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SECTION 1
INTRODUCTION

BACKGROUND

The United States Air Force has launched a program directed toward the devel-
opment of a fourth-generation Intercontinental Ballistic Missile (ICBM) desig-
nated Miaaile-X (MY). This development program is aimed at producing the
technology and launch concepts for a large throw weight, survivable, highly
accurate MlRVed* ICBM (ref. 1). This improvement in missile technology, spe-
cifically that related to accuracy, has led to the consideration of differeat
missile-basing concepts. Present basing concepts for Minuteman rely upon
hardened silos. The perceived possible improvements in missile accuracy will
radically increase the hardness requirement for these silos or the alternative
fixed-point basing concepts. This increase can be both impractical and ex-
tremely costly. Thus the Air Force is considering what is popularly called
the shell pame concepts. This simply involves an areal dispersion of poten-
tial targets not all of which contain a missile; e.g., two of the more popular
concepts are the shelter and the trench. The shelter concept involves provid-
ing a number of semihardened, relatively inexpensive shelters for each missile.
These shelters are dispersed over a given area and the missile is occasionally
moved among them. Thus the probability of a direct or near direct hit is sim-
ply the inverse of the number of structures. In the trench concept, a long,
shallow, underground tunnel is provided for the launch vehicle and the missile
is randomly moved to different locations within the tunnel. In this case the
probability of a near miss is inversely proportional to the length of the
tunnel.

The concept of areal dispersion of potential targets, as opposed to superhard
fixed targets, changes the mechanism governing the vulnerability. With super-
hardened, fixed-point structures the prime concern is directed toward cratering

—
Multiple Independent Reentry Vehicle.

1. Slay, Alton D., Lt. Gen., USAF, "MX, A New Dimension," Ai» Forcee Mipaxive,
September 1976.




and high-stress, ground-shock propagation. However, with areal dispersion the
emphasis shifts to the airblast since the missile is most likely to be some
distance from the crater region. It is for this reason that the Air Force has
been developing a Dynamic Airblast Simulator (DABS). This simulator is being
used to test the effects of airblast loading on some of the structures to be
used in different basing concepts for MX. '

DABS is sometimes referred to as a Jisposable shock tube. It simply consists
of a roofed tunnel covered with an overburden which is driven by high explo-
sives at one end. It is made as short as possible for cost reasons. Model
launch structures are located on the floor of the facility and their response
to the blast environment is measured.

Since the basic purpose of DABS is to generate a nonnuclear airblast, simula-
ting the blast from a nuclear device at a given range, the blast wave produced
must adequately represent that wave in both magnitude and waveform. This is
somewhat difficult with DABS because of the short tunnel. It is necessary that
the expanding detoration products, driving a clean air shock, be used to pro-
vide a significant portion of the blast loading on the structure being tested.
Herein lies the basic difficulty for both the theoretician and the experimen-
talist. The thermodynamic equations for shocked air are quite well known. This
is not the case for the detonation products; no really adequate equation-of-
state exists. With no adequate model, the burden of parameterizing this por-
tion of the flow falls upon the experimentalist. However, the difficulty of
making measurements in the detonation products is quite great, since the at-
mosphere is composed of unknown constituents at unknown temperatures and is
loaded with debris. As far as the theoretician is concerned, the prime vari-
ables that need to be measured in reference to the shock wave are the side-on
or incident pressure, the shock velocity, and the dynamic pressure in the shock
wave, The first two are quite easily and routinely measured; the third is not
so easily obtained. If one defines p as the density in the flow, V as the flow
velocity, and Q as the dynamic pressure, Q = pV2/2.
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0BJECTIVE

The prospects for measuring the dynamic pressure directly are quite slim. The
flow velocity can be measured but there is no reasonable prospect for measuring
the density of this dirty flow. Thus, this instrumentation development was di-
rected toward the creation of measuring techniques that could parameterize the
flow in such a2 manner as to obtain the variables from which the dynamic pres-
sure could be inferred. These variables include the flow velocity, the velo-
city of the interface between the air and the detonation products, stagnation
pressure, temperature, mach number, and driver-chamber pressure. Methods to
accomplish this objective were thus investigated.

This investigation was carried out on a series of test events, termed the
DABS-I Serties. The purpose of this series was twofold--to develop the tech-
niques necessary to generate an appropriate blast waveform and to create an
environment in which the developmental instrumentation could be tested.

9/10




SECTION 2
MICROWAVE SYSTEMS

DOPPLER RADAR
Introduction

The use of relatively inexpensive tra¢ ic-control doppler radar systems to make
velocity measurements in shock waves is clearly one of the more novel and sig-
nificant advances in the instrumentation development program for DABS. A mass-
produced, commercially available item, with minor modification, nas been adapted
to high velocity experimental work. Thus, a relatively sophisticated microwave
system can be obtained at a cost less than that of a normal blast-pressure gage.

Radar experiments were fielded on DABS IA, IC, ID, and IE. The first of these
experiments on DABS IA was previously reported at the Defense Nuclear Agency
Blast and Shock Instrumentation Conference at the Waterways Experiment Station
in October 1975. Briefly, this paper (appendix A) describes how a radar unit
was used to track an aluminum-foil target after it was impacted by the shock
wave. The resultant velocity was 4489 ft/sec. This velocity corresponds with
the expected particle velocity in air shocked to 327 psi, a value which agreed
with the pressure readings and with the measured shock velocity. This Lagran-
gian particle velocity measurement, although quite useful in checking out the
system, only proved that the ratio of the isobaric to isovolumetric specific
heats was 1.4, This was already known for clean air and thus the experiment
simply confirmed this but served more as a check on the measurement system.

One of the prime problems associated with DABS is that the explosive products
are used as a significant portion of the loading. The equation-of-state for
these gaseous products combined with debris is unknown. Thus, making meas-
urements that parameterize the explosive products is extremely important. It
is to this end that the additional radar experiments were directed.

Possibly, the interface between the explosive products and the driven clean air
shock can be tracked by a single radar unit looking down the DABS tunnel. The

n
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primary question to be resolved was whether this interface would be reflective
or transparent. As shown in appendix A, the prime variable affecting the re-
flectivity is the free-electron concentration in the hot gases. When the inci-
dent microwave radiation is 10.525 GHz, the interface will be reflected when
the free-electron concentration is high enough to cause a plasma frequency of
10.525 GHz. In the clean air portion of the shock wave the electron concentra-
tion at which the peak pressures are nominally 600 psi, the free-electron
concentration does not achieve this value. However, at the interface between

the explosive products and the clean air shock the situation is quite different.

The explosive used as the driver (PETN) is oxygen deficient, and as a result, a
state of combustion exists at and near the interface. This combustion is con-
tinually supported (during the time frame of interest) primarily by the oxygen
in the air mixing with the detonation products as a result of turbulence. The
characteristics of this interface are controlled by the rate of reaction of the
unknown nonequilibrium detonation products with the air. Thus, the plasma
characteristics of the interface are determined by the rate of mixing along the
interface and what the nonequilibrium products are. The present data preclude
the possibility of determining these quantities. The only facts known are that
the nonequilibrium products burn (photographically observed) and that this
burning probably occurs in a manner consistent with the formation of a large
number of free electrons. These electron concentrations could easily approach
or even exceed the 3.5 x 10!° electrons/cm® needed to totally reflect the radar
beam. Obviously, this hypothesis needed experimental investigation. Thus a
radar experiment was fielded on DABS IC to test this hypothesis. The results
of this experiment were used in the subsequent experiments to direct modifica-
tions.

Radar Unit

The radar unit used in all the experiments was a Model JF100 Speed Gun manufac-
tured by CMI, Inc., Minturn, Colorado. In its normal configuration it is a
hand-held, traffic-control, doppler radar unit which digitally displays veloc-
ity in miles per hour. The pertinent specifications as given by the manufac-
turer are as follows:

(1) Frequency -- 10,525 + 25 MHz

(2) Polarization -- Circular

12
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(3) Beam Width -- 8° or Less (Side lobes suppressed greater
than 24 dB down)

(4) Antenna -- 4-Inch Aperture; Circular Horn Type

(5) Microwave Oscillator -- Solid-State Gunn Diode

(6) RF Power -- 20 mW Minimum; 100 mW Maximum

(7) Receiver Diode -- Shottky Barrier Type Rated for 100-mW Burnout
The unit was ordered without the digital display or its associated electronics
since they were not pertinent to the experiments. Thus, the total unit consis-
ted of an antenna, a preamplifier, an amplifier/regulator, a 9-V regulator, and
the housing. The system was powered by a 12-V wet cell.

Experimental Procedures

In DABS IA the signal was taken from the output of the preamplifier and ac-
coupled (high pass 30 Hz, 3-dB point) because of a dc-offset. The only other
modification made was the removal of all low-pass filtering from the preampli-
fier. The output impedance of the system was 1000 Q.

The relatively high output impedance in DABS IA prompted a change to the radar
system for DABS IC. To improve the frequency response, a buffer amplifier pow-
ered by a 45-V battery (fig. 1) was used as a line driver. This amplifier was
an inverting unity-gain device with a 1000-Q input impedance and a 75-Q output.
impedance. This modification negated the need for ac-coupling on the output.
After this modification was made, the system was checked out with a rifle bul-
let as a high-velocity target. (The procedure described in appendix A was
used.) The results (fig. 2) agreed quite well with the previous rifle data

and the expected bullet velocity. Also the previous offset problem described

in appendi- A was eliminated by the buffer and a terminated line.

The output of the radar antenna was ac-coupled (high pass) to the input of the
preamplifier for all experiments after those on DABS IC. This was accomplished
by a simple one-pole RC filter which was formed by connecting a 0.005 uF capaci-
tor in series between the antenna and the preamplifier. Since the preamplifier
was 1000 @, this formed a high-pass filter with a 3-dB point of 32 kHz. The re-
corded signal was the amplified doppler signal. and its relationship to the
velocity of the target was fd = 2Vfr/c. where fd is the doppler frequency,

13



Doppler 1 ka
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Input 741 ) - O
Output

580 q
-22.5 V| +22.5 Vv

Figure 1. Radar Buffer Amplifier

V is the velocity of the target, fr is the radar carrier frequency, and C is
the speed of 1ight. If the unit of velocity is feet per second and the fre-
quency is in Hertz, this equation reduces to fd = 21.40V.

For each of the experiments the data were recorded on a Bell & Howell 3700 B
Tape Recorder. With the exception of the DABS IA data, all data were recorded
with Wideband II FM (500-kHz frequency response). On DABS IA the signal was
transmitted by RG213 cable which was not terminated. This was necessary be-
cause of the high output impedance of the preamplifier; however, this was not
necessary on the subsequent experiments, since the buffer amplifier was used.
A terminated RG58 line was used for these tests. In all the experiments the
line was approximately 1000 ft long.

In all cases, the radar unit was aimed down the center of the tunnel and placed

so that debris created after impact by the shock wave would not interfere with
other experiments in the DABS facility. No attempt was made to harden the
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Doppler
Signal

fﬁ LNote:

0.1V/cm Low frequency
el caused by

muzzle blast.

0.5 msec/div

(a) Bullet Fired Toward Radar Unit

0.1V/cm

0.5 msec/div

(b) Bullet Fired Past and Away From Radar Unit

Figure 2. Doppler Radar Signal from 7-mm Magnum Bullet
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Figure 3. Radar Unit

radar unit to the effects of the shock wave. This would have involved build-
ing a bunker with a thick quartz or Teflon window for the radar unit to look
through; the cost would far exceed the cost of the radar unit. Thus, the ra-
dar was presumed to be disposable and was simply mounted on a wooden stake
(fig. 3), usually inside the DABS tunnel.

With the exception of DABS IA, there was no metal target placed in the tunnel,
since the objective was to track the interface between the detonation products
and the clean air shock. Thus, the DABS IC radar test was performed to deter-
mine whether or not the interface between the detonation products and the clean
air shock would reflect the microwave radiation. The possibility of another type
of microwave system (discussed later) prompted interest in the propagation of a
microwave beam of 10.525 GHz frequency through the detonation products. This
additional information made the experiment quite unique from the experimental-
ist's point of view. The fact that the wave could propagate through the shock
front had been established in DABS IA. Thus, there were only three possibil-
ities: (1) the beam would be reflected by the interface between the detonation

16
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products and the clean air shock; (2) the beam would be reflected only by the
back walls and thus be transmitted through the detonation products; or (3) the
beam would be totally absorbed by the detonation products and thus there would
be no return signal. Obviously, the first two possibilities are the most de-
sirable, but all three cases represent meaningful data. Thus, excluding the
possibility of a severed cable, even no return signal would be meaningful.

Results

The results of the DABS IC radar test were quite interesting in that they
showed that the radar unit did track the interface between the detonation prod-
ucts and the clean air shock and also that the beam was transmitted through the
interface and reflected off the rear wall. The raw data are shown in figure 4.
These data show that there were high-frequency data superimposed on low-
frequency data. The reason for this can be seen by means of the overlayed draw-
ing on the raw data. The low frequencies represent velocities that varied from
12 to 39 ft/sec. These values qualitatively agreed with the photopole data.
Thus, they represent the velocity of the wall behind the driver section in DABS.
The obvious clipping of the data was caused by the radar unit itself--specifi-
cally the maximum output voltage of the integral preamplifier. Thus, all data
above or below approximately + 1.5 V were lost because of clipping in the pre-
amplifier, This led to a reduction in the number of high-frequency data points,
which are presumed to represent the velocity of the interface.

The reduced doppler frequency is shown in figure 5 along with the difference
between it and the shock velocity. This latter curve can be integrated to de-
termine the distance between the clean air shock front and the interface be-
tween the detonation products and clean air shock. These data were obtained
by measuring the period of the oscillations and converting that to frequency.
This was accomplished with 50-usec/in plots.

The knowledge that the 10.5-GHz beam could propagate through the detonation
products was useful as a design criterion for the second microwave system in-
vestigated. However, the low-frequency data superimposed on the high-frequency
data severely limited the amount and continuity of the high-frequency data,
which are of prime interest.
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Figure 4.
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Raw Data from DABS
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On DABS ID and IE the input to the preamplifier was, as previously described,
high passed. As can be seen in figures 6 and 7 the quantity of high-frequency
data was radically increased. There was some low-frequency data retained be-
cause of the extremely high gain of the preamplifier (= 10%). Figures 8 and 9
show the reduced data from these two tests.

The velocity data from DABS IE (fig. 9) were extremely interesting in that there

were some obvious oscillations on top of the data. These oscillations, which
varied in period from approximately 3 to 5 msec, were probably due to the exci-
tation of a transverse mode in the DABS IE tunnel (the tunnel was 13 ft wide).
This would tend to indicate that the acoustic velocities back in the flow varied
from 2600 to 4300 ft/sec. Although these results were interesting and believ-
able in magnitude, the precision of the measurement was certainly limited by the
scatter in the data. That this appears only on the DABS IE data is due to geo-
metrical reasons. The DABS IE tunnel was the largest tunnel, and since it was
the only one with a sloped roof design, there was only one direction (parallel
to the floor) that a transverse mode could be excited. The oblate DABS IA was
certainly not condusive to this effect, nor were the DABS IC and ID, since they
were constructed with flat roofs. However, in these latter cases, there exis-
ted the possibility of exciting two different transverse modes of different
frequency and phase.

Based on the velocities inferred from the radar data, the radar beam tracked
the interface between the detonation products and the clean air shock or the
debris right behind it. Another possibility that should be recognized is that
the use of oxygen-compensated explosives such as ANFO or slurry may not be ad-
vantageous to the radar system. The absence of a burning interface between

the detonation products and clean air shock may allow nearly complete transmis-
sion of the beam. This will have to be tested.

PARTICLE VELOCIMETER

The secondary result of the DABS IC experiment, viz., that the beam could see
through the detonation products, was of prime importance in the possible devel-
opment of an Eulerian particle velocimeter for DABS. Figure 10 shows the lay-
out of the proposed system. It is the exact analog to a LASER velocimeter.
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Since it was believed that the extremely dirty atmosphere in DABS would not
adequately transmit optical radiation, the particle velocimeter was chosen.
However, when the debris particles are small compared to the wavelength, as
in the case of microwave radiation, the beam can be transmitted.

The particle velocimeter system was originally proposed by the author to the
personnel at the Radar Target Scattering Facility, Holloman Air Force Base,

New Mexico. Their evaluation of the proposal was that it might work with

their existing 100-GHz unit. The reason for this choice of the millimeter
wave band was that there are fewer problems at the higher frequency associated
with transmission through hot gases. The reason it was not fielded on the DABS
series was that, if it did work, the cost of procurement and construction of a
complete unit would be prohibitive (more than $350,000). However, the fact
that the 10.5-GHz beam propagated through the plasma opened the door to the use

of frequencies in this range and thus the costs have been significantly lowered.

As a result, the University of Texas Applied Research Laboratory was funded to
do a feasibility and cost study of the proposed system. The results of this
study are presented in appendix B. From the study it was recommended that a
16.2-GHz source be used in a geometry similar to that proposed. Theoretically,
this system is sound and if it is financially feasible, it should be construc-
ted and tested for DABS.
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SECTION 3
INFRARED DETECTOR

Some photographic experiments were performed on DABS IA. High-speed motion-
picture cameras photographically recorded the motion of an MX type pool as the
shock wave passed over the water. Thick glass windows were used beside the
pool and a light was shone through the pool for illumination.

The results of these experiments were quite confusing. Shortly after the shock
arrival, the atmosphere above the pool turned completely black, i.e., the atmos-
phere appeared opaque to visible radiation. This led to some speculation about
the possibility of treating the atmosphere as a black body. If this could be
done, the temperature could be determined from the infrared spectrum emitted
from the shocked gases. This can be shown by Planck's Black-Body Distribution
Function, viz.,

2nC%h
I(A,T) =
T

where I(1,T) is the intensity as a function of the wavelength, A, and absolute

temperature T; C is the speed of light; h is Planck's constant (6.6252 x 10~%"

Joule-sec) and k is oltzmann's constant. Figure 11 shows a plot of this func-
tion for different temperatures. Thus, if narrow bandpass filters are used on

a number of different wavelengths, it can be determined if the spectrum is that
of a black body, and if it is the temperature is uniquely defined.

The first experiments were directed toward developing the gage package for DABS.
Since the interface between the detonation products and the clean air shock is
burning, a plain infrared detector should be able to detect its arrival time.
The information gained from this type of experiment would not only provide a
functional check of the infrared system but also a cross check with the radar
data to determine whether or not the detector was reaily tracking the interface.
This approach was taken first primarily because of the increased complexity and
cost inherent in making a five-channel instrument with narrow bandpass filters.
This latter experiment would be undertaken only if the first was successful.
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Figure 11. Spectral Distribution of Black-Body Radiation
at Various Temperatures

The first event on which an infrared detector was used was DABS ID. This de-
tector was a lead selenide photoresistor (Model No. 4007) manufactured by
Infrared Industries. It has a 1-usec time constant and a response as shown

in figure 12. This detector was chosen because of its sensitivity in the ap-
propriate range of wavelengths (fig. 11), and since the van recording capabil-
ity was limited to 20 kHz, the 1-usec time constant was considered adequate.
The conditioning circuitry is shown in figure 13. Ac-coupling into the opera-
tional amplifier was necessary in order to block the dc offset of the detector
when the power source (500 Vdc) was turned on.

The mechanical design for the mount is shown in figure 14. It consisted of a

2-in-diameter (inside) pipe, 4 ft in length. The bottom of the pipe was covered

and it had a 1/4-in-wide slit through the mounting flange. A second slit was

used to 1imit the field of view of the detector. These slits were oriented in

the DABS tunnel so that they would be parallel to the shock front. The detec- !
tor, suspended by three threaded rods which were mechanically coupled to the \
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pipe through pencil leads, was dropped down 2 ft into the pipe. The purpose of
this mount was to ensure that when the shock wave passed under the detector
and propagated up the pipe walls, the datector would free fall and thus be
isolated from the shock. A quartz window wes added for further protection
of the detector. The calculated fill time for the cavity produced in front
of the detector was 20 msec and thus the detector could be expected to func-
tion correctly for this length of time. However, when the oxygen-poor
detonation products enter this cavity they will begin to burn and cause an
i1lumination visible to the detector. This problem can be alleviated simply
by locating the quartz window at the bottom of the pipe. Although this prob-
lem was recognized it was nmnt acted upon simply because of procurement time
and not knowing when the quartz window would arrive. However, because of
the design used the expected signal would be a montonically increasing func-
tion until after shock arrival because of secondary scattering of the mole-
cules in the air (primarily COZ). When the detonation products initially
arrive, a saddle point or peak should be achieved. After the burning inter-
face between the detonation products and the clean air shock passes, the un-
burned detonation products will begin to burn in the cavity beneath the de-
tector.

Before insertion on DABS ID, the detectors were checked with a Sandia Labora-
tories black-body source in conjunction with an iris and camera shutter. The
iris was set so that the detector would have the same field of view as it
would in DABS and the camera shutter was used to give the fast rise-time pulse
necessary because of the ac-coupling (15 Hz high pass). The signal, observed
on an oscilloscope, was approximately 10 V for all the detectors when the
black-body temperature was 2000°C. This agreed with detector sensitivity cal-
culations and thus the detectors were installed.

Four detector packages were installed on DABS ID. These packages were in-
stalled in the roof at 25.21, 48.25, 75.21, and 99.33 ft from the explosive-
driver end of the DABS facility. Two of the packages failed before the test.
It was presumed that the input was overloaded. This caused a failure in the
operational amplifier power supply, which resulted in a large dc-offset sig-
nal. However, since this occurred during the countdown, there was no effort
made to repair the detectors.

N




The infrared data are shown in figure 15. Figure 15a shows a peak at shock bl
arrival (determined from time-of-arrival measurements). This was probably &
caused by the fact that at close-in stations the shock front itself is quite
hot. The next large prak (0.9 msec later) was probably the arrival of the
detonation products. However, the existence of a peak and saddle point be-
tween 4.0 and 4.7 msec makes this doubtful. From strictly shock-propagation
considerations, it seems that the first large peak (0.9 msec after shock ar-
rival) is the arrival time of the detonation products. The second trace
(fig. 15b) is much more classic in nature. At shock arrival the signal be-
gan to increase in magnitude to a saddle point and then increased further
after the detonation products commenced to burn in the detector cavity. The
uncertainty in the arrival-time measurement at the first station indicates
that the average velocity of the interface between the detonation products
and the clean air shock was in the band of 4800 to 5100 ft/sec when it was
propagating between the 25- and 99-ft stations. This reason for the afore-
mentioned uncertainty should give a heavier weight to the lower velocity.
These results--the measured shock velocity, the radar velocity output, and
the infrared band of velocities--are shown in figure 16. It can be noticed
that the lower 1imit of the infrared velocity band agrees quite well with
that expected for an average of the radar velocity measurements during the
same time frame.

Channel limitations made it necessary that the number of infrared experiments
be limited to two on DABS IE. The previously mentioned electrical problems
prompted a change in the conditioning circuit for these tests (fig. 17).

The mechanical configuration was identical with the exception that a 1-in-
diameter quurtz window replaced the slot at the bottom of the pipe. The par-
ticular problem with this experiment was that the roof on DABS IE was sloped
at 26 deg. That presented the options of either sloping the window with re-
spect to the axis of the mount and accepting the lower transmission or allow-
ing the pencil lead mounted detector to rest against the side of the pipe and
accepting the increased vulnerability to shock loading. The latter option
was chosen and the detectors failed shortly after shock arrival.
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Figure 15. Response from Infrared Detector (1 of 2)
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Figure 17. Infrared Detector Circuit for DABS IE

The infrared detector needs further check out before a multichannel tempera-
ture detector is made. The problems mentioned, however, are trivial enough
that there is a good prospect for success with the detector package. There

is some question as to whether or not the detonation products really behave
as a black body. This can be answered only by using a temperature gage and
determining whether or not the spectrum is equivalent to that of a black body.
This will be tested in the follow-on effort (DABS Instrumentation Development-
Phase II).
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SECTION 4
OPTICAL PHOTODIODE

Performing optical experiments in DABS was quite intriguing. The possibility
of determining temperature, particle velocity, and acoustic velocity certainly
merited investigation. Specific interests were directed toward making tempera-
ture measurements by the Rotational Raman Scattering Technique. The proposed
idea was to use a pulsed ruby laser system as a source and measure the fre-
quency shifts in the rotational Raman lines as a direct inference of tempera-
ture. However, doing this was questionable because of the complete or nearly
complete opacity behind the shock front. (See section 3.) Therefore, the
purpose of this experiment was to determine if the atmosphere behind the shock
front was really opaque to visible radiation.

A 650-W quartz jodide photographic lamp was placed on one side of the DABS ID
tunnel behind a 2-in-thick glass window. The lamp, used in the spotlight mode,
was aimed across the tunnel at a photodiode which was also placed behind a 2-
in-thick glass window. Both items were shock mounted. The photodiode was an
RCA Model C30822 N-Type Silicon Photodiode. The spectral response of this de-
vice is shown in figure 18. The response in the infrared range is extremely
poor, and thus the signal from the photodiode was dependent only upon the vis-
ible 1ight present. Since the cavity in which the lamp was placed was small,
the lamp was turned on by a relay switch activated from the timing and firing
van associated with DABS ID. The lamp was turned on 10 sec before detonation
time. This prevented overheating and subsequent destruction of the lamp be-
fore the actual test. Power for the lamp was supplied by a 5-kW portable gen-
erator. Since the lamp, specifically the filament, was quite susceptable to
shock damage, the current to the lamp was monitored.

The electrical circuit for the photodiode is shown in figure 19. The rise time
of this circuit was tested in the laboratory with a strobe source and found to
be less than 100 nsec; the published rise-time is 7 nsec. Since a fast enough
light source was not available to verify this, the published value was assumed
to be correct. The signal cable, an RG331, was terminated at 50 2. A Bell &
Howell 3700 B Tape Recorder operated in the Wideband Il FM mode (500-kHz
response) was used to record the data.
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The light source for the potential rotational Raman scattering experiment was
a pulsed ruby system that emitted a series of very short (20 nsec) high-powered
light pulses. The argument can be made that if debris is the principal cause
of optical absorption, there exists a higher probability of apparent transmis-
sion of a short pulse with a high-frequency response recording system than
there is of propagating a continuous beam with a comparatively low-frequency
response system. There are two reasons for this. Tirst, much higher light
intensities can be obtained with pulsed systems than with continuous wave sys-
tems. Second, the short-length pulse propagating at the speed of light has a
much lower probability of interacting with the discrete scattering centers
(debris) than does the continuous wave. For these reasons along with the de-
sire to determine if a continuous wave could propagate, a high-frequency
recording system was used in addition to the tape recorder. This was the par-
ticular reason for using the RG351 cable {foamflex). In addition a Tektronix
555 delay triggered oscilloscope swept at 100 nsec/cm was used to record the
data.

The data obtained from this experiment are shown in figures 20 and 21. The
current monitor output (fig. 20) indicates that the lamp ceased to function
12.2 msec afte- detonation. The arrival-time data for DABS ID indicate that
the shock front arrived at the lamp and photodiode locations 7.4 msec after
detonation or the lamp failed 4.8 msec after shock arrival. Figure 21 shows
that the optical photodiode continued to function even after the lamp failed.
Thus there was some source of light other than the lamp. In fact almost im-
mediately after detonation, a pulse was observed, after which the light inten-
sity increased until it reached tape recorder bandedge (twice the intensity
provided by the lamp). The light signal remained at bandedge until 12.6 msec
after detonation and then proceeded to zero or near zero intensity in a period
of 3 to 4 msec. At later times the light intensity increased again. This
could have been due to venting into the cavity which incapsulated the photo-
diode. During the period of time that the signal was bandedged, the oscillo-
scope was triggered and as expected the trace was off screen.

A reasonable hypothesis as to what occurred is that right after detonation,

a bright flash illuminated the tunnel. (This is the spike on the photo-
diode trace.) After the burning interface between the explosive products
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and the clean air shock passed the detector, the signal magnitude decreased to
a level below bandedge. This was within 3 msec after the burning interface
passed the photodiode. As this interface proceeded to propagate down the tun-
nel, the light intensity (incident upon the photodiode) due to this burning in-
terface decreased rapidly. Thus, since the intensity decreased over a period
of 3 to 7 msec, the detonation products did transmit 1ight. However, the late-
time transmission of this light was somewhat minimal.

The results of this experiment are somewhat conflicting with those of the photo-
graphic experiment on DABS IA. The DABS JA results indicated opacity; the DABS
ID photodiode indicated transmission. This discrepancy and cost considerations
lead to the conclusion that the Rotational Raman experiment would not be at-
tempted at this time.
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SECTION 5
DEBRIS COLLECTOR

The stagnation pressure data generated in DABS show an anomalous second peak.
One of the postulated reasons for this peak is that pressure gages were af-
fected by debris impact. For this reason a debris collector was fielded on
DABS ID. It consisted of a simple pipe mounted on top of the second post.
The inside diameter of this pipe was 1.5 in and the total mass of debris col-
lected in the pipe was 36.78 g. This yielded an areal density of 0.0458
1b/in2. This debris was subjected to a sieve analysis and the results are
shown in table 1. The prime fault with the experiment was that there was no
way to separate the debris collected from the flow from that collected as a
result of fallback.

If some assumptions about the average velocity at which the debris was moving
are made, the impulse can be determined from the assumption that the momentum
of the particles impacting the stagnation-pressure gages is converted to an
effective pressure reading at the gages. Thus if V is the average velocity
and m is the areal density of the debris mass, the specific debris impulse,
Iy, is mv.

Table 1. DABS ID Debris Distribution

S;eve Pag?l:le Mass,
0 in g

> 20 0.0331 9.2

40 0.0165 9.3

60 0.0098 7.0

140 0.004 5.8

200 0.0029 2.0

< 200 0.0029 3.5
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The next assumption made was that the bulk of the debris was picked up right
after the detonation, where the turbulence is great. Thus, it can be expected
that the bul’ ,f the debris was generated in the area close to the detonation
chamber. If this was the case, the debris was mostly located near and behind
the detonation-products interface. The presumption was that the radar unit
tracked the interface itself or the debris near it (fig. 16). The infrared
data show the range of average velocities for the interface during the time
period noted on the graph. The agreement is fairly good and at the times of
interest the peak velocity of the interface varied from 5100 to 3600 ft/sec.
Since the particle velocity falls off rapidly behind the interface, the aver-
age velocity of the debris in this region is certainly lower than the peak ve-
locity. Thus, if the presumption that the bulk of the debris is near to or
behind the interface is correct, average debris velocities in the range of
2000 to 4000 ft/sec could be expected.

The next question to answer is, "How much of the debris came from the fallback
as opposed to the shock?" It is believed that the large particles (greater
than 0.0331 in in diameter) came from the fallback or came so late and so slow
that they did not appreciably add to the impulses. This presumption leads to
an areal density of 0.0344 1b/in2.

The last assumption made was that the second peak on the stagnation-pressure
measurements was totally due to the debris in the flow. If this was the case,
an average velocity for the debris can be calculated from the impulse due to
the second peak. This was accomplished by simply smoothing the entire curve
and taking the area under the second peak (fig. 22). In both these cases the
specific impulse was approximately 3.25 psi-sec. Thus

W = 0—"5’%@-7 - 3.25
or
V ~ 3000 ft/sec

This is a reasonable value. Thus, as much as one is able to generalize with
one datum point, the second peak can be plausibly explained with a debris-
impacting model. Obviously, however, the second pulse on the stagnation meas-
urements was not totally due to debris; it is more likely that it was due to a
combination of the higher density detonation products and the debris.
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The prime difficulty with the experiment was the inability to correct for the
fallback. Thus, the next obvious step in the development was to separate the
debris in the flow from the fallback debris. Figure 23 shows the mechanism
used on DABS IE. This device consisted of a pipe (the same type as that used
on DABS ID) mounted on a wing with a closing mechanism designed such that the
debris in the rear of the pipe would be separated from the fallback debris in
the front of the collector. The closing mechanism was a spring-driven door.
The spring provided a force of approximately 20 1b on the door. The trigger-
ing mechanism was simply a plate with a tongue that was inserted into a slot
in the door when the device was in the cocked mode. Cocking was accomplished
by inserting a screw through a threaded hole in the top of the pipe. When
the shock wave reaches the device, the flow is stagnated by the trigger plate
and the resultant force on the plate (between 15,000 and 22,000 1b) simply
blows the trigger plate downstream; this releases the door and allows it to
close.

The triggering mechanism, however, caused some concern because of the differ-
ential pressures created along the door. These differential pressures resulted
from the hole in the side of the wing for the trigger plate. It caused the
pressure there to be approximately the side-on pressure (nominally 600 to 700
psi), while the pressure inside the pipe was the stagnation pressure (nominally
a few thousand pounds per square inch). Thus there was the strong possibility
that the debris contained in the flow passing the door could jam the door. For
this reason, other concepts were considered. These included electrical-shutting,
explosive-shutting, and pencil-lead triggering techniques. However, all these
were rejected because of their complexity or poor reliability. With this ex-
pressed reservation, it was felt that the chosen option was the simplest, least
expensive, and most reliable system.

An important factor considered in the design was the time it would take for
the door to close. The door would not start to close until after the shock
front reached the device and the differential loading on the door, resulting
from the flow mechanism, became less than 20 1b. Thus, the door would close
the fastest with no differential loading on it. This time was measured
through high-speed photography; the results are shown in figure 24. These
data show that the debris collector was halfway closed 16 msec after the shock
arrival; for the DABS waveforms, this was deemed adequate.
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Figure 23. Debris Collector
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Figure 24. Time of Closure of Mechanism for Debris Collector
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The system on DABS IE did not work as planned. The door closed only halfway;
it was jammed by a small amount of debris. Ther: was no noticeable debris in
the spring cavity below the door. However, this problem was not serious since
the overburden fallback was minimal; on DABS ID the fallback literally covered
the debris collector. The design of DABS IE with its sloped roof minimized
this problem. The bulk of the overburden fell back outside the tunnel. The
collector was examined immediately after the test and no noticeable debris was
found in the front of the collector; all of the debris was behind the half-
closed door. The total debris collected was 15.66 g. The sieve analysis is
shown in table 2.

An areal density of 0.0195 1b/in? can be inferred from the total weight of the
debris. Figure 25 shows the output from one of the stagnation gages. This gage
was located approximately the same linear distance (75 ft) from the driver end
as the debris collector. The apparent impulse due to the second peak was ap-
proximately 3 psi-sec. If it is presumed that this was entirely due to debris,
i - QB g
or
V = 4923 ft/sec

Table 2. DABS IE Debris Distribution

Sieve Pa;:l:le Mass,
No. S 9
> 20 0.0331 4.99
40 0.0165 3.59

60 0.0098 2.36
140 0.0041 1.9
200 0.0029 0.73

< 200 0.0029 1.78
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At the time the second pulse occurred (13.5 msec after detonation), the velo-
city of the interface between the detonation products and the clean air shock
was 5500 ft/sec (fig. 9). Thus the average debris velocity of 4923 ft/sec

is probably high and it may be concluded that the second pulse is not entirely
due to debris impact but a significant portion of the impulse in this case is
most likely due to debris.

Visual inspection of the debris showed that it consisted of carbon, concrete,
sand, and wood. The bulk of the carbon probably came from the decomposition
of the plastic jacket surrounding the detonating cord. 1

It seems that the basic concept of a debris collector is quite valid to support
the analysis of the data from DABS. However, the design needs some improvement
or possibly some radical change. An obvious improvement would be to modify

the door-closing technique used to separate the debris from overburden fall-
back. In addition, the stagnation of the flow in a plugged pipe indicates

that there is a possible back flux of debris out of the collector as the out-
side pressure decreases. Admittedly, this effect should be small since all

the debris goes to the end of the collector and is deposited on the plug. How-
ever, since there is the possibility of putting the collector tube into reson-
ance during unloading and sweeping out the debris is finite, some modification
may be desired. Additionally, the present debris collector gives no informa-
tion regarding the time history of the debris flow. Debris collectors to do
this have been designed but little success has been attained. Primarily they
operate with the timed detonation of shaped charges around both ends of a tube.
It is apparent that these designs can be improved and this should be undertaken.
Another device that may be of use because of the high cross sgction that debris
has to beta particles is the beta densitometer.
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SECTION 6
SHOCK-ON-SHOCK INSTRUMENTATION

One of the flow variables of primary importance in DABS is the mach number in
the flow. Mach number is defined as the ratio of flow or particle vele. .y to |
local acoustic velocity. The stagnation pressure is inferred from pitot tube

type measurements from DABS. The supersonic pitot type measurement technique

is diagrammed in figure 26. With the notation that M, is the local mach number

in the flow, Py the static pressure in the flow, Po the stagnation pressure, py

the static pressure in the stagnated region, and poy the pitot tube pressure,

h: +]H:)Y-
Py X

1
Y'I

2 -1
s A

and

Po .
pl

1 + lﬁil-nle ) (ref. 2)
g ]

The relationship between these measured quantities is greatly dependent upon a
knowledge of the local mach number. Thus, the experimental determination of

local mach number is of primary importance in understanding the flow conditions .
in DABS. Normally, a shock-diffraction experiment is performed and from a meas-
urement of mach angle, the mach number is inferred. Unfortunately DABS is the

worst of all possible worlds to do this type of experiment in, since the major

part of the flow is transonic. Therefore, an experiment suggested by R. Shunk

of Electromechanical Systems and B. Sturtevant of the California Institute of
Technology was implemented. The theoretical analysis of this experiment is

contained in appendix C.

The experimental layout is shown in figure 27. A 2-1b charge of C4 explosive
was mounted in the wall of DABS IE. Three fast-response (PCB quartz) gages
were placed downstream and above the explosive charge. Piezoelectric pins
were placed further downstream (= 15 ft past the gages). These pins were used

‘to trigger the detonation system for the explosive charge. Thus, at the time

), Shapiro, A., The Dynamics and Thermodynamics of Compressible Fluid Flow,
~ Vol. I, The Ronald Press Company, N.Y., N. Y., 1953.
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of detonation of the small charge, the shock wave produced would be added to
the shock wave in DABS (shock on shock). As the secondary shock wave propa-
gates in the flow it will pass over the three pressure transducers. Since
these transducers were close together ( 4 in apart) and far from the source

(4 ft), the secondary shock would propagate across these transducers with a
constant direction with respect to the DABS flow. The angle between this sec-
ondary shock propagation and the DABS is defined as 6. (See appendix C.) If ¢
is the angle between a 1ine connecting the explosive charge and the gages and
flow direction and if § is the distance between the gages (as shown in appendix
D),

ot,
tang = K-t-:'
< S tan(6 - ¢)
€ At, sin6 [‘ - tano ]
u= —§—-tan(e - ¢)
L\t2

where c is the secondary shock velocity, u is the DABS flow velocity, Atl is
the time between secondary shock arrivals at gages 1 and 2, and At, is the
time between secondary shock arrivals at gages 2 and 3 (fig. 27). If the mach
number of this secondary shock were known, the experiment would simultaneously
determine both the particle velocity and the acoustic velocity in the flow,
and since the mach number is the ratio of these two quantities, it too could
be determined.

The particular disadvantages of this type of measurement are as follows:

(1) only the mach number at one given time back in the flow
is determined,

(2) the pressure pulses are so noisy that discriminating
the secondary shock from the primary shock or other
noise is difficult, and

(3) geometry and time dictate that the explosive charge be
put in a steel canister mounted in the same wall as the
gages. (This mounting tends to direct the blast from
the small charge away from the wall and thus limits the
secondary shock impingment upon the gage.)
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The experiment was a qualitative, but not a quantitative, success. Figure 28
shows the data trace obtained from gage 1. The magnitude of the secondary
shock is quite small., Although this shock was present on the other traces,
the one on this trace was the most clearly defined. This low level, combined
with the noise, precluded the possibility of making the time-of-arrival
measurement within the required precision. It is expected that this problem
can be overcome by directing the shock toward the gages instead of away from
them. This can be accomplished by placing the charge in the floor upstream
from the gages. In this manner the secondary shock would propagate more in
the direction of the gages. The importance of this type of measurement man-
dates the further development of this technique and appropriate instrumenta-
tion should be fielded on future DABS events.
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SECTION 7
PRESSURE AND VELOCITY GAGES

STAGNATION PRESSURE GAGE

Primary development of the bar gage has already been reported in reference 3.
The only modification to this gage was the addition of a 0.2-in-thick shield
of RTV silastic filled with coarse 1ead-powder granules. Although this addi-
tion caused some ringing and slapping effects in the reflected pressure mode,
no effects were noted in the dynamic flow encountered in DABS. Apparently this
shield decreased the posttest dc-offset of the gage. This offset was probably
due to debris impact which caused permanent deformation on the front surface
of the gage. Obviously the shield absorbed most of the momentum of the debris
particles and thus lessened the effect.

DRIVER-CHAMBER PRESSURE GAGES

An attempt was made on DABS IA to measure the equilibrium driver pressure.
This pressure {s defined as the initial driving pressure due to detonation of
the detonating cord distributed in a known volume. On DABS IA a bar gage was
mounted surface flush in the floor in the center of the driver chamber. No
protection was used on the front surface and the gage failed before any pres-
sure could be determined from its output. Another attempt was made on DABS IE.

The expected pressure can be calculated by
P=(y-1) ‘Er

where P is the driver pressure, E/V is the specific explosive energy density
in the driver chamber, and vy is the ratio of isobaric to isovolumetric specific

3. Simmons, Kenneth B., Development oj' Piesoresistive Bar Gage, AFWL-TR-76-65,
Ai; Force Weapons Laboratory, Kirtland Air Force Base, New Mexico, December

59




heats. With a y of 1.2, a charge density of 6.4 1b/ft®, and an explosive en-
ergy of 2 x 10° ft-1b/1b, the resultant pressure is approximately 18,000 psi.
Since the gages were located near the detonating-cord array, peak pressure
could be much higher than this because the peak pressure of the shock wave
emanating from the explosive is higher than the equilibrium gas pressure in
the vicinity of the explosive. Since these detonation wave pressures can be
many times greater than the desired measurement, the gages must either be able
to measure them and survive or a mounting scheme must be devised to ensure that
their effect will be limited. Two different schemes were fielded on DABS IE--
a 30,000-psi Kulite gage with a MOD V debris shield, and a ported bar gage.

The description of the MOD V debris shield experiment as given by J. Quintana
of AFWL/DED-I is as follows:

The debris-shielded Kulite gage sensing scheme is shown in figure 29.
The senaing installation to measure driver chamber pressure ig shown

tn figure 30, The installation consisted of the regular AFWL-developed
hardware cast into the concrete side wall of the driver chamber. In the
preshot configuration the Primacord bundle was approximately 8 cm from
the module sensing surface.

The ported mount for the bar gage is shown in figure 31. The nylon insert was
used as a shock isolator for the gage. The port geometry was modeled after the
design of a B filter. The response of the porting scheme is described in ref-
erence 4. The 10-t0-90 rise time of the B filter was 55 usec. In this case
the rise time will be slightly longer because of the slightly larger cavity
below the entrance port (0.36 in diameter as opposed to 0.306 in diameter).
This difference was necessitated since the original design was for a Kulite
gage with a smaller active gage area. This ported mount was designed to act

as a low-pass acoustic filter and thus protect the gage from the high-pressure
spikes caused by the detonation waves emanating from the individual explosive
charges. Since the rise-time requirement for the measurement was in the ranar
of 100 to 500 usec, the design was judged adequate. Additional protection iur
the gage was afforded by using a lead particle load RTV compound over the front
surface of the gage. This 0.2-in-thick shield protected the gage from debris
impinging on the gage through the 0.125-in-diameter port.

4, Baum, Neal, Shock Tube Gage Evaluation Quick-Look Data Report, CERF Letter
Report FI-3, Eric H. Wang Civil Engineering Research Facility, University
of New Mexico, Albuquerque, New Mexico, August 1975.
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Figure 29. Debris-Shielded Kulite Gage Sensing Scheme '
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Figure 30. Sensing Installation *
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One of the questionable points concerned with the gage was the weakness of the
nylon grommet isolator. However, the gage has a finite mass (= 50 g) and the
time required to make a meaningful measurement is relatively short (100 to 500
usec). Thus with an 18,000-psi pressure applied to its surface and the strength
of the nylon threads neglected, the gage will move only 0.03 to 0.75 in and the
space behind the gage is adequate for this.

The result of this experiment is shown in figure 32. There was an obvious
catastrophic failure, which was probably due to cable failure since the gage
was still functioning after removal from DABS IE. The atmosphere was obviously
quite harsh (fig. 33). The front surface of the gage mount was dimpled inward
(2 to 3 imm). According to J. Quintana,

Figure 34 i8 the data plot from the debris-shielded Kulite gage semsing
tnatallation., Posttest inspection of the installation rcvealed the ef-
fects of the severe enviromment (fig. 35). One web of the debris shield
was tmpacted by competent debrie, which caused severe deformation of the
web., However, the debris shield did effectively prevent damage to the
transducer from the direct impact of debris on the sensitive area of the
untt, The geometry of the steel module showed very little deformation,
However, some deformation occurred in the comnector shell in that the
module could not be unplugged mormally and removed from the body. A
post-mortem dissection of the tramsducer revealed that a portion (shaped
ltke a truncated come) of the eilicon disk sensing clement was dislodged
from the backside, and this destroyed the electrical strain-gensing
elements located tn the active area of the transducer. Microscopic ex-
amitnation of the cavity created tn the backside indicated crystal line
shear failure from massive overstressing of the element due to over-
pressure. FElectrical continuity of the land-line cable to the sensing
location was checked, and all conductors were intact and operational,

Thus, further development of the driver-pressure measurement technique is ne-
cessary. This will probably involve the use of much more rugged gages (ytter-
bium or carbon).

MAGNETOHYDRODYNAMIC VELOCITY GAGE

The magnetohydrodynamic technique of generating power has long been known and
has recently come into vogue as one of the possible alternatives for the pro-
duction of electrical power. The use of this principle to design a flow or
particle-velocity gage appears attractive, since a self-generating measurement
is involved.
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Figure 33. Bar Gage Mount After Test

The principle is briefly explained in figure 36. If two parallel conducting
plates (parallel to the xz-plane) are oriented so that the flowing gases in a
shock wave can pass between them, the flow velocity can be determined through
the utilization of a magnetic field. If F is the force on a charged particle
in the flow, V the velocity of that particle, ny the number of particles with
9y charge, B the magnetic field, and E the electric field, with Einstein nota-
tion the Lorentz force equation can be written

F = "iqi(E +V x B)

Now if it is presumed that there is some measurement resistance (gage term-
ination resistance) between the plates that is much greater than that caused
by the resistance of the hot gases in the flow, the current flow between

the plates will be essentially zero or

Fy = njay(E, - V,B,) = 0
or

Ey = Vsz
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Figure 35. Kulite Gage After Test
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Figure 36. Principle of Magnetohydrodynamic Velocity Gage
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If v is the voltage between the two plates and 2 is the distance between the
two plates,

vs VXRBZ
Therefore, if the distance between the plates and the magnetic field are known,
a reading of the voltage between the plates becomes a direct measure of the
flow velocity. This measurement is completely independent of the charges in
the flow in so far as the conductivity of the flow is high with respect to the
measurement resistance.

The promise of this type of system was obvious and Artec Associates, Inc. of
Hayward, California was funded to pursue its development. The report on this
effort is contained in appendix D. In conjunction with this effort an experi-
ment was conducted on DABS IB. The purpose of which was to qualitatively de-
termine if the conductivity within a DABS flow was high enough for a magneto-
hydrodynamic experiment.

The experiment consisted of placing two 1-ft2 copper plates 1 ft apart in the
floor of DABS. One surface of each plate was exposed and the other was insul-
ated with REN Plastics RP-3269-1 Epoxy. The plates were interconnected through
a 1-MQ resistance. The signal across this resistance was buffered through an
operational amplifier and a 75-Q output impedance was used to drive the signal
cable.

The observed signal in this experiment oscillated between peak values greater
than 30 V. It was believed that static charge deposition on the plates was
the reason for this and th:- some seeding would be needed. The chosen seed
material was potassium chloride. It was chosen over the more optimal cesium
chloride because of cost.

Briefly, the result of Artec's experimental effort was that the conductivity
of the flow for DABS conditions is not high enough to obtain a reasonably
noise-free signal even if the flow is seeded. Thus it was decided not to
field these gages on a DABS experiment. However, in spite of the unfavorable
signal-to-noise ratio, it was obvious that the velocity signal was present.
With higher pressures, such as those achieved in a nuclear test or in the
trench program, the performance will improve and the gage should be consid-
ered for these types of programs.
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SECTION 8
CONCLUSIONS AND RECOMMENDAT IONS

Phase I of the DABS instrumentation development has come a long way in the ex-
ploration of new and novel techniques for blast instrumentation. Although suc-
cesses have been significant, there remains areas in which further development
is needed. This will probably be the case for some time, since DABS measure-
ments are made in an extremely adverse atmosphere.

The use of a traffic-control radar unit to obtain useful data is one of the
unique techniques that has come out of this program. Although one has yet to
be built, the Eulerian microwave particle velocimeter is theoretically and eco-
nomically feasible. The need for particle velocity data from DABS and the op-
portunity to develop anemometers that would be useful for related and totally
different applications make the velocimeter one of the most promising devices.

Complementary data obtained from infrared measurements of the time-of-arrival
of the interface between the detonation products and the clean air shock have
been useful. Although the technique needs some minor refinement, the obvious
extension of making temperature measurements should be pursued. This type of
temperature measurement involves the use of a number of infrared detectors

with narrow band infrared filters. The data obtained will be self-sufficient
proof or disproof of the technique. If the data show that the spectrum is a
black-bad+ spectrum, the temperatures will be uniquely defined; if the data

do not follow a black-body spectrum, the temperature will not be defined. Con-
tingent upon the failure of this method, some of the more exotic infrared and
op’.ical techniques should be considered. Some of these techniques are described
in appendix E. Also, additional consideration and development should be given
to AFWL's heat-transfer gage. This might also be extended to intrinsic thermo-
couples.

The results from the optical photodiode were somewhat anomalous in that they
radically conflicted with previous photographic data. However, these data re-
opened the possibility of doing optical experiments such as holography and ro-
tational Raman measurements. However, since these experiments are extremely
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expensive to field both in equipment and labor, they should be undertaken only
after a low-cost feasibility experiment has been conducted. If this feasibil-
ity experiment shows results that indicate a high probability of success with

these experiments, then and only then should they be considered.

The debris-collection experiments indicated that debris impact is a probable
contributor to the second pulse on the pitot tube measurements in DABS. How-
ever, more work needs to be done on closure mechanisms for the debris collec-
tors. Additional considerations should also be given to improvement of the
explosive-closing debris collector that traps a segment of the flow. If they
can be made to work, they would probably give a time-history record of the
size and density of the debris. However, until they are developed, debris col-
lectors similar to those presently used should be fielded. The upcoming varia-
tion of explosive drivers necessitates this, since the absence of the plastic
Jjacket containment of the explosive will certainly affect the quantity of de-
bris in the flow.

Although the shock-on-shock experiment was a qualified success, the configura-
tion of the experiment should be changed as recoomended in the body of this
report. This experiment should be fielded on all possible DABS.

Some advance must be made if driver-chamber pressure is to be measured in DABS.
The attempted transduction schemes were clearly inadequate. The most promising
devices in this area are the higher-stress ground-shock transducers (carbon and
ytterbium). The magnetohydrodynamic velocity gage clearly cannot be used on
DABS unless higher pressure levels are achieved. Based on experience with this
gage, it clearly functions well when the conductivity is high enough and may
have pertinent application on other types of tests such as underground nuclear
tests. The bar gage is essentially operational and can be used in lieu of or
in addition to normal commercially available gages. There still exists a def-
inite need for a debris-independent pressure gage. This will have to be accom-
plished if the gas dynamic properties of the flow are to be ascertained. AFWL
has been working on this problem with some success and certainly this work
should be continued. If this effort is ultimately successful, blunt cylinder
drag measurements should be undertaken. These measurements can be used to de-
termine the mach number of the transonic flow (appendix F).
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INTRODUCTION

The purpose of the Dynamic Airblast Simulator (DABS) is to load defense struc-
tures with airblast pressure similar to that expected from a nuclear detona-
ticn. One of the principal quantities to be measured is the particle velocity
in the shock wave. It is proposed that a thin aluminum-foil target in the
shock wave be tracked by a doppler radar system. The evaluation of such a sys-
tem and the results obtained with the small-scale prototype DABS, constructed
by the University of New Mexico Civil Engineering Research Facility for the
Air Force Weapons Laboratory, are presented. A description of the radar unit,
the testing of its frequency response, a theoretical look at the possible per-
turbation of the signal due to the blast wave itself, and the experimental de-
sign and results of the prototype DABS radar experiment are included.

RADAR UNIT

The radar unit was a Model JF 100 Speed Gun manufactured by CMI, Inc., Minturn,
Colorado. In its normal configuration it is a hand-held, traffic-control, dop-
pler radar device which gives a digital display of velocity in miles per hour.
The pertinent specifications as given by the manufacturer are as follows:

(1) Frequency -- 10,525 + 25 MHz

(2) Polarization -- Circular

(3) Beam Width -- 8° or Less (Side lobes suppressed greater

than 24 dB down)

(4) Antenna -- 4-Inch Aperture; Circular Horn Type

(5) Microwave Oscillator -- Solid-State Gunn Diode

(6) RF Power -- 20 mW Minimum; 100 mW Maximum

(7) Receiver Diode -- Shottky Barrier Type Rated for 100-mW Burnout
The unit was ordered without the digital display and its associated electronics
since they were not pertinent to the experiment. Thus, the total unit consist-
ed of an antenna, a preamplifier, an amplifier/regulator, a 9-V regulator, and
the housing. The system was powered by a 12-V car battery.
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The signal was taken from the output of the preamplifier and ac-coupled (high
pass 30 Hz, 3-dB point) because of a dc-offset. The only other modification
made was the removal of all low-pass filtering from the preamplifier. The out-
put impedance of the device was 1000 Q. This recorded signal is the amplified
doppler signal. Its relationship to the velocity of the target is

£y T (A1)

where fd is the doppler frequency, V is the velocity of the target, f is the
radar frequency, and C is the speed of light. If the unit of velocity is feet
per second and the frequency is in Hertz, eq. (Al) reduces to fq = 21.40v,

FREQUENCY RESPONSE TEST

Since the system is normally used to track motor vehicles at speeds up to 200
mph, it was deemed appropriate to use targets with velocities approaching those
measured in a shock wave. The fastest target readily available was a rifle
bullet which weighed 150 grains. A Remington Model 700, 7-mm Magnum was used
to propel the target.

The rifle was aimed so that the bullet would pass within a few inches of the
radar antenna, and the doppler signal was recorded on a Bell & Howell Model
37008 Tape Recorder. First, the bullet was fired approximately parallel to
the radar beam, both toward and away from the radar unit. The measured velo-
city was in both cases 3198 ft/sec. Since the listed muzzle velocity of the
rifle is 3260 ft/sec, this result was assumed to be accurate. However, to
further check the system, the radar unit was placed so that the angle between
the beam and the bullet path was approximately 20 deg. The results of this
test are shown in figure Al; the measured velocity was 2803 ft/sec. Since the
ratio of this velocity to the straight-on velocity equals the cosine of 19 deg,
it was verified that the radar unit had tracked the bullet.

The only point of possible concern was the magnitude of the voltage. The volt-

age was approximately 0.2 V peak-to-peak (fig. Al). If the system records lower
velocity inputs from a moving bullet close to the radar unit, the preamplifier
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Figure Al. Doppler Signal from Rifle Bullet

will saturate and give a signal of + 5 V. Thus, the signal will be attenuated
by 27 dB. However, it was felt that the magnitude was more than sufficient and
signals generated from targets moving at velocities of 4000 to 5000 ft/sec
should be easily discernible.

BLAST WAVE PERTURBATION

Since the radar beam tracks a target inside a shock wave, the effects of the
shock wave on the microwave beam must be considered. Such effects can possi-
bly arise from the ionization and the increase in air density behind the shock

front.

The effect of ionization on the index of refraction, n, of an tonized medium
can be expressed to the first approximation by

wz
n2=x1.-2 (A2)
w
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where w is the incident radiation and wy is the plasma frequency (ref. 1).
This relationship shows that when the plasma frequency is greater than the in-
cident frequency, the index of refraction becomes imaginary and the medium to-
tally reflects the incident radiation. In a cgs system of units, the plasma
frequency may be expressed by the relationship

wy = ﬂﬂ%Ei (A3)
where o is the number of free electrons per cubic centimeter, e is the electron
charge, and m is the mass of an electron. Thus, in this radar experiment, in
which the incident radiation was 10.525 GHz, the electron density would have to
be approximately 3.5 x 10!° electrons/cm® for this condition of total reflec-
tion to occur. Saha (ref. 2) and Predvoditelev (ref. 3) indicate that electron
densities are much less than this for the pressures and temperatures expected
inside the shock wave produced by a DABS event. However, this disagreement
does point out one important design criterion for the radar system; viz., it
must be constructed so that the radar target intercepts all or nearly all of
the microwave beam since the hot gases generated by the d<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>