiation
are best conducted in the laboratory if the conditions are known and can be sufficiently duplicated.
Future fieldtests appear justified only if (1)effects are desired for radiant exposures not obtain-
able in the laboratory, (2) large areas of parallel radiation are required. (3) the interaction of
blast and thermal radiation is important and critical, or (4) it is necessary to verify a laboratory
result of important consequence.
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Part 2 EFFECTS of THERMAL RADIATION
on o STAND4RD-REFE/i'ENCE MATERIAL

Chopter 6
INTRODUCTION

6.1 OBJECTIVES

The objective of the materials study of Project 8.2 was to determine the adequacy of the lab-
oratory methods employed in studying the effects of intense thermal radiation on materials.
More speclfically, the purpose of this in-catlgation was to dete-imitaw Luh: effect of the differences
in source parameters (irradiation area, time variation of irradiance, and spectrum) in studying
the influence of weapon yield on thermal damage to materials.

6.2 BACKGROUND AND THEORY

Thermal radiation damage to materials has been studied extensively in the laboratory, includ-
ing the critical radiant exposures required to cause typical damage to representative materials
as a function of time of exposure and intensity of irradiation. The purpose of the materials study,
as in the case of the skin-simulant study, was to validate the methods employed in the laboratory
studies.

Thermal damage to materials has been evaluated at several field tests by NML (References
4, 10, 11) and other agencies for the purpose of correlating the findings with those obtained in
the laboratory. These tests have not been conducted under ideal situations; the influence of many
exposure and environmental parameters was not sufficiently controlled at the time of the experi-
ments to permit validation of current laboratory procedures. The earlier laboratory experiments
were conducted employing constant-irradiance pulses and restricted areas of irradiation. While
the correlation experiments indicated that the data drawn from laboratory experiments were sig-
nificant, an accurate quantitative correlation of the two experiments was impossible because of
differences in the size of the irradiated area, moisture content, air supply, spatial orientation,
source spectrum, and pulse shape. Recent innovations have been made in the laboratory sources
to give a pulse in which the temporal variation of irradiance follows that of a normalized field
pulse drawn from the basic thermal radiation measurements made at previous field tests (Refer-
ence 12).

A laboratory study has been underway at NML to determine the relationship between the igni-
tion of kindling fuels and these several controllable parameters which affect thermal radiation
response. The materials study phase of Project 8.2 was designed to correspond to one set of
conditions, which will have been dupLicated in the laboratory, permitting correlation of the two
sets of data for the purpose of validating a generalized relationship derived from laboratory
studies, for the thermal radiation response of cellulosic materials as a function of weapon yield
for various source, exposure and environmental parameters.
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Chapter 7
PROCEDURE

7.1 OPERATIONS

For its study of macroscopic thermal damage to representative materials, Project 8.2 partic-
ipated in Shot Priscilla. The materials were exposed at the two major project stations at 7,500
and 12,150 feet. In addition, four minor stations were set at distances of 6,450, 8,400, 9,000 and
10,000 feet from ground zero. The various exposure assemblies were mounted on structures at
each station, such structures having been designed to withstand the blast intensities expected at
these distances. The various assemblies were recovered as soon after the detonation as practi-
cable.

7.2 INSTRUMENTATION

Alpha-cellulose paper was selected for the study of thermal damage to materials on the basis
that it represented an idealized kindling fuel over whose material parameters optimum control
could be exercised. It was a material of known density and neutral absorptance, was available
in a variety of thicknesses, and was employed in several field and laboratory experiments (Ref-
erences 13 and 14).

Two fabrics, poplin, shade 116, 5 oz/yd2, and sateen, gray, 9 oz/yd2, employed in the skin-
simulant study, were integrated into this study.

A single sheet of each paper or fabric was mounted behind a thin aluminum sheet with five
apertures of four sizes as shown in Figure 7.1. One aperture exposed an edge of the paper (or
fabric) to verify the results of a laboratory study of the effect of edge exposures on ignition char-
acteristics. The selection of paper and fabric thicknesses was so made that at least one of the
three materials would be ignited at each station. The specimens were enclosed in a sealed metal
box with a cover of thin polyvinylidene chloride (Saran). The humidity within the box was main-
tained at a low value until exposure time by a desiccant enclosed in the sealed box. The trans-
parent plastic cover was blackened near the bordec" of the box so that the Saran border would be
destroyed in the initial phase of the thermal pulse, and the rest of the cover would be removed
by a loaded spring in about 0.1 second. The mnterial would then be exposed to the principal part
of the thermal pulse, allowig Lree escape of combustion products. The transmittance of the
Saran was measured to be 0.90 and essentially neutral spectrally.

The entrance apertures which limited the irradiated areas of the target materials were five
circular holes cut in 0.005-inch thick aluminum. The apertures measured 0.9, 1.7, 3.5, and
7.5 cm in diameter. One additional 3.5-cm aperture was used for the study of the effect of edges
on determining the critical radiant exposure for ignition. A single sheet of black alpha-cellulose
paper was mounted on a 1-inch thick plywood backing with holes drilled through concentric with
the entrance apertures but of slightly larger diameter. The larger diameter minimized the in-
fluence of the backing. The 0.005-inch thick aluminum sheet with the entrance apertures was
laid on the paper. One 3.5-cm aperture contained a semicircle of paper with a cleanly cut edge
bisecting the aperture. A flat rigid plate of aluminum, 0.125-inch thick, with holes concentric
with, but sufficiently larger than each aperture to assure adequate air supply, was placed over
this and the entire assembly was fastened together with wood screws. Figure 7.2 shows the com-
ponents of an assembly together with a completed assembly. The spectral absorptances of the
papers were measured in the range between 0.38 and 2.7 microns. The absorptance was independ-
ent of wave length and equal to 0.91. Critical radiant exposures for ignition for each thickness of
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paper were determined, using a carbon-arc source with a pulse shape corresponding to a 40-kt
detonation. The effects of edge geometry on critical thermal exposure for ignition have also been
determined, using the configurations which were exposed in the field. The moisture content of
the papers and air supply were maintained as closely as possible to conditions expected at the
test site.

"7.3 DATA REQUIREMENTS

The data required for the study of thermal damage were derived from two sources, the labora-
tory and the field. The thermal degradation and ignition of the alpha-cellulose were determined
when exposed to thermal radiation under laboratory-controlled conditions. The papers were
stored in a desiccator with silica gel and exposed immediately on removal. The exposures were
made with a pulse simulating a 40-kt detonation. The ambient temperatures during exposures
varied between 22 and 27 C. Relative humidity varied between 20 and 50 percent. Wind velocity
in the vicinity of the specimens was negligible during exposure and the air supply to the front of
the specimen was not limited. It is expected that these results can be duplicated within + 10 per-
cent.

The field data were in the form of notes obtained from visual inspection of the damage to ma-
terials following exposure to the nuclear device. The disk calorimeters and foil-thermocouple
radiometers at the two recording stations provided the associated exposure data consisting of
maximum irradiance, time to maximum irradiance, and total radiant exposure. Two types of
self-recording calorimeters at each minor station served to provide corrections, if necessitated
by iocal conditions such as possible obscuration and atmospheric attenuation. The effects were
compared among themselves and with laboratory results. For complete documentation, a record
of temperature, relative humidity, and wind direction and velocity at the test site was provided
by other activities.
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Chapter 8
RESULTS

8.1 LABORATORY DATA

The critical radiant exposures for charring and ignition of the materials are given in Table
8.1 in terms of field equivalent radiant exposures. Additional pilot work performed using a wide-
area tungsten source and square wave pulses indicated that there were no differences in effect
due to differences in areas of exposure in the range from 0.9-cm to 7.5-cm diameter or to cleanly
cut edges.

8.2 FIELD DATA

Table 8.2 presents the results of examination of the specimens after exposure to Shot Priscilla.
The temperature was 17.5 C, the relative humidity was 29 percent, and the air was calm. It was

TABLE 8.1 EFFECTS ON STANDARD-REFERENCE MATERIALS OF
EXPOSURE TO LABORATORY CARBON-ARC SOURCE OF
THERMAL RADIATION

Diameter of Critical Radiant Exposure
Material Density Thickness Irradiated Charring Ignition or

Area Afterglow

gmh/crn mils cm cal/cmi cal/cm,

Alpha 0.75 2.1 0.9 1.8 3.5
Cellulose 0.75 4.1 0.9 3.0 6.1
paper, 0.75 6.1 0.9 4.1 7.9
black 0.75 8.3 0.9 5.2 9.4

0.75 20.3 0.9 5.5 10
0.78 31.8 0.9 5.7 27
0.85 30.3 0.9 3.9 19

Cotton - - 0.9 6.4 12.0
Sateen.
dark gray
9 oz/yd'

Cotton 0.9 9.2 17
Poplin,
shade 116
5 oz/yd2

difficult to determine thermal effects because the blast removed most of the material from the
cavities. However, by examination of the shreds of material remaining, and comparison with
the remains of similar materials which had been exposed in the laboratory, it was possible to
determine the occurrence of charring and the probability of ignition in each cavity.

Traces of charred material were found in every aperture, which was in keeping with the de-
sign of the experiment. Where the material was removed cleanly to the edge of the aperture
plate, it was deduced that ignition had occurred and had gone to completion, and the result was
reported as ignition probable.

Where shreds of material with torn ragged edges remained in the aperture it was deduced
that ignition had not occurred, and the result was reported as ignition improbable.
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TABLE 8.2 EFFECTS OF THERMAL RADIATION ON STANDARD-REFERENCE MATERIALS,
SHOT PRISCILLA

Rdit Diameter Effect Predicted Laboratory
Radiant Material of from Laboratory Observed Effect Radiant

Exposue Aure re iaaExposure for
Aperture J.Data observed Effect

cal/cm' cm cal/cm2

6,450-foot Station:
"21 poplin. shade 0.9 Ignition Charring certain. * 17

116. 5 oz/ydt 1.5 ignition probable t
3.5 in all apertures
3.5 (edge)
7.5

Alpha-cellulos., 0.9 Ignition Charring certain," 19
black, density 1.5 Ignition Improbable I
0.55, thickness 3.5 in all Apertures
30.3 mile 3.5 (edge)

7.5

Alpha-cellulose, 0.9 Charring Charring certain, 5.7 to 27
black, density 1.5 ignition improbable t
0.75, thickness 3.5 In all apertures
31.5 mils .S (edge)

7.3

7,500-foot Station:
15 Sateen, dark 0.9 Ignition Charring certain, 12

gray, 9 oz/yd
t  1.5 IStion probable t

3.5 In all apertures
3.3 (edge)
7.5

Poplin, shade 0.9 Charring Charring certain, * 17
116, 5 oz/yd 1.5 ignition probable t

3.5 in all apertures
3.5 (edge)
7.5

Alpha -cellulose, 0.9 Charring Charring certain, * 3.9 to 19
black. density 1.5 ignition improbable
0.55, thickness 3.5
30.3 minls 3.5 (edge)

7.5

8.400-foot Station:
13 Alpha-cellulose, 0.9 Ignition Charring certain, * 5.5 to 10

black, density 1.5 ignition improbables
0.75, thickness 3.5 in all apertures
20.3 mil 3.5 (edge)

7.5

Sateen, dark 0.9 Igntion Charring certain,* 6.4 to 12
gray, 9 oz/yd' 1.5 ignition uncertain 6

3.5 in all apertures
3.5 (edge)
7.5

Poplin, shade 0.9 Charring Charring certain,. 9.2 to 17
116, 5 oz/yd

9  1.5 Ignition improbable t
3.5 in all apertures
3.5 (edge)
7.5
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TABLE &L' CONTINUED

Diameter Effect Predicted Laboratory
Rlaterial of from Laboratory Observed Effect Radiaft

b.,iliksu re Aperture Data 'Exposure for
A(bsorvcd Effect

CAl, ems cm eal/cm
2

9,000-fMot Station:
10 Alpha-celluloste, 0.-1 Ignition Charring certain., 9.4

black, density 1.5 ignition probable I
0.75, thickness 3.5 in all apertures
8.3 mils X.5 (edge)

7.5

Alpha-cellulose, 0.9 Ignition Charring certain, * 5.5 to 10

black, density 1.5 (critical) no ignltioni in
0.75, thickness 3.5 all apertures
"L0.3 mils 3.5 (edge)

7.5

Sateen. dark 0.9 Charring Charring certain. 6.4 to 12
gray, 9 oz/ydl ignition improbable I

1.5 Charring certain,"
ignition uncertain I

3.5 Charring certain.I
ignition uncertain I

3.5 (edge) Charring certain,"
ignition probable t

7.5 Charring certain.'
ignition uncertaini

10,000-foot Station:
8.5 Alpha-cellulose, 0.9 Ignition Charring certain, * 7.9

black, density 1.5 ignition probable'
0.75, thickness 3.5 in all apertures
6.1 mils 3.5 (edge)

7.5

Alpha-cellulose, 0.9 Charring Charring certain." 5.2 to 9.4
black. density 1.5 ignition improbable:
n.75, thickness 3.5 in all apcrtures
8.3 mils 3.5 (edge)

7.5

Alpha-cellulose. 0.9 Ignition Charring certain, 6.1
black, density 1.5 ignition probable t
0.75, thickness 3.5
4.1 mils 3.5 (edge)

"7.5
12,150-foot Station:

6.5 Alpha-cellulose, 0.9 Ignition Charring certain," 6.1
black, density 1.5 ignition probable t
0.75, thicknese 3.5 in all apertures
4.1 mils 3.5 (edge)

7.5

Alpha-cellulose, 0.9 Charring Charring certain, 4.1 to 7.9
black, denaity 1.5 ignition improbable 1
0.75, thickness 3.5 in all apertures
6.1 mils 3.5 (edge)

7.5

Alpha-cellulose, 0.9 Charring Charring certain, * 5.2 to 9.4
black, density 1.5 ignition improbable I
0.75, thickness 3.5 in all apertures
8.3 mils 3.5 (edgei

7.5

Observation of charring certain based on charred edges or shreds around aperture.
Observation of ignition probable based on material being removed cleanly up to aperture edge with sooty

residue under aperture plate.

I Observation of ignition improbable based on ragged edges and shreds of material left in aperture.
I Observation of ignition uncertain based on occasional unburned threads protruding from aperture edge.
S Observation of no ignition based on large residue of partially charred. unconsumed material.
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In apertures'. w,ý ) .o tton fabrics had been mounted and ipnition nil i't possibly have oc-curred, the );Cf ''?rtthreaids jutting Into the alportir.-o led to the observation of Ignitionuncertain.
At the 9,0Viý he char~rtx remai's of the 20.3 z~x,.1 thick a lphv. -cellulose were leftIntact in the ..('e a dofinite conclusion of no Ignitiiii was r'ý:id.
Any sniall d;.,rn 1,- wigiv have :.-,o .ile t',, -.iects dije to aperture size were*.bscured by blast -io, ~ t '',?'ý'A'_J station,, a possi'.)e difference appeared In the effects*.-i dark gray s-'~ *~ fd 3.5 (edge) apertures. Ho~rver, the other apertures containeds9p un1 n.ýue tnr o d, .. ther with traces of soot, so that an estimate that ignition had oc-curred in this material W. ts jaubt. Since no other spechm.nas howed effects varying with areano conclusions were d! &n t the apparent differences P,~ his case. The data from the otherfive stations indicated nat thii were no differences in effe t due to differences in exposure areaor the presence of cle tnlv eiges. Environmental differinces that may have existed betweenthe laboratory and fiehl ei:t.es mnade no apparent diffe.r' nee.
Eighteen basic expo-. ;sm--tions were used, namely tinwee materials at each of six stations.One situation,' the satt c vi-' a 8,400-foot station, yielded no data. Two situations yielded datain disagreement with I tat irý .-ted from laboratory resdj.s. At the 6,450-foot station, the 30.3-nil-thick alpI'a-cellulo. i -e a j -Aged not to have ignited i 'r an exposure of 21 cal/cm2, whereasthe Laboratory exou,:1rd ignition at 19 cal/cm'. At the 8,400-foot station, the 20.3-mil--thick alpha-celluls 1 s rot k_,iiited for an exposure of :3 cal/cm2, and the laboratory resultsindicated ignition at X 1621 czl- n. In fifteo'n of the eight,! n situations, the field results were inagreement with predief cnE nade from JUt-jr.tory restI.s.

Motion pictures of t e 5ipec'nienb mi.dEf :j., ~ho 7,500-ioot and 12,150-foot stations yielded nofurther information that ~couild 'ý used't) 0 aogo or mxifj.-ly judgments made as to ignition.
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Chop/er 9
DISCUSSION

9.1 DATA RELIABILITY

The laboratory data given for charring and ignition was considered reproducible to within
i 10 percent.

In spite of the difficulty of observation of thermal effects due to removal of remnants by blast
the observation of charring could be made with certainty, as could the deduction of Ignition where
soot remained under the edges of the aperture plates. The observations of no ignition, ignition
improbable, or ignition uncertain were more doubtful since ignition may have been terminated by
the blast.

9.2 CORRELATION WITH LABORATORY DATA

No apparent contradictions between laboratory effects and field effects existed except at the
6,450-foot station, and at the 8,400-foot station. The 30.3-mol-thick alpha-cellulose at the 6,450-
foot station was presumed to have not ignited from examination of the residue. Since the labora-
tory exposure for ignition was 19 cal/cm 2 and the exposure at the station was 21 cal/cml, there
was the possibility that ignition had started and had not gone to completion when the blast arrived.
The same possibility existed for the case of the 20.3-cal/cm2 alpha-cellulose paper at the 6,450-
foot station. Both these papcrs were relatively thick and required several seconds for ignition
to go to completion, in which time the Wlast could have rpmoved the material from the cavity.

At the 8,400-foot station, the uncertainty in reading the results on the dark gray sateen precluded
a firm judgment as to the correlation between laboratory and field results at this station.

Comparison of results at the 7,500-foot, 9,000-foot, 10,000-foot, and 12,150-foot stations with
critical values for ignition found in the laboratory indicated that the radiant exposure delivered
in the field would have produced the same results as an equivalent radiant exposure using the
laboratory source. In addition, if the effects produced on the materials by laboratory exposures
were taken as indications of the radiant exposures received by ri;a materials, then the effects
produced in the field indicated differences from field calori.:z "ry of between 6 and 22 percent at
these four stations. The difference in ambient conditions that existed during laboratory exposures
and exposures to Shot Priscilla were small and were further minimized by the precautions taken
in each case to insure immediate exposure of the materials on removal from the controlled at-
mosphere. Therefore, the effect of these possible variables need not be considered in the corre-
lation.
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Chopter /0
CONCLUSIONS and RECOMMENDATIONS

10,1 CONCLUSIONS

The data yielded by examination of the materials exposed to Shot Priscilla indicated that the
laboratory me.liods employed by NML for studying ignition of cellulose materials would yield
qualitative data that was within 25 percent of expected field data. The results indicated that no
special consideration need be given to problems of area of exposure and edge effects for pulses
approximately those of a 40-kt nuclear detonation. The NML carbon-arc source generated a
pulse that was adequate in its time-irradiance and spectral characteristics to reproduce charring
and ignition effects that would be caused by kiloton-range detonations on materials with simple
target geometries.

10.2 RECOMMENDATIONS

The study of the effects of thermal radiation from nuclear detonations on most materials,
especially cellulosic materials, is best carried out in the laboratory, where experimental con-
ditions are more readily controlled, and where more data may be generated for an identical ef-
fect. Blast effects in the field, which tend to confuse the interpretation of thermal radiation
effects, can be eliminated only with difficulty. The simpler safeguards required to eliminate
undesirable blast effects can be expected to introduce further complications such as limiting air
supply and to create atypical heat-flow situations. For simple target geometries, which are of
general interest in material studies, laboratory studies are more likely to lead to adaptable
generalizations over a wider rA. ge of exposure parameters which can be controlled at will.

Thermal radiation problems involving complex target geometries, structural qualities, high
irradiances such as those encountered in the vicinity of ground zero, and those involving blast-
thermal interaction effects, are more difficult to handle in the laboratory because of the small
size and limited output of available laboratory thermal radiation sources and the difficulties in
producing simultaneously blast, ionizing radiation, and thermal radiation.
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Appendix

BASIC THERMAL MEASUREMENTS
A.1 BACKGROUND AND THEORY In addition to th' foil calorimeters, NML in Plumbbob

In order to draw quantitative conclusions from a employed a newly developed, self-contained calorimeter.

studv of thermal effects during a full-scale nuclear- The design features of this instrument, designated the

test operation, it is essential to dctermine the radiant thermal-radiant-exposure mteor (TREM), afforded

exposure and variation of irradiance with time a. the greater flexibility and pcrmited fabrication of a series

thermal-effect stations. Because of possible obscura- of units covering a much wider range of radiant expos-
tion by dust clouds and other local disturbances, micas- tires than heretofore possible and with a finer rosolu-
urements of radiant exposure are desirable at the in- tion throughout the range. The essential parts of theduwidual stations. Recording equipment was used in meter were a copper plate of uniform thickness, black-

Operation Plumbbob to make such measurements with ened on the face upon which the radiation was incident.
•.iurimeters and radiometers similar to those which Against the other side was placed, in point contact,
have been used by Naval Material Laboratory (NML) a series of pellets with precise nmlting temperatures.
and the U. S. Naval Radiological Defense Laboratory These pellets were obtainable over a wide range of
(NRDL) in previous operations. The recording copper- temperatures at intervals of approximately 7 C. As

disk calorimeters consisted essentially of a blackened shown in Figure A.2, this assembly was housed in a
copper disk, approximately 1 cm in diameter, to which transparent, air-tight, plastic box containing a quartz
a the rmocouple was attached. The radiant-exposure window to admit radiation. A reading was taken after
value was computed directly from the temperature exposure by observation, through the clear container,
history of the button, corrected for the losses occur- as to which was the last in the series of l,,llnts to have
ring during an exposure. The radiometers were thin, melted at the point of contact with the copper plate
blackened, constantan-foil reýceivers sold,2rcd ,,wf , (Figure A.3). Laburatury i.alibration of the I I-k.M
small hole in a copper-block heat sink. A fine copper indicated that the temperature of the copper plate
or iron wire, attached to the back of the foil in the could be computed from the physical parameters of
center of the hole in the heat sink, allowed the record- the situation by the use of the measured loss rates.
ing of the temperature of the foil, which was propor- Details of the design, construction, and calibration
tional to the irradiance. of the THEM are given in a report on the instrument

Where such equipment wa., n't available, passive (Reference 15). The various components of the meter
calorimeters were employed, )cti as those which are shown in Figure A.4.
NML has employed in previous field tests. These
ins:ruments were self-recording and did not require A.2 INSTRUMENTATION
.. ,,iihary power for their operation. Of the passive-
type calorimeters that have been used by NML (meter- The primary measurement of radiant exposure
foil indicators, cylindrical-paper indicators and plane- and irradiance for Project 8.2 was provided by three
paper indicators), the metal-foil type was selected as disk-type calorimeters and a foil radiometer at each
most suitable for meeting the present requirements. of the two major Shot Priscilla stations and at the
The metal-foil calorimeters, with slight variations in Shot Hood Station. These devices generated a thermo-
design, were used by NML in Operations Greenhouse, electric voltage under influence of thermal radiation,
Buster-Jangle, and Upshot-Knothole, to give radiant- and these signals were recorded oscillographically.

exposure values and, when exposed behind filters, to The electrical instruments were mounted at a height
give an estimate of the spectral-energy distribution, of 7 feet. For Shot Priscilla, self-contained metal-
The basic unit, shown in Figure A.1, consisted of a foil calorimeters were mounted at each of the stations
series of foil strips, of several metals and various of Projects 4.1, 8.1, and 8.2. At the stations of Pro-
thicknesses and absorptances, suspended over an air jects 4.1 and 8.1, the instruments were mounted at
background. Upon subjection to a given thermal impulse, the level of the exposed animal; at the NML stations
certain of the fcils melted or suffered other levels of of Project 8.2, these metal-foil calorimeters were
degradation, on the basis of a calibration in the labor- placed at the height of the specimens and the record-
atvry, the thermal degradation of a given foil could be ing calorimeters. Two metal-foil instruments were
translated into the receipt of a minimum amount of mounted at each location, one behind a neutral atten-
thermal flux at that station. uating scrieen to assure a response in a region of
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Figure A-1 Naval Matterial Laboratory foil calorimeter
with and wi thout attenuating screenl.

Figure A.2 Naval Matk-rial Laboratory thermal radiant exposure meter.
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optimum resolution. The indications at the recording uremnents on the copper plates of thit TREMS aro also
stations were employed to check the calibration of included. The radiant exposures listed for the rudloin-
the metal-foil ealot'rimoters. eters represent the integration of the Irradianee history

The copper-plate-pellet thermal-radiant-exposure determined by the instrument. Tho irradiances listed

meters were placed -. :,t:h location where the other for the ealori meters resulted from i differentiation of

TABLE A.1 THERMAL RADIATION MEASUREMENTS, SHOT WiLSON, 3,965 FEET

Foil Meter Cpe ltS-rien Radiant Radiometer Calorimeter Copper Plato
&ren~d~t _________________Pellet Eleotrical

Trans- Exposure Q tm tm Qm H i, Hm
mission Q m tm

cal cm, Cal "Cm icaleCm), see cal/omni (cal/oml)/ see cal/cmt Cal/0m (Cal/om2)/ see
see See Sao

- 21 17.6 69 0.105 17.6 59 0.114 15 15.4 54 0.114

- 12 17.5 65 0.107 16.6 55 0.110 14 11.2 * 52 0.105

0.45 15 - - - - - - 13 13.21 55 0.104

0.45 15 -.. ... 15

Under screen %ith a 0.14 trannmission.

calorinietric oevices were employed. In addition, the the radiant-exposure histories. It will be noted that

meters were placed at distances of 10,000, 27,000, the values indicated by the copper plates are lower
37,000 and 50,000 feet to document more completely than the other instruments; the reason for this Is not
the relationship between radiant exposure and dis- known and is being investigated at the present time.

TABLE A.2 THERMAL RADIATION MEASUREMENTS, SHOT
WIL.WN, PROJECT 4.1 STATIONS

Copper Plate Foil
Slant Meter ),eter

Distance Screen Radiant Screen Radiant
Transmission Exposure Transmission Exposure

ft Cail/c t  
cal/cm,

2,590 0.48 29 - -
0.48 27 - -

2,720 - 29 - 29
- 31 0.073 34

2,920 - 23 - -•

- 23 - -

3,495 - 20 23
- 21 0.14 19

tance. At the recording stations, the temperature Since these are recently developed instruments and

histories of the copper plates of several TREMS were were used for the first time in this operation, the value

measured to provide additional calibrations, of 17.5 cal/em
2 

for the radiant exposure for this station
was obtained using the data of the standard radiometers

A.3 RESULTS and calorimeters normally employed in these measure-
ments.

A.3.1 Shot Lassen. No deflections were recorded The average irradiance maximum measured by the

on any of the calorimetric and radiometric equipment. two radiometers was 67 (cal/cm
2
)/sec which is signif-

The sensitivities of the calorimeters were such that icantly greater than the 58 (cal/cm
2

)/sec average of

the radiant exposure at the distance of 3,930 feet froin the two standard calorimeters. The time to second

ground zero (slant distance of 3,960 feet) was sigmifi- maximum measured by the radiometers was 106 msec
cantly less than 0.008 cal'cm

2
. compared to 112 msec for the calorimeters.

The irradiance histories as measured by the radioni-

A.3.2 Shot Wilson. The thermal-radiation meas- eters and calorimeters were analyzed. The average
urements made at the Project 8.2 station are summa- of the histories was essentially that of the generalized
rized in Table A.1. The results of the electrical meas- pulse (see Reference 12) as given up to 10 ti. At 15,
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20, "5 and 30 till the irradiances relative to that at The transmittance of the various screens and scrcon
the socomd nu.ximuni were 0.03, 0-025, 0.015 amd 0.005 combinations had been determlned by the use of suil-
respectively. light tild a receiver cell placed tit the position of tlhe

Theo radiauit e.\xposures at each of the Project 4.1 foil receivers. The transnittances were considered
stations instrumented during Shot Wilson arc given in to be correut to within 5 percent.
Tabtl A. . It is to be noted that the radiant v'xposurcc Upon postshot exi1i nat Ilon of thit, threo close-in
at 2,590 feet is not appreciably greater than that at stations of Project 4.1, It was noted that th, quartz
2,720 feet. The areas in front of all the 4.1 stations windows of the TIWMS had been removed and the
%%ere not stab'lized; popcoriung of the sand and other instruments were filled with dirt. The front-window

.,e rati,,g factors caused by blast ain. have accounted retaining plate showed evldence of surface melt and

for the reduction in radiant exposure. missile danmage. The indicating pellets, however,
were intact and were helieved to indicate correctly

A.3 3 Shot Priscilla. The thermal-radiation deter- the ener-'Y actually received by the copper receiving
mtniations at the tw.o recorditng stations are given in plate. The readings of these close-in receivers wore

TABLE A.3 THJR.AL. RADIATION MEASUREMENTS. SHOT PRISCILLA, PROJECT 8.2 STATIONS

Foil Meter
$anCopper Plate Mee Screen Q Radiometer Calor;nmetvr•t Pel¢le Electrical

Pallet El t iclTrans- Q Hm tin Q Hm t
mDtsa'e Q Q Hr tm _..___n

it Cal cmI cal cmn (cal cml,, sec eJl/3 Cal/lcm, (lcal/cm')/ sec cal/crm #ll/cmn)/ Sec

Sec 8OC See

6.49Q 24 . .. .... ....

21 - - - - - - -

7,540 18 18.9 * 43 0.20 21 12.0 27 0.16 16.3 26.5 0.20
17 13.2 28 0.20 C.15 8 - - - 13.8 27.5 0.21

S.440 13 - - - - . . .. . .
-.. ..- 0.15 8 ........

l'..5 , - 8 .. .... -

-.. .. 0.15 6.5 -.. ...

12,170 4.3 5.5 - - - 5 6.7 12.0 0.18 6.4 11 0.20
5.3 - - - 0.48 4.5 .- - - -
4.3 ... .... ....

19,020 1.8 . .. . ........
1.8 ... .... ....

27,000 0.- . .. .... ....
1.22 - - - - - - - - - -

3v .000 0.49 . .. . ... ....

0.49 . .. . ..... ....

V .:" ; 0.45 . .. .... ....
0.43 . .. ......-.

Poer trace quality

Table A.3, as are the readings of the self-recording lower than those predicted by normal distance rela-
radiant-exposure meters. Table A.4 lists the readings tionshil,s but may possibly be explained if one assumes
of the thermal-radiant-exposure meters placed at the no thermal radiation after the arrival of the blast
stations )f Project 4.1, and Table A.5 lists the radiant- wave due to dust and debris raised by the shock.
exposure measurements obtained for Project 8.1. Because of discrepancies among data obtained at

The descrepancies among the recording instruments the same height, it is difficult to compute a reliable
were disappointing. There( was agreement on tm 'of difference in radiant exposure between 3 1/2 feet where
0.20 among the calorimeters as against the average of the animals of Project 8.1 were placed and the 7 feet
0.17 for the radiometers, the lower value for the radi- where the recording measurements were made and
ometer being consistent with the Shot Wilson Measure- where the Project 8.2 specimens were placed. How-
ments. The irradiance maxima were in good agree- ever, a definite difference (which was judged to be

ment except for the one TREM giving an erratic trace, about 10 percent) seemed to exist.
The radiant-exposure readings of the foil meters The irradiance histories of Shot Priscilla were

under the screens were evidently low. Dust in the fine analyzed. The irradiance was higher than that of
screens employed may have accounted for the discrep- the generalized pulse by 10 to 20 percent from 1.5 to
anctes between the screened and unscreened values, about 9 time,,s tin. The irradiance after 10 tm ill
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TAKLE A.4 THERMAL 14ArI~rION M +fl+AHEMUINTS. SeOT l'l6ISCI.LA.,
P8ROJECT 4.1 STATIONS

i:-v ,el+|. pi slit, Foll Most

Slsnt Meter 'tii Sr 14Ilaii

ft ionne +er nl - - er'adtant

It V'ill CulSlIt •x o l't• "Caldt+ltlp tl •• }. ell, CA Vil

-.- - 1 1 .-

.. ,q t¢t.578°- 75
91 --

J.0$5 .o 8* I 75

',0 7,- --

3.9.05 .....

4,.10 - o0 0,095 49 60

- - 0.048 47 -

4.4.2 - 40 - - 40

4,.00 -- 45 - - 45

6.16 -2 . 21 21
- 0.095 12 -

S.060 -- 14 - - 15

-17 -

' The mndo' x of these instruments aere broken and sand was embedded In the
reeisng p iat

Instruments -ere destroyed by missiles.

TABLE A.5 THERMAL RADIATION MFASIRFMFNT0.
SHOT PRISCILLA, PROJECT 8.1

Copper Foil Meter
Slant Recording Plate

L. Aince Metetr Trter nScreen Radat

Exposure

It cal cm, cal cm
1  

Cal, cm,

5,-!5''1 24 - 23
- - 0.095 16

'5.4> ... 21 -- 21

-- -- 0.095 3

13.t - 0.145 10

- 10 -

- - 0.145 6.5

6 4. - 5

6.4 - 0.48 4

TABLE A.6 THERMAL RADIATION MEASUREMENTS. SHOT HOOD

Rad.ometer Calorimeter Copper Plate Meter
H Pellet Electricalt,,.t (8 Hm tm 9 Hm tm

ca, CM, (Cal Cm'. sec sec Cal cm. 'ca] cr
t

. sec sec cal/cm
2  

cal/cm' tcal/cml')/sec see

15.8 25 0.27 is 6 25 0.27 13.8 t 13.0 t 221 0.275
-- -- -Z " ,3 0.z7 13.6 11.5 21 0.26
-- - - 45 24 0.28 13.9 - - -

LrAer screen -. r1. se.e-sim.iants

3.8t 3.1 0.27 4.2 G. 0.27 .-...

- - - 3.5 S.9 0.26 -. ..

* A.tO eocl.ding tube.

SCorrected for 0.48 screen transmission.
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sinmtlar to that for Shot Wilson. was 5,1 cm In diamnoter and extended 33 om In front
The radiant exposures indicated by the calorimieters of the. t0.-em-diameter copper disk, giving the center

were considered to bLit the most reliable. At the 7,500 of the button an angle of view of 10 degreos. The
and Ln ,150-foot stations, emplo-c d for the skin- fraction of thermal onerKv excluded by the tube was
Aimulant studies, the radiant exposures were 15 and 11 pereent.
6.5 Cal cm , resPectiVely. The low irradiance, Indiveittd IT the radomnett r

under the screen waits probably causeid by the olbtctlre-
A.3.4 Shot Hood. The thermal ratdiation tncasure- tion of the small sensitive area of the radiometer by

ments obtained at the station at 10,500 feet in Shot the screen wire.
tH,'ed wxithout and behind the screens are given• in The irradianee history for Shot Ilood wits shown to

Tablc A.6. The standard calorimeters indiwated a have" a 5 percent greater irradiance than the general-
radiatnt exp4osure at the station of 16.3 cal cut with ized curve over the region of 1.5 to 1.7 

t
m and to have

4.1 cal cm under the screen. The sereon transmit- a 10 percent less irradianee in the region from 6 to
:auce', determned by the ratio of the valcs with and 10 tm. The irradiance after 10 tm was relatively less
wtthout the screen, was 0.25. To check on the portion than for Shots Wilson and Priscilla; for relative times
of the thermal radiation reflected from the ground, a of 15, 20, 25 and 30 tm it was 0.02, 0.015, and 0.005
tube was placed on one of the calorimeters. The tube of the irradiance maximum.
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