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ABSTRACT

u- Test samples of textile materials of 2.5, 7.6, 15.2 or 30.5 cm
diameter were exposed to thermal radiation sources at -Sandia -

Central Receiver Test Facility and the-DNA Thermal Radiation Source
at Kirtland Airforce Base, New-Mexi-e. The materials were exposed
to fluences of 5, 10, 15 and 30 cal cm2 in 1 or 3 seconds. The
thermal pulse was square or approximately that of 1 KT weapon.
Generally, damage to materials increased with an increase in the
test sample diameter. High speed photography showed the large
diameter samples (30.5 cm) ignited prior to 2.5 cm diameter
samples. It was evident that testing with small samples of
material would over-estimate the protection afforded. Comparison
of test results of materials exposed to simulated and non-simulated
nuclear weapons support the conclusion that protection is over-
estimated by assessment of damage on exposed small test samples.'-

R9SUMt

Des echantillons de materaux textiles de 2.5, 7.6, 15.2 ou
30.5 cm de diambtre furent exposds & des sources de radiation
thermale au Sandia Central Receiver Test Facility et au DNA Thermal
Radiation Source du Kirkland Airforce Base au Nouveau Mexique. Les
matdriaux furent exposes & des degres de chaleur de 5, 10, 15 et 30
cal cm"2 en 1 ou 3 secondes. Les pulsations thermales 6taient
carr~es ou approximativement celles d'une arme de 1 KT.
G~ndralement, les dommages aux materiaux augmentaient avec
l'augmentation du diambtre des 6chantillons. Une photographie &
haute vitesse montra les echantillons de 2.5 cm de diametre. II
etait 6vident que les tests avec des petits 6chantillons de
materaux surestimerait la protection offerte. Des comparaisons
entre les r~sultats de tests de mat~riaux exposes & des armes
nucl~aires simul~es et non-simul~es supportent la conclusion que la
protection est surestimee par l'4valuation des dommages sur de
petits 6chantillons exposes.
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EXECUTIVE SUMMARY

Simulation of a nuclear thermal pulse involves modelling the
spectrum and the flux of nuclear weapons and requires a source of
adequate size for testing small and large samples. The difficulty
of this problem has led to the development of thermal sources with
quite different spectra and pulse shapes and systems having
different limitations on the size of the sample which can be
exposed. Consequently, uncertainties have arisen as to the
interpretation of results obtained with different sources and/or
with different sample sizes.

In order to evaluate this effect, test samples of textile
materials of 2.5, 7.6, 15.2 or 30.5 cm diameter were exposed to
thermal radiation sources at Sandia Central Receiver Test Facility
and the DNA Thermal Radiation Source at Kirtland Airforce Base, New
Mexico. The materials were exposed to fluences of 5, 10, 15 and 30
cal cm"2 in 1 or 3 seconds. The thermal pulse was square or
approximately that of 1 KT weapon.

Thermal flux and fluences were measured at each source and
temperature-time profiles were measured at the surface using fast-
response thermocouples. As well, tissue-equivalent plastic (TEP)
was used to determine the extent to which materials would protect
the skin against burns. The time-to-first emission of smoke was
taken as a criterion for damage.

It was found that the damage to exposed samples 10.2 x 7.6 cm
was comparable to that obtained in the fully clothed manikins.
Generally, damage to materials increased with an increase in the
test sample diameter. High speed photography showed the large
diameter samples (30.5 cm) ignited prior to 2.5 cm diameter
samples. It was evident that testing with small samples of
material would over-estimate the protection afforded. Comparison
of test results of materials exposed to simulated and non-simulated
nuclear weapons support the conclusion that protection is over-
estimated by assessment of damage on exposed small test samples.
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1.0 INTRODUCTION

Simulation of a nuclear thermal pulse involves modeling the
spectrum and the flux of nuclear weapons and requires a source of
adequate size for testing small and large samples. The difficulty
of this problem has led to the development of thermal sources with
quite different spectra and pulse shapes and systems having
different limitations on the size of the sample which can be
exposed. Consequently, uncertainties have arisen as to the
interpretation of results obtained with different sources and/or
with different sample sizes.

In the course of an on-going research program on the develop-
ment of protective equipment and clothing, Defence Research
Establishment Ottawa (DREO) has conducted several investigations in
which materials were exposed to large thermal radiation sources
either alone or in combination with blast effects (1-4). The
program of testing materials and clothing for thermo-resistance
provided an opportunity to explore some of the uncertainties
relating to source characteristics and sample sizes.

2.0 EXPERIMENTAL

2.1 THERMAL SOURCES

Two thermal sources were used during the investigation. The
Sandia Central Receiver Test Facility (CRTF) and DNA Thermal
Radiation Source (TRS) at Kirtland Airforce Base. The Sandia CRTF
is extensively described in the Sandia Report (5). The (CRTF) has
a 73.15 m test bay and can deliver up to 5 megawatts through a 1 m
shuttered aperture onto a target area of 1 m2, giving a flux of up
to 120 cal cm-2 S-1. The shutter has timed vertical panels which
are drawn apart symmetrically at high speed by an electronically
timed pneumatic drive. The test samples were mounted in panels
which were attached to single racks measuring 76.2 cm x 71.1 cm.
The spread of the flux values on the samples was uniform, within
8.5%. The source was used in two different configurations: in one
experiment a square pulse was used and in a separate experiment the
pulse shape was similar to that of a nuclear weapon (see Figures 1,
2, 3).

2.2 DNA SOURCE

The materials were exposed to the Defense Nuclear Agency
thermal radiation source (TRS) at Kirtland Airforce Base, New
Mexico, U.S.A. The TRS is intended to simulate radiant heat
emitted by the fireball from airburst tactical nuclear weapons.
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The source is unique in that it can accommodate a target
9.14 m long and 3.65 m high and provide a flux of up to 70 cal cm-

2

S- 1. The pulse shape is square, Figure 4, with a rise time (i.e.
time to peak) of less than 0.3 s and with a total pulse duration of
up to 5 s or more. Emission spectrum of the TRS corresponds to a
black body temperature of 2,800°K and is thus composed of longer
peak wave-length photons than 6,000"K of nuclear weapon fireball.

The TRS operates in a fenced outdoor test bed and consists of
a linear array of four upwardly-directed specially designed
nozzles, each of which produces a flame two meters in diameter and
six meters in height. The heat is produced by the chemical
reaction between liquid oxygen (LOX) and aluminum powder flowing
through the nozzles at a rate greater than 5 liters per second and
5 kg per second, respectively. The nozzle spacing can be varied
from 0.91 m to 3.05 m.

2.3 THERMAL MEASUREMENTS

2.3.1 Calorimeters

The thermal flux and fluences were measured at the DNA source
using 2.5 cm diameter air cooled calorimeters (Medtherm Corp. Cat.
No. 64XX-15) which were calibrated at BRL Aberdeen Proving Ground.
These calorimeters were used in a series of preliminary burns to
map the pattern of the flux from the source so as to establish the
expected positions of the fluences for the exposure of the targets
for 1 s.

2.4 MEASUREMENT OF THERMAL FLUX AT CRTF

In the case of the CRTF Facility six small water-cooled flux
gauges 0.63 cm in diameter were located around the edge of the
target rack. The tranducers were calibrated employing the same
source radiation spectrum as that received by the targets (5).

2.5 TEMPERATURE

Temperature-time profiles were measured in all investigations
employing surface fast-response thermocouples, (i.e. zig-zag "K-
Type 2.54 cm thermocouples imbedded in Kaptc., manufactured by Hy
Cal Engineering). The thermocouples have a rise titl a of 68% in 20
milliseconds.
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2.6 TISSUE EQUIVALENT PLASTIC (TEP)

The TEP was used to determine the extent to which materials
would protect the skin against burns. The grading scale used to
interpret observed change to TEP in terms of fluence ranges corre-
sponding to differing degrees of burns to the skin is given in
Table I. The TEP is described in references (6, 7) and was used in
all trials.

TABLE I

TEP Grade and Interpretation (Number)

1 = Texture unchanged = no burn
Fluence < 2.25 cal cm2

2 = Slight smoothing = 1st degree burn
Fluence 2.25 to 4 cal cm"2

3 = Smooth and shiny = Second degree burns
Fluence 4 to 6 cal cm-2

4 = Holed = Third degree burns
* Greater than 6 cal cm

2

2.7 PHOTOGRAPHY

Colour photographs of targets were made pre and post exposures
using a Pentax 35 mm camera.

A Lo-Cam camera operating at 400 frames per second was used to
record events during all trials.

2.8 MATERIALS AND SAMPLE SIZES

The materials exposed are listed in Table II. The samples
were placed between 2 mm thick anodized aluminum plates 2.54 cm or
38.1 cm by 71.1 cm and exposed through circular holes. The area of
the sample exposed was determined by the diameter of circular holes
cut in the plates which were 2.5 cm, 7.6 cm, 15.2 cm and 30.5 cm
apertures.
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TABLE II

Materials Exposed

1. Canadian NBC clothing (NBC)
2. Butyl rubber on Fiberglass Fabric (BYF)
3. Bromobutyl-on-glass (BllR-G)
4. Neoprene-on-glass (CR)
5. Bromobutyl-on-nylon (BllR-N)
6. Nitrile-on-glass (NBG)
7. Teflon-on-aluminum (T/A)
8. Epichlorophydrine-on-glass (ECO)
9. Kapton (KAP)
10. Teflon-on-vinyl (T/V)
11. Ultem (ULT)
12. ECTFE/Vinyl (E/N)
13. ECTFE/Aluminum (EA)

To investigate the protection afforded by an outer layer
separated from an inner layer by an air gap, a special sample
holder was constructed.

2.9 PULSE SHAPE

The pulse shape of the thermal radiation delivered to targets
at the TRS site was square-waved and is shown in Figure 4. The
pulse shapes employed at CRTF are shown in Figures 1 and 2. The
non-square pulse did not quite simulate a typical pulse shape of
the radiation from 1 KT weapons, Figure 3, as the response of the
shutter was slightly slow (8).

Not all materials listed in Table II were exposed to both
sources, and the 30.5 cm sample size was exposed for only a few
materials.

3.0 RESULTS

The effect of test sample sizes was assessed from the exposure
to a square pulse on the TRS and the CRTF source. Also the samples
were exposed at the CRTF source to a pulse shape which is similar
to a nuclear weapon (see Figure 1). The effect of smoke on the
pulse shape is shown in Figure 5. As it was evident that there was
a shielding effect from the smoke, it should be noted that the
program which was used to calculate fluences takes into account the
large drop in flux.

Inspection of the measured values of fluence from the CRTF
exposures showed that in several instances, the fluence differed by
large percentages between exposures, despite being under the same
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conditions and location in the same rack of panels. This variation
creates problems in the interpretation of damage effects and
thermoresistance. A linear interpolation procedure was used to
estimate the probable value of the fluences actually received by
each sample and these test estimates are used in the effect tables.
Although duplicate samples of each material were exposed only the
average damage estimate is reported. A summary of data reported
previously (4) is given in Table III for 2.5 cm to 30.5 cm diameter
samples exposed to nominal 5 and 15 cal cm-2 . It is evident from
Table III that, for the majority of the materials the 15.2 cm and
30.5 cm diameter samples were more severely damaged than the 2.5 cm
and 7.6 cm diameter samples. Some of the 7.6 cm sample data has
been excluded for simplicity.

Another method for assessing the effect of sample size and
damage is to determine the time for initiation of smoke or
ignition. The analysis of the Lo-Cam camera film produced the data
given in Table IV. The time at which shutter first opened to begin
exposure to the flux at the center panel on the rack was taken as
the zero-time. The time to fully open the shutter was approximate-
ly 160 ms, it began closing after about 2600 ms and was fully
closed approximately after 2800 ms. The outerpanel received a flux
starting about 70 ms earlier than did the midline of samples loaded
on the left and right panels on the rack.

The majority of samples emitted smoke at some point during
exposure but flaming was rarely seen even for the 30.5 cm samples
at high fluences.

The time to the first emission of smoke was taken as a
criterion of damage. Table IV gives the estimated times of
emission of first smoke relative to the time of the first flux
received at the midline of the samples. Shown in brackets beside
each time is the accumulated fluence on the samples up to that time
as estimated from the flux gauge data and motion of the shutter.
The data for 5 cal cm-2 for 7.6 cm diameter samples are not
available due to the illegibility of the photo film. In other
cases the film was difficult to read, thus judging the onset of
smo'7e was subject to considerable error. Nevertheless in a number
of cases in which there was comparable data, a number of larger
samples produced smoke before it appeared in the 2.5 cm diameter
samples at a lower fluence. For the NBC and BYF materials,
although not always consistent, the 30.5 diameter samples showed
smoke prior to the other sample sizes. Also the time for remission
of smoke decreased with the increase in fluence. The other samples
showed similar trends but there were exceptions.

The former experiment was conducted on the CRTF, which has a
pulse shape similar to a nuclear weapon, although the exposure time
was longer. A second experiment was conducted at the CRTF
employing a square pulse and an exposure time of 1.1 s (Figure 2).

5
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The measurement of thermal flux temperature and photography and
sample sizes were the same as previously described (2). The
effects of fluence and sample size on the material, NBC and BYF and
skin simulant TEP are given in Table V along with data obtained
when the nuclear pulse shape was used. The letter codes for the
damage levels are shown for each material in each sample size at
each fluence. Immediately under each letter code is a number
indicating the damage to the tissue equivalent plastic (TEP) behind
the corresponding samples. The TEP grade scale and interpretation
is shown below the table along with the list of fabrics exposed.
It is evident from Table V that for the fabrics tested, the damage
increased with an increase in the fluence and with an increase in
sample size.

A relation between sample size and protection afforded can be
assessed by placing the TEP behind each sample. The gruding
assigned to fabrics and TEP is given in Table III. Caution must be
used to interpret the data because in some cases the TEP was
separated from direct contact with the rear surface of the
materials by an air gap of as much as 2 to 4 mm. If the TEP was in
contact with material exposed to more than 5 cal cm-2, it melted.
From Table 1V for materials exposed to 5 and 15 cal. cm-2 in almost
all cases less protection was afforded to the surface of the larger
samples.

In comparison, the damage of samples exposed at CRTF source to
the two pulse shapes, a square wave and a weapon-shape pulse peaks,
consideration must be given to the difference in exposure time.
The exposure time when the thermal radiation was delivered in a
square pulse was 1 s. For the peak pulse shape, over 98% of the
fluence was delivered in 2.1 s, with 50% of fluence delivered in
0.9 s and the last amount in 1.2 s. However, for materials NBC and
BYF exposed to two pulses on the same source and fluence, there was
little difference (Table V). It is evident that pulse shape had no
effect on the damage and any small difference in flux did not
produce any significant effects.

Data from different sources and pulse shapes from a number of
investigations were compiled and analysed. Comparison of data from
the two sources and using square pulse exposure conditions
indicated that for NBC materials, exposure to the TRS caused less
visual damage, but this may have been due to receiving a lower
fluence. There was no difference for BYF materials. Also there
was no significant difference in the burn index behind the
materials as measured by the TEP.
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4.0 DISCUSSION

Based on the limited data, the indications are that differ-
ences in black body radiation between sources has no effect on the
resulting damage. Schallon, Baba, Share (9) employing a solid
target material, in which there was no smoke interference, also
found little difference in temperature rise or damage on the
material exposed to a source with different black body spectrum.
It is also evident that for any source or pulse shape, the larger
(30.5 cm diameter) exposed samples showed more damage than the 2.5
cm diameter samples.

This could be due either to protection by smoke or diffusion
of oxygen. Also one can speculate that the surface of the larger
samples is not as planar as the small samples and that the non-
planar surface may cause micro hot spots and smoke prior to samples
which have more planar surfaces. Observation damage to clothed
manikin exposed to thermal sources revealed that only part of the
trouser legs which are not planar are burnt.

The effect of sample size compared to whole assemblies was
studied at earlier nuclear trials in the 1950s.

The damage to exposed samples 10.2 cm x 7.6 cm (77.4 cm2) was
comparable to that obtained with fully clothed manikins. In the
present investigations the 2.5 cm and 7.6 cm diameter samples
showed less damage than the larger 15.2 cm and 30.5 cm diameter
samples (182.3 and 729.3 cm2) and clothed manikins. However, even
larger samples do not provide totally conclusive information
because exposed full assemblies do not show uniform damage over the
whole surface and it is important to know the damage caused to the
critical areas, such as the knees, elbows, hands, feet and thighs.
Therefore, it is not prudent to rely solely on the exposure of
large samples to assess the protection afforded by complete
clothing assemblies. The rise time of the thermal pulse from a
weapon is faster than from simulators and this can make
considerable difference to the resulting damage. A number of
cloths developed in the fifties were assessed employing a solar
furnace and 1 cm2 samples at DREO (10). The results indicated that
fabrics could be protected by Nimbus cloth up to approximately 30
cal cm- delivered in 1 second. Sitting manikins dressed in NBC
protective suits protected by Nimbus cloth were exposed to
approximately 30 cal cm-2 fluence in a nuclear weapon trial (20 KT)
and were completely destroyed, while those exposed to 17 cal cm-

2

survived. The Nimbus cloth provided protection to clothed manikins
when exposed to a DNA TRS source at approximately 17 cal cm-2 as
well as to nuclear weapons, but the system failed in nuclear
trials. It is evident that even data obtained from exposure of
whole clothing assemblies to a thermal pulse simulated nuclear
source should be assessed with caution as protection factors may be
over-estimated by at least a factor of two.

10
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Test samples of textile materials of 2.5, 7.6, 15.2 or 30.5 cm
diameter were exposed to thermal radiation sources at Sandia
Central Receiver Test Facility and the DNA Thermal Radiation Source
at Kirtland Airforce Base, New Mexico. The materials were exposed
to fluences of 5, 10, 15 and 30 cal cm"2 in 1 or 3 seconds. The
thermal pulse was square or approximately that of 1 KT weapon.
Generally, damage to materials increased with an increase in the
test sample diameter. High speed photography showed the large
diameter samples (30.5 cm) ignited prior to 2.5 cm diameter
samples. It was evident that testing with small samples of
material would over-estimate the protection afforded. Comparison
of test results of materials exposed to simulated and non-simulated
nuclear weapons support the conclusion that protection is over-
estimated by assessment of damage on exposed small test samples.
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