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1.0 INTRODUCTION

1.1 BACKGROUND

This report documents the first phase in exploratory development of an

inexpensive, passive thermal radiation fluence transducer. The basic research on

such a transducer was completed by Mr. Peter S. Hughes of the Los Alamos

Technical Associates, Inc. (LATA), and a patent application has been initiated.

This basic research showed that the concept of a simple, field gage to record

heat energy was fundamentally sound. Tests with various radiative sources con-

firmed the prediction that a simple passive transducer is practical and does in

fact integrate the thermal flux.

1.2 STATEMENT OF PROBLEM

There is a pressing need for an inexpensive passive transducer because

(1) active instrumentation is expensive;

(2) reliable active instrumentation requires a great deal of care;

(3) active instrumentation is frequently limited by the number of available

tape recorder channels;

(4) tests of large structures, e.g., aircraft structures, need many

transducers to map the variations in the radiation incident on all

parts of the structure; and

(5) active instrumentation usually does not provide quick, on-the-spot test

results.

The recent Defense Nuclear Agency (DNA)-sponsored efforts by Mr. John Dishon

of Science Applications, Inc., (SAI) have been successful in developing a

fieldable heat source for simulating the thermal radiation from nuclear weapons.

This facility (now located at Kirtland AFB (KAFB), New Mexico) is known as the
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DNA Thermal Radiation Simulator (TRS). The chief advantage of the TRS is that it

will permit the testing of large, full-scale structures and weanon systems, such

as the testing of B-52 structures during July 1979.

Various prototype TRS testers were exercised at Sandia Albuquerque (February

1978); NISERS BLUFF event at Planet Ranch, Arizona (July 1978); Nevada Test Site

(NTS) (October 1978 and December 1978); and KAFB (April 1979 and May 1979).

These tests have unequivocally proven the need for a cheap passive thermal

recording transducer such as the one invented by Mr. Hughes. LATA personnel were

active participants in the test, and it became increasingly obvious that such a

transducer was needed for the following reasons.

(I) The thermal data that are paramount for most nuclear effects tests are

the thermal fluence (Q), not the thermal flux (Q); only electronic flux

calorimeters have been used in most of the previous tests.

(2) Historically, the data recovery rate using electronic calorimeters has

been only fair; a variety of failures have occurred such as broken

wires, preamplifier failure, amplifier failure, calorimeter burn-out,

and tape recorder saturation.

(3) Occasionally the signal-to-noise (S/N) ratio has been unacceptably low.

The December tests at NTS are a prime example where the S/N was quite

low and valid data recovery was less than 50%. This was caused by a

variety of sources in the electronic recording system.

(4) The active electronic instrumentation is so expensive that frequently

only a small percentage of the desired locations are instrumented to

record the incident thermal radiation--$2,000 to $3,000 per channel is

not unusual; this was a particularly serious problem during the TRS

calibration series at KAFB during April to May 1979.
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(5) Unless there is a high speed computer available at the test site,

active instrumentation does not provide the quick-look data needed to

make timely decisions about the test results in the field. The invited

observers, as well as the experimenters, need to know to what exposure

levels the test specimens were subjected, immediately post-test.

These arguments are based upon observations while actually using thermal

test facilities. They are the essential reasons why a passive transducer was

developed, as documented in this report. The design goal attributes of a passive

transducer and recording system are:

(1) simple to install;

(2) highly reliable;

(3) inexpensive;

(4) provides permanent recording;

(5) integrates the thermal flux to provide an on-the-spot reading of

fluence;

(6) indicates the direction of the peak fluence to show if it was

indeed normal to the test specimen surface; and

(7) provides a check on the post-test results of active recording and

resolves questions regarding gain settings and other potential humani

errors.

7



2.0 PROTOTYPE TRANSDUCER DESIGN

2.1 RESULTS OF BASIC RESEARCH

The basic research conducted by Mr. Hughes prior to this DNA-sponsored ex-
ploratory development resulted in the selection of stretched polystyrene sheet

stock as the "active" heat sensing element in the passive transducers. This

material absorbs infrared radiation, softens, and starts to shrink back to its
originally manufactured size (details of polystyrene chemistry and wave length

effects are discussed later in Section 3.0).

This research then involved a variety of geometrical ly-shaped sensing ele-

ments in an attempt to maximize the dynamic range (variation in fluence, Q) and

minimize the difficulty in interpreting the results. This effort led to the
transducer designs shown in Figures 2-1 and 2-2. As shown in Figure 2-1, the

transducer has two different styles of sensing elements made from sheets of 10

mil (0.0254 cm), bidirectionally stretched polystyrene. These figures illustrate

how the parts are assembled into a durable unit that is approximately 5 cm

square.

The Type B element responds to the incident thermal load by growing outward

towards the hole in the mask. This mask and the back frame are both made of

asbestos board because of its low heat diffusivity and low reflectivity. The

Type C elements are simply a stack of 1-in, squares of the polystyrene sheet.

They respond by shrinking inward toward the center in pedal fashion. The concept

is for the outer layers to shield the inner layers so that successive inner

layers deform to a lesser extent. Then, following exposure to the thermal

source, the deformation can be measured and provide a quantitative measurement of

the incident heat.

2.2 RESULTS OF EXPLORATORY DEVELOPMENT

L An operational test of the transducers occurred during the first calibration

series on the DNA TRS facility, then installed at Frenchman's Flat at

NTS. This calibration series of three events occurred during December 1979.

8
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A total of 50 of the experimental transducers were fielded on the three events,

and in every case, they were co-located with an electronic calorimeter. Some of

these calorimeters were supplied by Rockwell International, and others were

fielded by the SAI personnel who had the active data recording responsibility.

2.2.1 Test Event 1

The first TRS calibration event consisted of a 2 x 2 array of thermal bags.

Eighteen passive transducers were fielded on this event, which occurred on

December 7.

All of the passive transducers functioned as designed; however, the active

data recording performed poorly and there were such problems as (1) low

signal-to-noise ratio, (2) 60 Hz noise interference, and (3) broken or

burned-through wiring from the calorimeters. It is estimated that only six of

the 16 active channels yielded valid data.

In general, the thermal output from the TRS was much more intense than pre-

dicted. This was unfortunate because several of the passive, as well as active,
2

transducers were destroyed by thermal fluences in excess of 100 cal/cm . As far

as the passive transducer calibration was concerned, the electronic calorimeters

provided only two valid data points.

2.2.2 Test Event 2

The second TRS calibration event used a 2 x 4 array of thermal bags. Twenty

passive transducers were fielded on this shot, which occurred on December 8.

Again the active instrumentation was plagued with a myriad of problems. It is

estimated that only seven channels out of a total of 19 gave reliable calorimeter

data.

The passive transducers functioned; however, contrary to preshot predictions

from SAI, the fireball was so large that it engulfed many of the transducers and
2

exceeded their usable upper limit, which appeared to be about 30 to 40 cal/cm

The active calorimeters provided only three valid data points.
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2.2.3 Test Event 3

The third TRS event was fired on December 8 and again consisted of a 2 x 4

thermal bag array. It is estimated that from a total of 19 active calorimeter

channels, 10 gave reliable data. Twelve passive transducers were fielded and

recovered; however, the active electronic calorimeters only provided four valid

calibration data points for these passive transducers.

2.2.4 Summary of NTS Calibration Series

Overall, this test series was disappointing; consequently, it was terminated

before all the scheduled events took place. It was felt by all the test party

that there were too many problems to continue. These were problems with (1) the

electronic recording system, (2) the wind causing fireball drift, (3) the lack of

shot-to-shot consistency with bag ignition, and (4) the difficult logistics of

operating at the Frenchman's Flats Site.

The passive gages functioned reliably and consistently and a great deal of

valid calibration data would have been obtained if (1) the preshot fluence level

predictions had been more accurate (predictions were low; consequently, the

transducers were placed too close to the source); and (2) the active instrumenta-

tion had performed as expected and yielded reliable data to calibrate the passive

transducers.

In general, the passive transducers performed as designed with both types of

sensing elements providing a permanent record of the incident fluence.

Figure 2-3 shows some examples of these two types of elements exposed to

different fluences.

The sensing element deformations were consistent for exposures to the same

fluence. It became obvious during the test series that such passive

instrumentation was a valuable tool (1) to monitor shot-to-shot consistency, (2)

to map out iso-fluence contours on the test bed, (3) to provide instant feedback

to the experimenters about the test performance, and (4) to provide a

confirmation that the active channels in fact actually had the gain settings that

were designed.
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Figure 2-3. Examples of sensing elements exposed to different fluence levels.
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After carefully reviewing the recorded active calorimeter data from the

three events, it was decided not to attempt to plot a calibration curve for the

passive transducers. There was not a statistically significant quantity of

reliable data points to compare with the measured deflections of the passive

sensing elements. Paramount in this decision was the knowledge that subsequent

field tests of the TRS system were to take place after the facility was relocated

at KAFB. These tests would provide an opportunity to obtain a great quantity of

high-quality active data to characterize the TRS thermal output and to calibrate

the passive gages.

2.2.5 Preliminary Results from TRS Testing at KAFB

Although not in the original scope of work, the TRS calibration series at

KAFB represented an opportunity to obtain the passive gage calibration data that

failed to materialize during the NTS tests. The tests at KAFB were intended to

include detailed diagnostics for a thorough calibration of the TRS that was

relocated from the NTS Site to the Coyote Canyon Site at KAFB. A four-shot test

series occurred during the period April 26, 1979 through May 4, 1979.

Approxim tely 50 passive transducers were fielded on each event in a 360

degree pattern around the TRS linear array of 16 thermal bags. Once again there

were problems with the electronic calorimeters; however, after the first shot,

data recovery was excellent. Nevertheless, it can be categorically stated that

the passive transducers were instrumental in the success of this test series.

They permitted a detailed mapping of the iso-fluence contours around the test

bed, and the instantaneous, post-test data display from the 50 transducers

allowed the LATA test director to quickly make decisions affecting each

subsequent test.

The transducer model that was used during the TRS testing at KAFB is shown

in Figure 2-4. More than 400 data points were recorded by the passive

transducers. The reduction of this data is awaiting further DNA funding (Phase 2

transducer development). However, for completeness of this report, a preliminary

calibration curve was derived from this data for the Type C sensing elements

(I-in. squares). This calibration curve (Figure 2-5) is used by post-test

14



Figuire 2-4. Production model transducer used during TRS calibration
at Kirtlanid Air Force Base.
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measurement of the two diagonal dimensions of each layer of polystyrene. Then
the two measurements for each respective layer are multiplied and summed up over
the total number of layers. Mathematically this is expressed as

5
Calibration parameter = I dii di2

where d and di2 are the first and second diagonals of the polystyrene layers

(i).

The proposed follow-on Phase 2 transducer development will explore different
methods of post-test sensor element measurement and perhaps a more usable cali-
bration curve. Nevertheless, the calibration curve in Figure 2-5 shows that the
passive transducers do provide quantitative information. It appears that the
sensor element deformations can be used to determine the incident thermal fluence
to an accuracy of about ±2 cal/cm2

. Hopefully a method can be devised whereby
the accuracy is a linear function of the fluence, such as ±10% of Q.
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3.0 PROPERTIES OF POLYSTYRENE SENSING ELEMENTS

Polystyrene is produced by the polymerization of the monomer styrene:

monomer (styrene) (C 6H 5) CHI CH 2

In general, the accepted structure of polystyrene is shown below:

CH 2I - CHI -

CII

where n is roughly 2,000.

In actuality, the carbon chains vary in length and the end valences are

saturated with catalyst, solvent, or impurity molecules. It should be noted that

polystyrene is an amorphous material and therefore it does not have a unique unit

structure; instead it consists of many different structural states. Orientation

of polymer chains, and nonequilibrium configurations are the two most important

variables affecting the different states. Both depend on the manner in which the

product was produced, which in turn affects the physical and thermal properties

of polystyrene.

Thermally, polystyrene is very stable up to the distortion temperature (82

to 88*C). Under certain test conditions, the distortion temperature can be

measured accurately and is found to be quite sharp and well defined. During

production, the distortion temperature of the polystyrene product can be lowered

by addition of plasticizers, residual solvents, or unpolymerized monomers.

Another variable parameter dependent upon production procedure is the amount

of distortion. At or above the distortion temperature, the amount of distortion

is determined by the quantity of "frozen i" strain incurred during molding.

High temperature molding produces minimum strain, whereas low temperature molding

produces high strain.
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The optical properties of sheet polystyrene are described by Figures 3-1

through 3-4. 1 Figure 3-1 illustrates that the transmission of electromagnetic

energy across the visible spectrum is about 90%. This high transmission is

largely due to the absence of chromaphoric groups in the polystyrene molecule.

This high transmission continues a short way into the ultraviolet wavelengths.

Figure 3-2 shows that there is a fairly sharp transmission cut off at wave

lengths shorter than about 0.25 to 0.3 p. This effect is due to the absorption

by the styrene monomer. A transducer with polystyrene elements could also be

used to measure the incident energy in the ultraviolet spectrum from a radiative

source. The initial transducer development has necessarily concentrated upon

measurements in the infrared spectrum; however,~ follow-on phases of this work

will explore the feasibility of building a practical transducer to record

ultraviolet radiation.

Figure 3-3 illustrates details of the transmission qualities of the poly-

styrene transducer elements over the near. infrared spectrum. This data were

taken on 2 msil sheet stock and shows an average transmission of roughly 50%.

This data, from Reference 1, is somewhat contradictory with the data presented in

Figure 3-4 (same reference), which implies that polystyrene is totally opaque to

wave lengths between 5 and 20 p. It is suggested that the Figure 3-4 data be

used as a qualitative measure of general trends and the Figure 3-3 data be used

quantitatively for detail transmission in the near infrared region.

Some additional properties of polystyrene that make it a good choice for a

fieldable passive transducer element are as follows:

(1) It has low moisture absorptivity, e.g. , 0.03 to 0.04% in 24 hours;

(2) It is good for continuous use in field applications because it is

stable to aIt least 1500F;

(3) It has only a very slight degradation during prolonged exposure to sun-

light.
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4.0 CONCLUSIONS -

The overall conclusion is that it is feasible to build a simple passive

thermal fluence transducer that provides high-quality quantitative data on

radiative heat sources. Some specific conclusions are as follows:

(1) Sheet polystyrene is an adequate material for manufacturing the

thermally sensitive elements; i.e., it absorbs a significant portion of

the infrared spectrum.

(2) The sheet polystyrene may also make a good sensor element for measure-

ment of ultraviolet radiation.

(3) Both element configurations (Type B and Type C) are good indicators of

the direction of the peak thermal fluence; this is a distinct advantage

over electronic calorimeters.

(4) At this early stage in the development, it is estimated that the
2 2transducer has a usable range of from 5 cal/cm to about 40 cal/cm

this range may be extended as development continues.

2(5) The accuracy appears to be about ±2 cal/cm with the present

measurement techniques.

(6) The current transducer design can readily be read in situ, as mounted

in the field, thus facilitating immediate post-test inspection.

(7) The transducer design is both simple and inexpensive; it is estimated

that the unit cost, in prototype quantities, is less than $30.
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5.0 RECOMMENDATIONS

The general recommendation is to continue development of the passive trans-

ducers. They show excellent promise and potentially could be at least as

accurate as active calorimeters and yet less expensive and inherently more

reliable. Some specific recommendations are as follows:

(1) Perform a series of passive transducer calibration tests in the

Tri-Services Thermal Radiation Facility at Wright-Patterson AFB, Ohio.

This carefully controlled environment is needed to determine the

minimum and maximum extremes of the usable thermal fluence range.

(2) Reduce the data from the recently completed TRS testing at KAFB. The

more than 400 data points will allow more statistically accurate

calibration curves to be constructed for both sensing element types.

(3) Pursue the transducer development into a second phase of design mod-

ifications concentrating on

(a) sensitivity,

(b) ease in reading,

(c) minimizing unit cost,

(d) increasing reusability, and

(e) increasing ease of application.
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