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SECTION 1

INTRODUCTION

1.1 OBJECTIVES.

The objectives of this work were to develop two types of diagnostic
instrumentation for measuring mean (i.e., spatially averaged) air and
dust densities, and for measuring surface recession and mass scouring
during shock-wave passage in precursed and unprecursed dusty flows. The
approach used in the first type of measurement is a combination of X-ray
absorption/millimeter-wavelength (mmW) rf phase-shift techniques. This
combination exploits the differences between air and dust sensitivities
of X-ray absorption and mmW phase shift to separate air and dust
fluctuations. A single measurement of either X-ray absorption or mmw
phase shift will produce an ambiguous result because air and dust
sensitivities are of similar magnitude. That is, with a single type of
measurement alone, we cannot be sure whether observed changes are
produced by variations in dust density, air density, or some combination

of the two.

The surface recession technique is based upon total internal
reflection of microwave (X-band) signals propagating for short distances
underground and reflecting from the underside of the surface. Because
no part of the equipment used in the experiment protrudes through the
surface, this technique avoids any problems caused by intrusive
techniques in which the presence of a vertical structure passing through
the surface can affect soil response at that boundary. In addition,
because the phases of the rf signals reflected from the underside of the
soil surface are measured, it is theoretically possible to separate mass

loss from mere compression of the surface.

W8 ¥

- Sy

\o” £ 0L NOs ¥ v n 5 ° °

»

S R = 4R |

N c".':',.' ;.‘r p, ‘-‘ > "'v _' "f:‘z‘.-'a‘.f Lot 2, '.-‘.' .-,.-.\‘(' r.‘f s f"f ety NN Y ._—\-._.‘



-

o o e n o

-
"

RO S R R A

X, ]

A X

’ 4 A
Na i N 0.0‘3 -’l o,

randh e 2 T UL S BN BT L W T T R BT S

Under this contract (DNA 001-84-C-0439), equipment was assembled
and then tested during a pair of short series of shots at the CERF/NMERI
6-ft shock tube at Kirtland Air Force Base, New Mexico. [The X-ray/mmW
equipment was also fielded for the MINOR SCALE HE test under a separate
contract (DNA 001-85-C-0301) during this time.] In this report, we
describe the physical bases for the measurement techniques, the
equipment assembled, calibration, and the results of the initial
testing. This testing revealed that a small amount of further

development is needed to eliminate several mechanical problems.

1.2 BACKGROUND.

This section contains a description of the historical development
of the understanding of the complex Mach structure and dust pedestal.
This is followed by a short description of the precursed, complex Mach

structure.

1.2.1 Historical Background.

In the early 1950s, atmospheric nuclear tests at the Nevada
Test Site (NTS) revealed the production of the dust pedestal following
height-of-burst (HOB) detonations. Although a simple Mach stem had been
predicted even before the TRINITY event in 1944, the dust pedestal
clearly required more complex flows than could be expected from a simple
Mach stem. Thermal radiation interacted with the ground surface to
produce a thin layer of heated air adjacent to the ground. 1Its
existence was revealed through the development of a "precursor" wave--a
diagonal shock wave extending forward of the vertical Mach stem.
Overpressure and dynamic-pressure measurements also revealed that these

could be severely altered in the presence of a heavy dust pedestal.

The GRABLE event [UPSHOT KNOTHOLE-#10-1953-15 KT at a scaled
height of burst (SHOB) of 205 ft/KT1/3] revealed that a smoke screen
shielding the desert surface from thermal radiation would prevent the
production of a thermal precursor--and heavy dusting. It became clear

then that heavy dusting and concomitant important changes in
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overpressure and dynamic pressure required that (1) dust be available s
for lofting outward from the point where a Mach stem forms, and (2) that ?2
nuclear thermal radiation produce the surface layer of heated air in :é
which the precursor wave travels. Pty
Further tests were made on the MET event. The MET detonation ‘:;:
[ TEAPOT #12-1955-22 KT at a SHOB of 138 ft/KT1/3] was instrumented using ‘&
GREG and SNOB gauges along three prepared-surface radials. These were a 3%
desert radial, a water radial (probably uncontrolled water here, mud
there), and an asphalt-covered radial. Observations along these radials ‘%
revealed that shock arrival times were 16 percent earlier over the \é
asphalt surface than over a desert radial, indicating a slower velocity §$
across the desert surface. Pressure-wave measurements along the asphalt z,
surface showed a strong precursor because the bomb's thermal energy 3?
heated the asphalt, which in turn heated the boundary layer air. The :e‘
overpressure and dynamic pressures were nearly normal. E;
The dusty radial (normal desert surface) showed decreases in
overpressure and increases in and complex behavior of the dynamic “ﬁ
pressure. The behavior over the water/mud surface was more nearly like ::
that expected for an ideal surface. Measurements of the characteristics E’
of the thermal layer were made using acoustic propagation and thermal L
couplers. Surprisingly high air temperatures were measured, supporting fk’
the concept of a low, thermal layer being responsible for the observed ?g‘
precursor. éb
Dust density was measured on event MET by Baumeister and _:
Shelton of Sandia and Gordon of the Army Chemical Center. Although they ;i
derived somewhat different answers, the measurements implied very high :f
dust densities--perhaps several times the density of ambient air. ¢%
Considerable data on overpressure and dynamic pressure versus 5*
time and distance from 21 NTS and 4 PPG tests were obtained. These EE;
showed a number of different forms. Because atmospheric testing ceased :*:
in 1962, these data have been extensively studied. A rather elaborate ,
system of classification of them was developed. v
DS
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The 1981 MIGHTY MACH HE experiments in Canada involved HOB
tests using 100-1b HE detonations; excellent overpressure and
photographic diagnostics revealed the complexity of the Mach stem
structure. The tests showed that addition of dust (glass beads in this
experiment) further complicated the structure and supported conjectures
' concerning the data from the full-scale nuclear tests. The realization
now is that a reverse vortex develops as a result of the precursor and
complex Mach structure; this vortex flows ouctward with the shock
structure. Figure 1 is a schematic representation copied from a 1981

=
figure by Dr. George Ullrich (personal communication1 ) of DNA.

INCIDENT
———SHOCK
WAVE
Y REFLECTED
b SHOCK
) WAVE
MACH
STEM
TRANSITION
SLIP LINE
PRECURSOR
e THERMAL
b o < LAYER
o
/
(Source: Dr. George Ullrich, DNA) REVERSE
VORTEX

Figure 1. Schematic representation of dust-loaded complex Mach structure.
Vorticity produced by slip lines behind precursor provides a means
for vertical transport of dust scoured from surface.

®
References are listed at the end of this report.
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The importance of these revelations was threefold. First,
the diagnostics showed that the presence ot heavy dust loading was o
accompanied by an extreme increase in complexity of shock structure and Wi

supported the various classification concepts from nuclear tests in the

1950s. The observations supported the supposition that the change in gf
dynamic pressure and the production of multiple peaks and fluctuating ;§
temporal components were due to the introduction of additional mass into N
the flow. 4

Second, the reverse vortex meant that the surface flow ﬁ
responsible for dust scouring was not "subsonic," estimated earlier by ‘3
the Rankine-Rugonoit relations, as might be naively (now) believed. W,

Rather, the boundary layer flow was nearly twice that of the local Mach -

stem velocity which is, at times, extremely supersonic. Because surface -
scouring is proportional to a high power of velocity, a mechanism is t;
available that can plausibly explain the very high dust densities :’
inferred from NTS data from the 1950s. it
Surface scouring, saltation, "popcorning," and reverse ::
percolation ("pore air ejection") have all been candidates to explain :
ejection of dust upwards from the earth's surface. It had been assumed ,J
that further rise in the dust pedestal resulted from turbulent :
diffusion. However, the reverse-vortex not only leads to extreme 35
scouring, negating the need for dependence on the other phenomena, but ;?
the vortex itself provides a larger scale, coherent, hydrodynamic flow f
pattern that lofts the dust upwards very rapidly. This is the third ;r
revelation of this recent DNA work. This result is consistent with the f;
nature and magnitude of dust rise velocity as measured from the Event ;ﬁ
GRABLE dust pedestal as reported in a presentation by Dr. W. G. Chesnut '5.
in a July 1981 DNA Effects Symposium. -
R
1.2.2 Current Picture of Dust-Loaded Complex Mach Structure. 2

Figure 1 only portrays the dust-loaded, precursed, complex
Mach structure schematically. The diagram shows the simple Mach stem

resulting from the coalescence of the incident and reflected shock

-um
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waves. Not shown in our diagram is an example of the complex array of
shock waves behind the triple point (stem and shock-wave inter-
sections)--principally, because we do not have an appropriate example.
In front of the moving Mach structure is a portrayal of the thermal
layer in which the precursor travels--that may be simulated by a
trapped, helium layer in the HML tests. This thermal layer is currently
modeled for use in the Hull code as though the air is heated by thermal
conduction from the intensely hot ground surface. The precursed shock
wave, traveling next to the surface, connects to the Mach stem by a
transition shock as shown in the diagram. Two slip lines are shown
producing reverse vortices. Schematic representation of dust rise is

shown.

Photographs obtained overhead using the SRI aircraft on the
recent DIRECT COURSE HOB-HE test reveal that the dust pedestal is a ring
of lofted dust around ground zero, not a "table" as our diagram
implies.z This photographic result confirms inferences drawn from the
photographs of MIGHTY MACH (1000-1b HOB-HE tests mentioned earlier) and
GRABLE (HOB-Nuclear).

1.2.3 Background on Diagnostics.

1.2.3.1 Air and Dust Densities--rf phase measurements as a
diagnostic of dust density were first made on the 1976 DICE THROW

event.3 Measurements were made at frequencies between 400 MHz over many

different paths. The data permitted estimating integrated dielectric
changes along a propagation path that could be due to dust, hot air, or
high-explosive products. The data have also been used to simulate radar
tracking problems should monopulse radars immersed in a dust pedestal
need to track reentry vehicles (the LoADS, 1981 problem). Subsequently,
dust density was measured on the MISERS BLUFF, MILL RACE, and DIRECT
COURSE experiments.4 In these experiments, which were intended to
address intermediate-to-late-term dust issues, the air density along the

propagation paths was known (i.e., had returned to ambient) so that

rv,‘rr\: rq'r-, '\'"*.‘r r.r(~'..r «
h » -’ .
¥
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Ald



inferring dust density from the measurement was not particularly .

ambiguous.

The characteristics of the shock structure in the HML

test simulator requires measurements of dust density and air density.

ool -
- .

The rf phase diagnostic permits determining of integrated phase path

variations, be they due to dust or air, or a combination of variations

..
-

in either. 1In order to measure the two separately, we need to employ a

>l
L

second diagnostic. It needs to be sensitive to air or the dust or to

R
»

the two combined in a different manner than is rf phase. In combination
with the rf phase measurement, the two diagnostics allow separation of

the two separate densities.

R e =

Low-energy X rays in the range of 20 to 80 keV hold the

v

promise of being the adjunct, simultaneous other diagnostic. X-ray

absorption measurements respond to air and dust differently than do rf

phase changes. Thus, measurements of both rf and X rays propagated

sttt

along a common or contiguous path, in principle, permit the simultaneous

but separate determination of air and dust density.

t §

TRW has made innovative dusty-flow field measurements

using X rays alone that provide vertical profiles of absorption. These

| 4

profiles have been interpreted in terms of variations in dust density by
assuming that air-density fluctuations produce negligible changes in X-

ray absorption. The X-ray/mmW measurements approach described here

PSS

differs from the TRW approach in two important respects: ol

(1) Air and dust density are estimated separately (

(2) Longer path lengths are used to obtain spatially averaged

&

values for air and dust densities along the shock front.

- -

The two types of measurement, therefore, complement one another.

. 0 v =

1.2.3.2 Microwave Surface Recession--To our knowledge, this

is the first attempt to measure surface changes using microwave energy

ra.

propagating through the soil and undergoing total internal reflection

from the bottom side of the surface. Previously, photographic methods

SANAN



were used to record the surface response viewed through vertical windows

penetrating the surface.
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SECTION 2

X~-RAY/mmW AVERAGE AIR- AND DUST-DENSITY MEASUREMENTS

2.1 DESCRIPTION.

This is a path-integrated measurement that involves transmitting X
rays and a mmW rf signal between two stations separated along a line
normal to the direction of the shock wave. One station contains the X-
ray source and a horn antenna, and the other station has the X-ray

detector plus another horn antenna.

Although the direction of propagation of the mmW signal is
irrelevant for that part of the measurement, it was convenient in our
implementation to put the transmitting antenna with the X-ray source.
The respective antennas were installed as closely as possible to the X-
ray source and detector in order to minimize differences because of
effects in the paths. 1In addition, one antenna was installed ahead of
the associated X-ray port, and the other behind, so that the X-ray and
mmW propagation paths would intersect. The X-ray ports and the antennas
were all at the same height above the surface. For testing in the 6-ft
shock tube this height was 4 in.

2.2 MEASUREMENT BASIS.

2.2.1 X-Ray Absorption.

X rays traversing air laden with dust will suffer
attenuation. For monochromatic X rays, the total absorption coefficient
depends linearly upon the mean air density and upon the mean dust
density along the propagation path. Figure 2 presents the logarithm of
the mass absorption coefficient versus logarithm of X-ray photon energy
for air and for silicon dioxide. X-ray absorption coefficients over the

illustrated energy region are dominated by two interaction processes:
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(1) Compton scattering at higher energies and (2) photoelectric

absorption at lower energies. These regions are delineated in the
figure. The division between the regions is on the order of 80 keV.
For low Z materials, the mass absorption coefficient in the Compton
region is nearly independent of the material composition. This region

is not of interest in this experiment.

In the photoelectric region, the absorption coefficient can
be very different for the different materials, e.g., silicon dioxide and
air. For this example, in the photoelectric region, the mass absorption
coefficient for silicon dioxide is nearly four times that for air. The
photoelectric absorption coefficient for almost all soil materials

depends upon the inverse cube of the photon energy.

A beam of monochromatic X rays passing through a region of
variable air and dust density will produce a flux of photons at the

detector given by

= - - +
I =1 exp- {[Fp, -~ p,.) G p,yli} (1)
where

I = instantaneous X-ray flux rate at detector, photon/s

Io = flux rate when undisturbed air is present, photon/s

t = path length

F = mass absorption coefficient for X rays in air, cm2/g

pa = instantaneous air density, g3
Pac = ambjient air density, g/cm3

G = mass absorption coefficient for X rays in dust, cm2/g

= instantaneous dust density, g/cms.

To achieve a sufficiently high continuous X-ray flux for this
measurement it is necessary to use the continuum (Bremsstralung)
spectrum from conventional X-ray tubes. Figure 3 presents examples of
the spectra from a tungsten-target tube. At 60-kV accelerating voltage,

the peak of the Bremsstralung radiation spectrum occurs at a photon

11
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energy roughly half of the maximum energy, which corresponds to the tube
voltage. Figure 4 shows a plot of the photon energy at peak emission as
a function of accelerating voltage. Although the narrow K-, L-, and M-
recombination lines of the X-ray spectra appear at higher voltages, the
total energy in them is small to the Bremsstralung continuum and will

not affect these measurements.

It is evident from Figures 2 and 3 that the X-ray spectrum
will be altered by passage through matter. The lower-energy photons are
more readily absorbed, so the spectrum narrows and the mean energy

increases (i.e., the spectrum is said to "harden"). Figure 5 presents
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Figure 4. X-ray photon energy at peak emission for tungsten
vs tube voltage.
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X, 0

the results of calculations of the initial Bremsstralung spectrum from a
45-kV tungsten-target X-ray source and the spectra after passing through
1 and 2 g/cm2 of air. The effect of this spectral hardening is to
change the simple exponential relationship implied by Eq. (1).* Fig-
ure 6 shows the calculated photon counting rate for different

thicknesses of air, 8102, and Caso Only after passage through about

4
0.5 to 1 g/cm2 of material does the spectrum become sufficiently

monochromatic to provide a reasonable approximation to Eq. (1).

Experimentally, from the calibration runs (X-ray calibration
data are discussed below), we found that Eq. (1) generally applied quite
accurately. Evidently, the X-ray spectrum was hardened by the various
thicknesses of materials in the windows of the ports into the shock tube
and used to protect the detector. The total amount of material added up
to about 2.5- to 3-g/cm2 thickness. Thus, the X-ray spectrum used for

measurements was reasonably monochromatic.

We are thus justified in applying Eq. (1) to approximate the
situation for a continuum spectrum. Taking the logarithm, Eq. (1)

becomes

- L\ _
1n (IO>- Flp, = Pyo) 1+ Gpy . (3)

Values for F and G need to be obtained by means of direct
calibration. The best way to accomplish this 1is to insert various
thicknesses of material into the beam using the actual experimental
setup, to account for the particular configuration of window materials.

This could be done easily for dust using various thicknesses of soil

x
Equation 1 is replaced by

I = L 1 (\exp ~ ([F(M)p, + G(\)p 1t} i (2)

where A = X-ray wavelength.
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samples (it was found that aluminum was a good substitute because it had _
the same absorption coefficient as the soil and was far easler to ?ﬁ
L0y
handle). Unfortunately, the same window materials could not be used for Eﬁ‘
et
the air calibration because it required using a long pressurized pipe to :Sk
change the air density in the beam. For safety reasons, stronger -
o
windows were required at the ends of the pressurized pipe. .ﬁ
e
o)
.2.2 poW Phase Shift. '
2.2.2 X
The other half of the measurement employs the rf phase-shift o
»
method. This involves placing a transmitting antenna at one station and :::
)
a receiving antenna at the other then sending a continuous-wave (CW) :“i
\
signal between them. The arrangement is analogous to a Mach-Zender 2?’
interferometer. The equipment is arranged to measure the rf phase x:;
}h
difference between the signal passed along one arm through the dusty a:
flow between the antennas and another arm (a cable) unaffected by the ﬁ:‘
flow. 1In principle, it 1is also possible to increase rf attenuation, but A
that quantity is very difficult to calibrate and is small for the short -
\]
path lengths used. MNillimeter-wavelength signals were chosen to $&‘
maximize the sensitivity of the measurement and its spatial resolution. ﬁ‘:
i
Variations in dust loading and air density produce changes in =Y
mmW phase shift governed by an expression similar to Eq. (3): ,_¢
<
$\‘
~
= - + I
8¢ = [f(p, = p ) + g(p )]kt (&) }:
ﬁ'. A
where ﬁ:‘
"
A¢ = change in phase shift, radians ﬁ}
k = rf wave number, radians/m lﬁé
f = air refraction coefficient, cm3/g - ¢
g = dust refraction coefficient, cma/g. ?:\
.l\ '
Fol !
This expression is strictly valid for propagation through a homogeneous sl
»
medium, although the degree of approximation is quite good unless severe ot
diffraction effects occur because of strong gradlents or changes in <
o
N
';\:
.'.\
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refraction. Because significant diffraction will produce amplitude

perturbations as well, its presence can be readily detected.

A related issue is that of spatial resolution, which is
determined by diffraction rather than by the antenna beamwidths. An
effect of diffraction by a medium of variable refractivity is the
filtering of contributions to the received signal that arise from
spatial variations of structure lateral to the propagation path.5
Because of filtering, structure smaller than the Fresnel zone is about
half as effective as large-scale structure at affecting the observed
phase, although all scale sizes contribute. Amplitude variations

predominately arise from structure smaller than the Fresnel zone.

The Fresnel zone reaches its maximum value at the center of
the path between transmitting and receiving antennas. Its maximum value

is given by

HEELS

o
-

%

F = Vat/2

.
3
3

and the critical spatial wavenumber is
VvV 29/F = JVaz/\t

For the shock-tube tests, A = 0.9 cm and ¢t = 1.8 m, so F = 9 cm and

k = 0.3 cm-l. Note that any structure flowing through the beam at
faster than sonic velocities has temporal durations shorter than F/c =
(0.09)/(300) = 0.3 ms, which is about the time resolution of the
equipment; thus, the spatial resolution in the flow direction is matched

to the temporal resolution specified for the measurements.

The total rf plane shift also depends on the free-space path

length between the antennas:

T e e e
. =7

%2

¢t = ki + A¢

P,
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Because it is desired to measure A$ to a few electrical degrees, and

k = 7.024 cm_l, care must be taken to ensure that path length changes
produced by the detonation are less than about A? = 0.05/k = 0.04 mm.
This is approximately the magnitude of the diametrical expansion of the
shock tube under a 30-psi static load.

2.2.2.1 Gas (Air) contribution--The quantity "f" in Eq. (4)
is related to the radio refractivity of air, which has been studied for

several decades and has a well-established value. This is given by

2

- P _ e 5e
Na 77.6,1, 71.6T + 3.75 x 10 T (8)

where

-
]

dry air partial pressure in mbar

water vapor partial pressure in mbar

]

absolute temperature in K.

In terms of refractivity, the phase change is

46 = N x 10 %kt . (9)

Comparing Eq. (4) with Eq. (9) and applying the gas laws for dry air and

vapor, we obtain

[
AG = [0.223 Py * 1-72 x 103 —%] Kt (10)
where
Py = dry air density in g/cm3
Py = vapor density in g/cms.

Assuming that the mixture of gases does not change with time,

Py = WPy (11)

v
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and o

¥

B

py = (L +wp, . (12) hy

e

Further, assume that changes occur adiabatically, so that ?:

l.q
« Y

2-y bl

v __Pv (13)

T o 1-y o

opov Ly
"
£
4 where o
Y = ratio of specific heats (= 4/3 for Hzo) L

: To = ambient temperature. >
Then, after inserting Eq. (13) into Eq. (10) and retaining the leading :f

terms of a Taylor series expansion, we obtain

\v

3 )

1 +5.14 x 10 wy/'r° "
1 f = 0.223 1+ w . (14) N,
D\

: This expression is the basis for "calibrating™ the air density RS
i

contribution to mmW phase shift. Because T & 300 K and w ranged up to 7 -

d o
percent, the water vapor correction could be as great as about 15 N

»

J percent. ’
o

“w

Most of the common gases, including helium and those T;

’
produced as products of the detonation of the shock-tube driver, have <$
‘ molar refractivities similar to that of air. The refractivity of helium :‘
is o

~

~
‘\
'

_ 5
Npo = 1.98 x 1079, ,

.-



which differs from that of dry air by 11 percent at the same mass
' density. Thus only a small error will be incurred by using the value
| for air refractivity to estimate the density of mixtures of helium and
air. Although combustion products will not be present in the shock

i front, which is the region of primary interest, we will make the

€
:3 assumption that the refractivity of an air/combustion product mixture is
¢

% also that of air when considering conditions after the positive phase.

X
:B 2.2.2.2 Dust contribution--The effects of dust on the rf

1
S propagation can be described by the Rayleigh mixing law,
‘8
o
b
€ -1 €, -1

(O P s =1 /_d
N P € + 2 P €, + 2 (15)
) s s d d
;i
’ where

"

] €, = (complex) relative dielectric constant of solid soil material
)
¥ p_ = mass density of solid material
I‘
& cd = relative dielectric constant of dust-laden volume
{ pd = dust mass density.
'; Although Eq. (15) strictly applies (theoretically) only
. when all of the particles are in the Rayleigh regime (circumference

}

; smaller than the rf wavelength), it is accurate when the lofted dust

o, mass is dominated by the small-particle end of the dust size
w

w distribution. Solving Eq. (15) under the condition that pd << 1, we

o
:ﬂ obtain an expression for the excess phase shift produced by the dust,
e

of

’ affa\[ts "1

;: Ad = 2\ T + 2 k9 radians (16)
"Q. S S
N
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A s

)
M
N
n
- 21

\J - <q - L L4 . - L]
N TS T Nt -
N :EAA'-;'. O I




Actual values for g must be obtained by measurement,
which is done by packing soil in a test fixture and measuring the
density and relative dielectric constant. Because of the impracticality
of creating a truly solid mass of the soil material, we assume that
Eq. (15) applies for the material in the test fixture, so that the s
subscript for ps and € indicates sample. This is equivalent to

asserting that the Rayleigh mixing law applies for all densities, for

which there i8 experimental existence.6

An expansion similar to Eq. (16) holds for the
attenuation of the rf signal because of absorption by the dust

particles:

p €_tan §
= 39.1 (9 §——S> ki dB (18)
ps ts + 2

where tan ss = loss tangent of solid material. Because tan ss is very
sensitive to moisture content (i.e., water molecules absorbed on the
particles), it is impossible to obtain a value for a with laboratory
measurements that will apply accurately for an in situ test. However,
ts turns out to be rather insensitive to moisture content, and the
mathematical form of Eq. (17) makes g rather insensitive to changes in
£ _.

S

2.3 COMBINED MEASUREMENTS.

The experimental arrangement was such as to maximize the overlap of
the X-ray beam and the mmW signal path. This was accomplished by
installing the mmW antennas as close as practical to the X-ray source
and detection, and to place one antenna upstream and the other
downstream of the associated X-ray equipment so that the paths crossed
in the measurement region. To the accuracy of the assumptions and
approximations discussed above, the measured phase shift and X-ray
absorption because of changes in dust and air density are given by
Eq. (3) and Eq. (4).
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Solving these simultaneous linear equations, we obtain expressions
from which fluctuations in air and dust density can be computed from the

measured quantities:

- R § X ) 1 ) &
(py ~P30) =1 G(m) * g(l in Io) (19a)
N S I/ YA N 1 p
P4 = D F(kl) f (! tn Io) (19b)
where
D = (£fG ~ gF)
or
- _ _ pal
bp, = u 8¢ - v, ( in Io) (20a)
pd = - u2A¢ + v2 (- tn %—) . (20b)
(o]

Equations (20) can be rewritten as

= 9.

Apa = %D Ad (21a)

|
P e
ak
s’
- [
-
=]
o b
J

and

Pg = ;fs - Ad + (Lg)(} tn ;I> . (21b)

The accuracies of the separation of mmW phase and X-ray absorption into

estimates of air and dust densities depends, respectively, on the ratios
of the factors relating to dust effects and those relating to air
effects on mmW propagation and X-ray absorption. This point will be
discussed below (Section 2.5.5).

23




WY VYV VoV T 7 & T X T VR I R X

2.4 SOURCES OF EXPERIMENTAL ERROR.

There are a number of sources of potentially important experimental
problems, some of which have been introduced above. The following is a

list of actual and potential sources of error:

(1) calibration error

(2) Mechanical disruption of X-ray and mmW electronic equipment
(3) mmw antenna motion

(4) Electronic noise and interference

(5) Gain and baseline level drifts and instability

(6) Multipath reflection of rf signals within shock tube

(7) Refraction of mmW signals

(8) Mismatch between mmW and X-ray beanms

(9) significant structure in shock wave smaller than the beams
(10) Extinction of the X-ray beam.

Calibration will be discussed below. Shocks that reached equipment
located outside the tube caused mechanical disruption. This was
manifested by noise transients induced in the X-ray detection signal on
all tests, losses of mmW equipment phase lock on most tests, and
impulses on the X-ray tube voltage and current (which were monitored
quantities) on some of the tests. Considerable effort was expended to
reduce these effects, but we were not able to eliminate them entirely by
the end of the testing phase, partly because much of the equipment could
not be sufficiently physically protected from the environment around the
shock tube.

Accelerometers were installed on the support plates near the mmw
antennas in an attempt to measure any motion. It was noted above that
the calculated diametrical expansion of the shock tube under 30-psi

static overpressure was about 0.04 mm, a value too small to a‘fect the

measurement. However, test results do not support this calcu..ation.
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Noise and interference did not appear tc be a significant problem.
Signal-to-noise ratios for the mmW measurements exceeded 40 dB. There
was considerable ripple at twice the line frequency on the X-ray
detector output, which was reduced, but not eliminated, by adding a
secondary filter to the X-ray high-voltage power supply. The remaining
120-Hz ripple could be dealt with adequately in the data processing.

Because the quantity potentially most sensitive to long-term drift
was the X-ray detector zero level, it was measured as closely as
possible in time before and after each test. Long-term drifts in the
mmW phase because of ambient condition changes, such as temperature,
occurred too slowly to affect the measurements. No gain drifts at all
were observed. However, there apparently were some baseline changes in
the mmW phase shift associated with mechanical disruptions. It was not
possible to determine their exact cause or to repair the problem during
the limited tests that were run (we believe that they were caused by a
temperature-sensitive phase-locked loop that could exhibit multiple lock
points). On occasion, baseline shifts in the X-ray output were noted,
which were probably due to a blast effect that slightly altered the
regulator setting of the nearby generator used to supply its power or

that slightly changed the setting of the X-ray power supply.

Circularly polarized mmW signals were used to suppress specular
reflections inside the tube, the most important of which was expected to
be from the surface of the soil. Reflection from smooth metallic
surfaces and from dielectric surfaces near grazing incidence reverses
the sense of circular polarization, so 20 to 30 dB of suppression can be
available readily, depending on the characteristics of the antenna used.
An even number of such reflections is required to restore the original
polarization. Diffuse reflection, such as from edges, rough surfaces,
and the like, exhibits little polarization effect, but because diffuse
reflection is much weaker than the specular type, it is not expected to
be a problem. It was not possible tc characterize the multipath
environment within the shock tube because of its complexity. However,

any significant multipath would be expected to produce amplitude
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fluctuations because of interference between multipath signals
experiencing different dust loadings along their respective paths.
Because no amplitude fluctuations were observed on some tests, even
though large swings in phase occurred, we conclude thrat multipath was

insignificant in general.

The presence of this observation also indicates that there was no
appreciable structure smaller than the beamwidth, at least on some of
the tests, because the resultant diffractive effects include
fluctuations in amplituce. 1In those instances, any mismatch between mmW

and X-ray beams should be negligible as well.

Density gradients in the shock wave will cause rays connecting the
transmitter and receiver to follow slightly curved paths as depicted in

Figure 7. This refraction will increase the geometrical path length and

I NP NS tA

Figure 7. Refraction effect. Rays between the
antennas will follow curved rather than
straight paths if there is a density
gradient,
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thus introduce a phase shift in the same direction as an increase ot
density. Because changes in the refractive index across the shock front

are on the order of 10—3. this effect was expected to be small.

A simple model may be used to estimate the additional path length

because of refraction from a density gradient. Figure 8 depicts this

x

- x
-

nix} = n_ - ax
o

;>
vy L v n\ nix)
(a) RAY TRAJECTORY {b} REFRACTIVE INDEX PROFILE

Figure 8. Example of refractive bending.

model, which consists of a linearly decreasing refractive index.
Snell's Law describes the ray trajectory:

n(x) sin ¢(x) = n, sin ¢ (22)

where n(x) = no -~ ax. The point of "reflection"™ occurs at

n
] -
X, =7, (1 sin ¢°) (23a)
v, = 8/2 . (23b)

By integrating dy = tan ¢ dx, we obtain
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Eg (1 - sin ¢ )

a ns1n¢dx
.=zj
o [ - 2 sin2 ¢ ]1/2
o
n_ sin ¢ 1 + cos ¢
=2 -2 2 ¢n 2 (24)
a sin ¢
o
-]
For situations of interest here, ¢o = 90 and no = 1, so
at
cos ¢ = oo . (25a)
and
n a!z
xlu—os_‘ . (25Db)

As an extreme example, suppose no = 1.002 (No = 2000 N - units) and
= 2 x 10-3 (scale length = 1 m). Then, for ¢ = 2 m, cos °o 2 2 x

o
10 3. ¢° = 89.889 , and X, = 1 mm. The lateral deviation is very small,

as expected.

The change in electrical path length along the ray from the no-

gradient situation 1is given by

81 =2 s - no! (26)

where
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EQ (1 - sin ¢°)
2 2
- J' n“ dx
2 2 2 1/2
o [n no sin ¢°]
2
n 2 1 + cos ¢
=2 + sin ¢é_tn —_ (27)
2a cos ¢o o sin ¢° )

Using the numerical values from the example above, we find that &t = 2.6

X 10-6 m. Apparently, refractive effects are totally negligible.

Extinction of the X-ray beam occurred during the two tests (HST 143
and HST 144) when 40 kV was applied to the tube. By this, we mean that
the X-ray signal was absorbed sufficiently so that it fell into the
noise level (i.e., ran out of dynamic range). This produces a large
error in the estimated X-ray absorption and should be avoided in

general. It did not occur at 80-kV accelerating voltage.

Most of these potential sources of error were negligible, could be
avoided, or were not manifested in the data. 1In the latter category are
the issues of structure comparable to the beamwidth and of rf multipath.
Motion of the mmW antennas and blast-related electronic effects turned
out to be the largest sources of error in these first series of
shakedown tests. They can be overcome with further refinement of the

equipment.

2.5 CALIBRATION.

It is necessary to obtain values for the Factors F, G, f, and g
used in Eqs. (3) and (4) in order to perform the computations of (2la)
and (21b) required to interpret X-ray absorption and mmW phase shift in

terms of average air and dust density.
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2.5.1 pmwW Phase Shift Caused by Air (f).

This parameter is defined by Eq. (14). All that is necessary
is to obtain the proper values for w and To. These were obtained from
the noontime records of the Albuquerque weather service; observations
were taken at the Albuquerque airport, which is several miles from the
shock tube. (A better procedure would be to have measured them at the
actual time and place of the shots.) Table 1 lists the weather
observations and f for the various test days. These values for the
MINOR SCALE test are included as well. 1In this table, es is the

saturation vapor pressure, which is computed according to

e = 10%9-40 - 2353/T)

s (28)

and e = res. where r = relative humidity.

2.5.2 pmW Phase Shift Caused by Dust (g).

A value for g was obtained as described in Section 2.1.2.2.
Soil samples from the shock tube were packed into a microwave test
fixture and their dielectric properties and densities were measured.
Table 2 summarizes these measurements. These samples were collected
from the loose material at the soil surface during the first series of
tests (21 and 22 August 1985), placed in sealed containers to avoid any

change in moisture content, and returned to SRI headquarters for

measurement. Some of the soil was dried by gently heating it in a

vacuum, and samples of the dried material were also analyzed. Those :
»

data are also included in Table 2. (The weights of two of the Soil :
Samples (3) and (6) in their test fixtures were apparently either 4
pob

misread or misrecorded in the most significant digit and have been 5;
&

adjusted as indicated to make them consistent with the other results.) ;‘
e

Removing the moisture from the samples reduced the value of N

™

soil refractivity by about 10 percent. We will use the value for the 'i
as-is samples, or g = 0.44. :E
-
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Table 2. Summary of dielectric measurements of shock tube samples.

Sample Condition ps(g/cm_3) € g (cm3/g)

1 As-is 1.33 2.9 0.437

2 As-is 1.40 3.1 0.442

3 As-1is 1.40' 3.1 0.442

4 Dried 1.39 2.9 0.418

5 Dried 1.45 2.8 0.388

6 Dried 1.44+ 2.9 0.404
Average of as-is samples 1.38 3.03 0.440
Average of dried samples 1.43 2.87 0.403
Overall average 1.40 2.95 0.422

* Recorded sample weight raised from 6.11 to 8.11 g
t Recorded sample weight raised from 7.28 to 8.28 g

2.5.3 X-Ray Absorption by Air.

Values for F at 40 and 80 kV were obtained by sending X rays
through a 10-ft-long pipe which could be pressurized. For safety
reasons, aluminum end plates thinner than 3/16 in. could not be used.

This is somewhat unsatisfactory, particularly at 40 kV, because the

amount of spectral hardening is probably different from that of the

actual measurements. The difference between the calibration %3
measurements and the shock-tube setup is that 1/8-in. Lexan windows ;
rather than 3/16-in. aluminum were in the beam. A better (although more Ny
costly) procedure would be to use beryllium windows in the pipe or a Tﬁ
beryllium/Lexan sandwich. z?
The results of the X-ray/air-density calibration runs are .25

s

¢
<
o

summarized in Figure 9. There is considerably more scatter in the 40-kV

data because the observed absolute X-ray detector signal is a factor of
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Figure 9. X-ray calibration results for air.
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9 weaker at 40 kV than at 80 kV.. Drifts in the power supply voltage
also contributed to the greater variation at 40 kV; the power supply
appeared to be less stable at the lower voltage. Excellent repeat-
ability was attained for the 80-kV measurements.

Regression analysis of the data shown in Figure 9 produced
the following values for F:

X-Ray Voltage F
2

(xv) (cm™/g)

40 0.36

80 0.25

The conversion from pressure to density is based on application of the
gas law for air at the measured room temperature of 25.8°c. This
regression was done by first averaging all the data points for a given
pressure reading. The accuracy of an individual pressure reading is
estimated to be +2 psi.

Figure 10 compares these measured values for F to that
computed in our analysis of X-ray data. At 80 kV, the measured
absorption corresponds to that for 40-kV photons, which is consistent
with the expectations of spectral hardening. A comparison of these
results with Figure 4 shows that the spectra at both 80 and 40 kV are
quite monochromatic. Note that the absorption rises very rapidly with
decreasing photon energy below 40 kV, a feature that makes use of softer

X rays less attractive.

It appeared that Teflon (...c2F4...) might be a good

substitute for air for calibration purposes because its calculated

absorption coefficient based on its atomic composition is close to that

Most of this difference is due to the lower sensitivity of the
detector for less energetic X-ray photons.
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Figure 10. Mass absorption coefficient vs photon energy for air.

of air, and Teflon is an easy material to handle. However, calibration
runs using various thicknesses of Teflon produced inconsistent results
that also indicated more absorption than air of the same integrated
density. We subsequently learned that manufacturers of Teflon add
lubricants, especially those based on molebdynum compounds, to enhance
its slipperiness. These additives apparently produced the anomalous

results.
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2.5.4 X-Ray Absorption by Soil. B
“w
Values for G were obtained by placing this section of soil ﬁf
R
samples in the X-ray beam. Figure 11 summarizes the results of a number ,
b
0 m.
; I 1 1 T | °
\ vo
; \ ] o :
— SLOPE = -1.036 cm™/g e
N O MINOR SCALE  6/28/85 -
L]
‘ X SHOCK TUBE  B8/21/85 .
R > SHOCK TUBE 9/26/85 s
A ALUMINUM 9/26/85 \
s,
40 kV O
V. <\
R \ @® SHOCK Tust 9/26/85 __| "
¥V ALUMINUM 9/26/85 v
S ",
E’ SLOPE : ;
= -1.645 cm2lg 1
) REGRESSION '."
¥ Bl 40 kV LINES =] 0
)
§ '
SLOPE = -0.705 cm?/g
v
f
{ vd
d -20 p— A
b 2
K .
! 2 LE"}
SLOPE = -1.363 cm®/g
',l'l
] -25 l | 1 !

. 0 0.5 10 15 20 25 3.0 Xl
b ) c»
MASS PER UNIT AREAS — g/cm 3 \
Figure 11. X-ray soil calibration. ~
~
~
>
of these calibration runs using soil samples collected from both the >
shock tube and from the MINOR SCALE precursed radial. There is
evidently no significant difference between the mass absorption :}‘
coefficients for these soils. Also shown in Figure 11 are the mass :l
absorption coefficients for aluminum, which is a good simulant for these ;:
soils. -




It is noteworthy that the MINOR SCALE calibrations were run S

1N

using a 20-ft separation between the X-ray source and detector as "
opposed to about a 6-ft spacing for the shock tube. The consistency of

results between these different geometries is evidence that off-axis

multiple scattering of X rays by air molecules (and dust particles) was w
s

insignificant. First-order scattering of X rays was observed; this was ;}

particularly intense near the beam exit from the tube. 2#
Hl

Regression analyses were made of the data shown in Figure 11.

-

These produced the following values for G:

T

.- -

X-Ray Voltage G
2 \
(kV) (cm®/g) )
40 1.36 2
-~
s
80 0.705 N
\)ﬂ
)
Both regression lines should pass through the origin in Figure 11. The _
discrepancy at the origin may be due to spectral hardening. :ﬂj
5
o’
4
\’
2.5.5 Calibration and Accuracy Requirements. ::
A

Table 3 summarizes the values obtained for four parameters

¥
.

acx

needed to convert the mmW phase and X-ray absorption into mean air- and

dust-density estimates. The value for f is an average shown for \£
comparison; for density calculations the value appropriate for the day l
of the test is used (Table 1). The f and g factors need to be multi- ..
plied by the rf wave number (= 7.024 cm-l) to convert them to the same ::
units as F and G. Note that the air absorption coefficient is signifi- ;;:
cant compared to that for dust. This means that ignoring changes in air %ﬁ
density would lead to a fairly large error in estimating fluctuations in -
dust density in the shock wave. At lower X-ray energies the ratio of E:
air to soll absorption coefficients should remain nearly constant, as :$:
shown in Figure 2. '1’
.‘-'
X
."{
N,
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Table 3. mmW and X-ray calibration factors.

o X-Ray Voltage f g F G

7 3 3 2
(xV) (em/g)  (cm’/g)  (cn®/8)  (cm?/g)
o 40 0.25 0.44 0.36 1.36
@3 80 0.25 0.44 0.25 0.705
g

Separating mmW phase and X-ray absorption data to estimate

N air and dust density requires taking the difference between weighted

. ‘ -

;ﬁ measured quantities of comparable magnitude. For example, with Apa = Py
i*. -3

= 10 g/cm3 and using the nominal values for f, g, etc., as given in
oS Table 3, A¢ = 0.79 rad and -!n(I/IO) = 0.156. Putting these values back
F’ into Eq. (21) with t = 163 leads to

! [

. 8p, = (7.37 - 6.37) x 1073 g/en® (29a)
!
-3 3
% Pq = (-2.61 + 3.61) x 10 g/cm . (29b)
L Suppose that the accuracy specification on A!a and pd is :10_4 g/cm3

(i.e., $10 percent of ambient air density). Then an analysis shows that

& the ratios (f/F) and (g/G) need to be known to about +1.5 percent and :3
;* percent, respectively. The calibration factors themselves need only be
. known to within about :15 and $30 percent. However, the phase shifts
?{ and X-ray absorptions have to be measured to the stricter accuracy

4 ®
ﬂ standard.
ﬁ: Note that estimating the changes in air density requires good
$ knowledge of dust-calibration factors (i.e., g/G); the reverse is true
" for the dust-density case. Thus, the most stringent accuracy require-
A ment is on the ratio (g/G), which is composed of the most difficult to
§ measure and likely to be the least repeatable (from test to test)
,N factors.

]
il The late-time data from the shock tube tests provide both a
&l check on the accuracy of the soil calibrations and a better estimate of
\'
RX
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(g/G). At later times, the air density should have nearly reached its
ambient level, so variations in mmW phase and X-ray absorption should be
due mainly to dust alone. Thus, the ratio G/(gk) can be compared to the
data, as shown in Figure 12. (These data points were obtained from the
results to be presented in Figure 40 in Section 5.4.1.4.) The theoreti-
cal behavior computed from the calibration results is in reasonably good
agreement with the late-time data, which support the general accuracy of

the soil calibrations for both mmW phase shift and X-ray absorption.

However, for the HST 142 (80~kV) test, it is clear that the
observed shape differs sufficiently from the expected one that the
required accuracy for (g/G) is probably not achieved. The slope of the
HST 142 regression line is 0.335, which is 47 percent greater than
expected from the calibration data (0.228). On the other hand, the HST
143 (40-kV) regression line agrees with the calibration data to three
significant figures. Both of these regressions appear to be
statistically valid with coefficients of correlation of 0.967 and
0.9717.

Because the same soil was used for these two tests, it
appears that the discrepancy in the HST 142 data {s traceable to the
80-kV X-ray absorption calibration. Those calibration data appear in
Figure 11. If the value for G of 0.70% cmz/g is increased by the ratio
(0.335/0.228), G = 1.036 cmz/g. This is plotted as the dashed line in
Figure 11. It may be significant that this curve passes through the
cluster of data points at 0.5 g/cmz. All of the test results produced
X-ray absorptions that correspond to integrated densities in the 0- to
0.5—g/cm2 range, which are equivalent to mean densities in the 0- to

3 x 10-3—g/cm3 range.

®
Use of the corrected values for G presented below relaxes the accuracy

requirements on the ratios by a factor of 2.
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The interrupted line in Figure 11 was obtained from similar

-
e S

considerations. This is a manual fit through the origin and the two

closest clusters of data points [a regression line through these points

-

and the origin has a shape of -1.618 cmz/g and an intercept at Qn(I/Io)
= -0.012]. Following Figure 2, we would expect a somewhat smaller ratio
of X-ray absorption by soil to that for air at 80 KV than at 40 kV. At
80 kV, this ratio is (1.036/0.25) = 4.14 versus (1.645/0.36) = 4.57,

-

which is consistent with this expectation.

X These results point out the need for careful calibration.

%

- More X-ray calibration points are needed, especially for values of

[ mass/area less than 0.5 g/cmz. Thin layers of aluminum must be used in
p]

) this range because of the difficulty of making thin, uniform soil
j samples. 1In addition, harder, more monochromatic X-ray spectra should
)

} be employed, which can be obtained by using thicker (aluminum) filters.
W,

e The same filters should be used for air and soil absorption calibration
* factor measurements, and both calibrations should be done using the test
; setup conditions.
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SECTION 3

MICROWAVE SURFACE-RECESSION MEASUREMENT

3.1 INTRODUCTION.

The goal of this measurement is to determine how the surface
responds to shock-wave passage. The most important objective is to

measure the rate of surface mass loss, m,, with high time resolution.

Additional objectives are to measure thedcompression of the surface and
determine the vertical positions of constant-density surface as
functions of time. Our final objective is to determine if a distinct
surface exists throughout shock-wave passage or if a gradual density

gradient occurs at some time.

This technique involves reflecting microwave signals obliquely
below the surface (Figure 13). Those signals will experience a
propagation delay (the soil is nondispersive, so the group and phase
velocities are the same) that depends on the geometric path and the soil
density along that path. By observing the changes in the delay time as
the surface moves vertically and the soil is compressed and expanded, we
can determine the amounts of motion and compression. Figure 13 shows
how two paths change if the surface turns from an abrupt, distinct
density interface to a gradual vertical gradient, as might happen during
part of shock-wave passage. Because both the transmitting and receiving
antennas will be buried below the surface, no part of the experimental

equipment can disturb the flow and affect the measurements.

3.2 BASIS.

3.2.1 Total Internal Reflection.

It is well known that an electromagnetic signal propagating

through a region of high refractive index toward one of lower dielectric




N
t

i
¢
"
It
3

a

&

-
c
L o
‘.: £
i’.r' e
i 2
¢ ®©
D:. QE)
'
c
o
t g8
» I‘ 8
. -
K »
L b
Lo =
o} §
W c
.;::“: 2
-
W g
‘\: g
L ©
c
U) X y " 8
" < c
o z 2 .
- og =
- £3 5
»
e, -
A"
L) d
-
..' C')E _
’l' O Q
Y < 5
0 =4 B
o w2 B
[} - > w
‘:l. n =
° Q
. -
' 5
w
t x
.I
‘!
o
v,
0‘;
0‘|
)
o,
¥,
)
"

: 43




constant will be strongly reflected from the interface if the angle of

incidence is smaller than a certain critical value. For a soil-to-air

f interface, the critical angle is a sensitive and well-defined function

of soil density. The condition for total internal reflection is given
by
{ -
: 6 > @6 _ = sin 1 (l) . (30)
] c n
Figure 14 contains plots of the relative dielectric constant, cr,
35 80
[ | T |
K = 0219
3.0 — — 70
€r
2.5 }— _W 60

REFRACTIVE INDEX AND RELATIVE DIELECTRIC CONSTANT
CRITICAL ANGLE OF INCIDENCE — degrees

05 — — 20
6C
0 | | | | 0
0 05 1.0 15 20 25
p — g/em3

‘l &

Figure 14. Total internal reflection parameters.

refractive index, n, and critical angles, ec. for total internal
reflection as functions of density computed for the sample of surface

sand collected at WSMR during the DICE THROW test. It is apparent that

ass
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the critical angle takes on quite practical values from an experimental

point of view.

Use of an incidence angle larger than the critical one is
essential to ensure a strong reflected signal; the power reflection
coefficient drops rapidly from a value of unity under total reflection
conditions towards that for the interface at normal incidence, which is
about 4 percent for the WSMR sand at p = 1.59 g/cm3. The incident
angle, of course, is established by the location of the antennas with

respect to the surface and will vary slightly as the surface moves.

3.2.2 Refractive Reflection from a Densjity Gradient.

For the normal situation in which a true surface with an
abrupt density change exists, the signals for any angle of incidence
will reflect from the underside of the surface. However, if there is a
gradual decrease in density with height, the rays will be refracted as

shown in Figure 15, 1if 8 > ec and "reflection" occurs at the soil

h A

REFLECTION CONDITION

(SNELL'S LAW):
sin 0, = nlp)_
nlpg)

Figure 15. Refractive reflection with a density gradient.

density that Jjust satisfies the relation
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n(p)

sin & = —/——~
n (po)

(31)

where no is the refractive index deep within the soil. Thus, by
choosing the geometrical relationship, in principle it is possible to
measure the location of the surface of any desired soil density. 1In
practice, this cannot be done perfectly because there will be some
variation in 6 as the surface moves up and down. Also, there is a
practical 1limit imposed by the need to avoid grazing angles of
incidence. As seen in Figure 16, which plots 6 as given by Eq. (31) for
two values of Por the largest value for p/p° that can be reasonably used

is in the range 85 to 90 percent, or 75 .

It is not necessary for the density to decrease monotonically
with height as shown in the various figures here. 1In fact, we expect
the density for at least part of the duration of shock-wave passage to
be greater near the surface than below. Under this circumstance, the
wave will be refracted toward the vertical and then either reflect from
the surface or be bent back when Eq. (31) is satisfied. Because the
refractive index of the soil cannot be increased by compression by a
large ratio with respect to n° and because eo is of moderate value, the

amount of refraction toward the vertical will not be large.

The electrical path length between the transmitter and
receiver is

®
Pe = 5;; = J n(p) ds . (32)

path

Pe is affected by both changes in the ray path and by the refractive
index along the path. Values for the changes in Pe for the several
paths have to be deconvolved in order to deduce the time-varying density
profiles. The rate of mass loss below the highest density contour
followed is estimated by integrating vertically across the density
profile. The time rate of change of this quantity, which is the
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columnar mass content in such units as g/cmz. is ﬁd if a distinct
surface is present. The interpretation becomes less meaningful if there
is no distinct surface. However, there will be a distinct surface
before and after the shock wave, and the overall change in mass content

can be determined.

Implicit in this total internal reflection experimental
concept is that plane waves are incident on the surface. This is an
approximation for these measurements that is strictly correct when the
antennas are far from the surface. Because of space restrictions in the
shock tube and the high attenuation of microwave signals through soil,
the antennas need to be placed relatively near the surface. The limited
space within the shock tube also precluded using antennas of sufficient
aperture to provide directional gain and locally, approximately plane
waves. We assume that the plane-wave reflection conditions apply to

these measurements.

A simple expression between phase shift and surface height
change may be obtained under assumptions of negligible changes in angle
of incidence and soil refractive index with height change. For a height
change Ah with refractive index ns at angle of incidence 8, the phase

change 1is
Ap = 2nsk Ah cos ® . (33)

Application of this expression is adequate for data analysis
under most circumstances, such as with simple compression and rebound of
a distinct surface. For more complex situations (such as refractive
reflection when there is a strong gradient in refractive index, which
would be associated with an indistinct surface), a more elaborate type

of analysis is called for. This is described in Appendix A.

Conversion of soil refractive index to density requires
application of a mixing law, such as the Rayleigh mixing law (Eq. 15)
discussed above. Although the Rayleigh mixing law theoretically applies

only for disperse mixtures, i1.e., a dust cloud where the distances

48

tj‘r,n‘.')‘r_ ".H L Ny L >~ Y PR I N “mrAa~pr r VAV RTRE L P MR -B B kA Em - *an
O a N Y Y S T o i i R LN o L o Lo O SN A e

-

-
e e

)
A

-- 't

Eded Al

Ed

D )
L

KA

3

-
*,

- ﬁ..'.h.;.}z{x{nv Z

S
L
»

v

L8y

e LS

(LY %Y



between particles are large compared to their sizes, there is
experimental evidence that it holds for dense mixtures or powders of
natural materials as well.6 It was found that other mixing 1aws7'8
which had been proposed to account for the dense situation, did not fit
as well as the Rayleigh law.6 These conclusions were based on
measurements made on powders obtained by grinding up samples of various
types of rocks-—including granites, basalts, serpentine, and the like.

The Rayleigh mixing law will be adopted here.
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SECTION 4

DESCRIPTION OF EQUIPMENT

4.1 X-RAY/mmW SYSTEM.

Figure 17 presents a block diagram of the X-ray/mmW system. The X-
ray system basically consists of a Phillips PW-2184-00 tungsten-target
X-ray tube, a modified Universal Voltronics BAL-130-14 high-voltage
power supply, and a scintillometer X-ray detector consisting of a 2-in.
plastic scintillator, a 1-in. blue-enhanced PIN photodiode, and a
battery-powered preamplifier/line driver. Modifications of the power
supply were

(1) Adding a motor drive to the voltage control variac and

control circuitry to permit automatic remote operation.

(2) Adding an additional R-C filter section to reduce ac ripple
at the output.

(3) Adding a high-voltage filament transformer.

The first of these modifications was necessary to permit raising the X-
ray tube voltage slowly. The last was required because the X-ray tube
had a grounded anode, which was water cooled.

A block diagram of the mmW system is shown in Figure 18. Phase-
locked Gunn diode oscillators are used for both the receiver local
oscillator and for the transmitter. The measurement frequency is 33.5
GHz, which 1s derived ultimately from a crystal oscillator. Through a
series of down conversions, the mmW signal is brought down to a 50-kHz
IF, where it is coherently detected. The detector outputs are the so-

called "I-Q" qradrature signals, from which the amplitude and phase can

be obtained according to
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"0 1
iR A= (12 + ¢H)1/? (34a)
- and
-1

?‘ ¢ = tan (Q/I) . (34b)
)

)

S

g This system is, in effect, a Mach-Zender interferometer; changes in the
5

medium along the 33.5-GHz interferometer arm produce phase and amplitude

. changes that are recovered by the quadrature detectors.

() 4.2 SURFACE-RECESSION SYSTEM.

This system uses the same principle as the mmW system and is quite
similar to it. Figure 19 shows a block diagram of the surface-recession
system. Two transmitters and six receivers are used. The X-band
frequencies used were 9.086 and 9.912 GHz. Each recelver produces an I-
Q pair, from which the amplitude and phase can be computed according to
Eqs. (34a) and (34b).

4.3 DATA-ACQUISITION SYSTEM.

An essentially independent CAMAC standard transient digitizer was
used for the X-ray/mmW and the microwave surface~recession systems.
Each digitizer consisted of a LeCroy 8212A/32 simultaneous sampling data
logger capable of digitizing 16 channels of data at a 10-kHz rate with
12-bit dynamic range. Twelve memory modules for each digitizer provided
enough memory (393,216 words) to store 4.92 s of X-ray/mmW and 2.46 s of
surface-recession data. The X-ray/mmW measurement required 8 channels,

and the surface recession needed 13 channels. \

A DEC LSI-1123 controlled the digitizing system and was used to
transfer the data to tape, which could either be 9-track or cartridge.
This computer was also used for quick-look data analysis. The data
transfer was programmed to occur immediately after the digitization )
interval was over in order to protect the data from loss because of

power failure and the like. Once this data transfer was accomplished
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SECTION 5

FIELD TESTS AT THE 6-ft SHOCK TUBE

5.1 EQUIPMENT INSTALLATION.

All of the experimental equipment was installed on the outside of
the 6-ft shock tube. Access for the mmW and X-ray beams to the interior
of the tube was provided by ports cut into the tube. These ports had
0.125-in. Lexan windows nearly flush with the inside surface of the
tube. Figure 20 shows a cross section of the installation, which was at
roughly a 30-psi overpressure station. The path length between the
center lines of the Lexan windows was 163 cm. Figures 21 and 22 are

photographs of the installation.

Because the rf phase measurement is sensitive to changes in the
physical path length between the antennas, it is essential to minimize
any possible relative motion of the antennas. To accomplish this we
decided to attach the antennas rigidly to the shock tube on plates
bolted to the mounting flanges. The calculated diametrical expansion of
the shock tubes under a 30-psi static load is less than 0.05 mm, which
corresponds to a negligible rf phase shift of 2 deg. The dynanmic
expansion of the tube was also expected to be small. To first order any
bulging of the Lexan windows would produce no effect because the amount

of matter along the mmW and X-ray beams remains constant.

A block diagram of the overall system was presented in Figure 17
above. Although the system was constructed to permit measurements along
two paths, only a single path measurement was implemented for shock-tube
testing. This was done because it would simplify testing and because we
believed that there would be little additional useful information from a
second path in the shock tube. The X-ray power supply and part of the

mmW equipment were set up near the shock tube. The remainder of the mmW
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LEXAN WINDOWS

X-RAY TUBE
CENTER LINE
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X-RAY
DETECTOR

\

163 cm
BEAM LOCATION

10 cm

mmW ANTENNA
MOUNTING PLATE
(BOTH SIDES)

15cmL

mmW/X-ray installation in a 6-ft shock tube.
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33 cm ———3

Figure 20.




- -

N (] . L 4 (%™ g ' PN S AR .x\... J
A I AN PALL v ip 1  E C A R S o o O A A A A AN

. Phd ) L O WL R 4

2,

'« o IO ...n).-v-(f‘
ANq LAV e Sate

S XA AR ‘“

'uoNe|RISUI JUAWIBEXS MWLW/ABI-X 3y} JO M3IIA jeusdix3 |z asnbiy

*U01100300
yduaboroyd siyy Jo swiy A 1e UCIIRIPES PUS (BNUBYINW 205 odid “UI-Z| Byl Ul AEiLIeA
POAOWOS USeq pey 1012019p Asi-X 8yl °3IQIS HIAIIIIY (q) POIUNOW-NI0YS SIM eqnl Asi-X Syl "30IS HILLIWSNVHL (%)




(a8} TRANSMITTER SIDE. The X-ray tube is visible to the left of the mmW transmitter antenna.
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5‘ equipment and the data-acquisition system were installed in a mobile

5} home parked about 175 ft from the shock tube.

Egg Because there was insufficient room within the soil layer, the
surface-recession antennas were mounted on the outside of the shock tube

§; so that they protruded through small (2-in. diameter) ports cut into the

?i bottom of the tube. These antennas consisted of waveguide sections into

:g which pyramidal dielectric (Teflon) matching sections had been placed,
and, hence, were effectively nondirectional. 1In addition, it was only

,ﬁs possible to install three receiving antennas instead of six because of

:. restrictions on the number of closely spaced holes that can be cut into

the shock tube. Each antenna fed two receivers, which provided for six

signal paths, as shown in Figure 23. Table 4 lists the positions of the

antennas and the nominal angles for specular reflection. Although the
" constraints on antenna placement produced a duplicate reflection angle,
the range of angles spanned that expected for total internal reflection.
That 1{s, the high-incidence-angle signals should be significantly

stronger than the low ones, and changes because of compression at the

- o w -

S surface were expected to produce a transition to total integral
“V reflection and a signal increase on some of the low-incidence-angle
! paths.
?i As discussed above, laboratory measurements of the dielectric

'2 properties of the soil used in the shock tube showed that this material
': was particularly lossy at X band. 1In order to reduce the signal

‘ attenuation to an acceptable level, some of the soil near the antennas
E: and along the signal paths was replaced by sand, as shown in Figure 23.
:; This sand intrusion was approximately 1-ft wide. As also shown in

k* Figure 23, a screen of microwave absorbing material was embedded below
) the surface to screen any direct signals from the transmitting to

: receiving antennas.

N

;: The rf equipment for the surface recession measurements were built
': into two weatherproof boxes that were set on the ground near the shock
,; tube. I-Q signal pairs were sent via cables to the data acquisition

JE system, which was in the mobile home.
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Table 4. Antenna positions and specular reflection angles.

Receliving Reflection

Transmitter Antenna Angle
Path (e) (8) (deg)
1 1 (=31.4°) 1 (19.7°) 51
2 1 (-31.4°) 2 (32.4°) 61
3 1 (-31.4°) 3 (44.7°) 70
4 2 (-18.6°) 1 (19.7°) 40
5 2 (-18.6°) 2 (32.4°) 51
6 2 (~18.6°) 3 (44.7°) 56

Operation was entirely unmanned and accomplished by means of remote
signals from the timing and firing system. The X-ray system was
armed at about T - 15 min, when personnel were required to evacuate the
area. A signal at T - 5 min completed arming the X-ray system, which
was then activated by another signal at T - 2 min. This provided
adequate time to ramp the X-ray voltage up to the desired value and
stabilize. Data acquisition was started at T - 0.8192 s by a third
signal. A fiducial signal at '1‘o was recorded on one of the data-
acquisition channels to establish precise timing. The overall data-
acquisition interval was 4.92 s for the X-ray/mmW measurements and 2.46

8 for the microwave surface recession measurements.

5.2 EQUIPMENT AND EXPERIMENT PROBLEMS.

Several problems were discovered during the first set (21 and 22
August 1985) tests at the 6-ft shock tube. The most serious of these
were (1) difficulty in maintaining phase lock with the mmW system; (2)
noise spikes in the X-ray detector signal; (3) overheating of the X-band
surface-recession equipment that led to a loss of phase lock; and, (4)
rf leakage of the surface recession signal apparently around the shock

tube surface. Modifications and repairs made between the first set of

62

AL LA LA NI AT ATt e R

AEPLEE PR B SR YN YL TN TSR VAR e




tests and the second set (25 and 26 September 1985) produced con-
siderable improvement. Cooler weather in September also helped to

alleviate the overheating problem.

Although the rf systems would occasicnally lose phase lock
spontaneously, the mechanical impulses due to firing the shock tube
would usually cause a loss of lock. As this would occur after the
leading edge of the shock front was well past, the most important part
of the data was unaffected. Subsequent to the second set of tests we
determined that the phase-locking problem with the mmW gear was due to
excessive temperature sensitivity in a phase-locked oscillator that also
exhibited two lock points. The oscillator had two tuning curves that
overlapped over part of the temperature range and thus exhibited
bistable operation.

It was discovered after the second series of tests that the
accelerometer data were contaminated with an impulsive 120-Hz signal.
This was apparently caused by pickup of leakage from the X-ray power
supply, perhaps by means of cross talk from the X-ray voltage and
current monitor cables. The accelerometer conditioning amplifiers and
the X-ray HEV power supply shared the same line power, and the signal
cables ran alongside one another for a considerable distance to the data
acquisition system. This contamination reduced the usefulness of the
accelerometer data, although it was of sufficient quality to permit
identification of an important mmwWw signal feature as being an artifact
(cf., Section 5.4.1). Reversing the sign of one of the acceler-ometer
signals by mounting the accelerometer on the opposite side of the
antenna support plate would have permitted measurement of the
differential motion between antennas and simultaneously suppressing

common-mode interference. This change is recommended.

No specific component malfunction has been found in the X-band
surface recession system. Our approach has been to increase the flow of

cooling air. Ve believe that better environmental protection of both

the mmW and X-band rf equipment from ambient conditions and the
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mechanical effects of firing the shock tube are needed to overcome these

problems completely.

We believe that the noise spikes in the X-ray detector signal were
caused by minute mechanical vibrations of electronic components in the
X-ray detector preamplifier feedback loop. This problem was attacked
between the first and second series of tests by shock-mounting the
circuit within a second box. However, the results from the second set
of tests showed that this problem had not been totally eliminated, so a
far more rugged version of the input stage of the preamplifier was
designed and built. This new unit appears to be free of sensitivity to

severe shocks.

The manifestations of the rf leakage problem were fluctuations in
phase and amplitude produced when we worked around the antenna cables.
rf energy was apparently flowing on or radiating across the outside
surface of the shock tube. Attenuation of the signals within the soil
were large enough that even such weak signals as those escaping from the
shock tube could compete with them. This problem was attacked by adding
microwave absorbing material around the outside of the shock tube where
the antenna ports had been cut. This was not particularly successful,
perhaps because rf energy was leaking from connectors, and the like,
outside the shock tube. We believe that this problem can be overcome by
electrically sealing the openings into the shock tube, applying the
absorbing material more carefully, reducing the number of rf connec-
tions, using less lossy soil (sand), and employing more directional
antennas. Directional antennas will increase the signal strength along
the desired path and improve the geometry of the experiment by con-

centrating more rf energy in a smaller area.

5.3 TEST SUMMARIES.

During the months of August and September 1985, SRI conducted a
fairly successful series of eight shots in the 6-ft shock tube at the
Civil Engineering Research Facility/New Mexico Engineering Research
Institute (CERF/NMERI) Shock-Tube Facilitv at Kirtland Air Force Base.
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The shots were designed to produce 30-psi incident pressure levels at
our installation station. These events included both precursed, with a
helium layer, and nonprecursed shots. Although the primary objective of
this testing was to develop the experimental equipment and technique,
the important secondary objective was to obtain some data concerning the
dusty flow. The 6-ft shock-tube test series are summarized below. The
MINOR SCALE installation and results are described in Appendix B.

HST 130 (21 August 1985)--This was a nonprecursed test. For this

first shot, the data-acquisition system received several false triggers
including one at T - 90 s. This did not allow enough time for the
system to record the data from the digitizer and reset itself before the
actual shot. Consequently, no data were recorded. This problem was
worked out with the cooperation of CERF/NMERI personnel and was

satisfactorily resolved.

HST 131 (21 August 1985)--The triggering was correct for this

second, nonprecursed shot. Reasonably good data were obtained overall
with the X-ray system, which was operated at 80 kV. However, there were
a large number of noise spikes in the X-ray detector signal. 1In
addition, some drop-outs occurred in the mmW system after the beginning
of the shock wave, which were apparently caused by microphonics. Good
data were recorded on 13 of the 14 surface-recession system channels.
The data on the 14th channel were partly clipped; this appeared to be a
digitizer problem. For this shot, the soil above the surface recession
raypaths was loosely in place, and permanent local upward displacement
of a few centimeters of soil was observed on reentry into the shock
tube. Our initial impression from the data was that they are consistent
with an initial recession/compression followed by the disappearance of a
discrete surface. Several such episodes of this phenomenon occurred

during the test.

HST 132 (22 August 1985)--The third, nonprecursed test, produced

mixed results. The X-ray system was operated again at 80 kV. The X-ray

data were partly saturated owing to an error in setting the signal level

in the digitizer because, when it was started cthat morning, the voltage




~ 3

output of the generator supplying the power to the X-ray system had been

set higher than it had been the day before. Still, a large part of the
trace was visible and essentially repeated the waveform noted on shot

HST 131. The problems with microphonics recurred on the mmW equipment

at an even earlier relative time. Reasonably good data were cobtained on

all channels of the surface recession experiment, although the signals
were relatively weak. For this test, the soil from HST 131 had been
replaced with moister material, which had been compacted to match the
rest of the floor of the shock tube. Considerably more signal attenu-
ation resulted from the moisture in the material. After the test, the
surface over the ray paths did not appear much different from the sur-
rounding material. The soil was expected to dry out and be represen-

tative of the rest of the dirt in the shock taibe.

HST 133 (22 August 1985)--During this fourth, nonprecursed shot,

the X-ray system was operated with much softer spectra (40-kV acceler-
ating voltage). A trace similar to the previcus shots was obtained;

however, it contained a number of noise spikes that came from the

detector. Once again, the mmW equipment had problems with microphonics.

The surface-recession system apparently overheated between the time of
personnel evacuation and the shot and had lost lock by shot time. The
higher ambient air temperatures that day may have been responsible for

this problem.

HST 141 (25 September 1985)--This was a precursed test with a
helium bag. The X-ray system operated at 80 kV. A few microphonic

noise spikes were observed in the X-ray data, which was otherwise quite
good. The mmW system had no problems this time because the equipment
was better isolated from the shock wave. Even though the air flow
through the equipment was improved, only fair surface recession data
were obtained owing to an instability caused by overheating. However,
because the surface recession equipment was better protected from the

external shock wave this time, the system maintained lock.

HST 142 (25 September 1985)--This was a nonprecursed test with the
X-ray system again operated at 80 kV. As before, several noise spikes
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were seen in the X-ray data. Good mmW data were obtained up until the
system lost lock at about T + 150 ms. The surface-recession system
overheated and lost lock between the personnel evacuation time at

T - 15 m and the shot.

HST 143 (26 September 1985)--This was a precursed test using the

helium bag. We operated the X-ray system at 40 kV, which produces a
different ratio of air/dust absorption. Again, some noise spikes
occurred. Good mmW data were obtained as with HST 142. The mmW/X-ray
results were essentially the same as with the previous precursed test,
HST 141. We made further improvements in cooling the surface-recession

equipment and experienced no problems; good data were obtained.

HST 144 (26 September 1985)--The last 6-ft shock-tube test

conducted on this project was another nonprecursed test. The X-ray
system was again operated at 40 kV. The mmW/X-ray results were
essentially the same as for HST 142. Good surface recession data were

again obtained.

5.4 EXAMPLES OF DATA.

The intent of this section is to present typical examples of the

experimental data.

5.4.1 X Rav/mmW.
5.4.1.1 No Heljum (Precursor) Laver Tests--Figure 24

Presents a complete time series of the X-ray detection signal for HST
142, for which the X-ray voltage was 80 kV. Power-supply ripple is
responsible for most of the apparent noise in the signal. This ripple
is more apparent in Figure 25, where the noise spikes are also resolved.
These spikes typically consist of one and one-half cycles of damped
sinusoids centered about 2 kHz. Maximum X-ray absorption was reached at
about T + 200 ms, and recovery to baseline level occurred at about T +

2.5 s. There was no significant X-ray baseline shift for this test.
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Figure 24. X-ray digitizer output vs time for HST 142,

Most of the artifacts in the X-ray data can be removed
by means of simple filtering. Figure 26 shows the HST 142 time series
of the logarithm of X-ray absorption after the following processing

steps were applied:

(1) Smoothing with a 2.1-ms-running average to reduce the noise

spikes.
(2) Zero-level subtraction and conversion to logarithmic form.

(3) Bandstop filtering (center frequency = 120 Hz, bandwidth = 30
Hz) to reduce ripple.

(4) Normalization to pre-event baseline intensity.
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Figure 25. X-ray digitizer cutput vs time after T, for HST 142,

Unprocessed data from To to T + 200 ms for HST 142 are
shown in Figure 27. Phase lock was lost at T + 140 ms, but the mmW data
were unaffected before that time (lock was reacquired at T + 320 ms).
The rhase-time series is clearly very different from the X-ray data.

The 1mW amplitude data are noteworthy because they were initially
unaf{ected by the shock- wave passage. This {5 evidence that multipath
was 1egligible because there was 90-deg phase shift of the direct signal

during that time.

Similar X ray and mmnW-phase behaviors were recorded on
other nonprecursed tests. The complete HST 131 X-ray time series

appears in Figure 28, and the To to t + 200 ms processed X-ray signal
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-
¥
J) and mmW phase are shown in Figure 29. Figures 30 and 31 present the
'Y
W equivalent data from HST 144, for which the X-ray voltage was set to

, 40 KkV.

R These data reveal several problems. First, there was

apparently a slight X-ray baseline shift for HST 131 between the pre-

‘: event level to that of postshot recovery. 1In addition, there were a

J large number of noise spikes in the X-ray detector ottput on that test,
; which was the first one on which data were acquired. A particularly

’: severe group of splkes occurred at or possibly tefore the leading edge
) of the shock wave, which produced the artifact visible in Figure 28.

W Loss of mmW phase lock occurred on all three of these tests. Although
; lock was reestablished within the 200-ms ranges plotted in Figures 29
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and 31, the phase may not return to the same reference point because of S

N

the multiplicity of possible lock points resulting from the frequency g

Al

division in the equipment. Finally, the amount of X-ray absorption for
HST 144 exXceeded the dynamic range of the measurement. The data plotted
in Figure 31 are consequently invalid beyond T + 150 ms. We conclude
that operation at 80 kV is superior to 40 kV for X-ray dust measurements

for path lengths on the order of 1 to 2 m.

The mmW phase signals from these three nonprecursed

a b, v,
.

",’.

tests exhibited consistent behavior: (1) an initial negative shift; (2)

o

s

a positive impulse; (3) a continued negative trend; followed by (4), a
positive trend with substantial fluctuations. Positive phase shift

21

corresponds to increased density in the signal path or an increase in
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Figure 30. X-ray digitizer output vs time for HST 144,

the separation between antennas. The consistent initial negative phase
shift corresponds to a shortening of the antenna spacing or a decrease
in density and is apparently an artifact because it precedes any change
in the X-ray signal. Because the phase shift computed for ambient
conditions is approximately 0.3 radians, it is theoretically impossible
to have more than a 0.3-radian negative phase shift in the negative
phase of the shock wave. Thus at least part of the negative phase shift
after the positive impulse appears to be an artifact as well. It may be
a continuation of the initial negative trend, which appears to be due to
some kind of outrunning wave motion in the shock-tube wall that squeezed

the antennas together. The amount of squeezing required is about 1 mm,
which is within the elastic strain limit.
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The accelerometer data provide strong evidence that at
least the initial impulses seen in the phase data are artifacts caused
by motion of the antennas. Figure 32 shows a typical accelerometer

record, which, as described above, is contaminated by crosstalk
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Figure 32. Receiver accelerometer data for HST 142.

apparently from the X-ray voltage and current monitors. The dominant
feature in the accelerometer time series is the bipolar spike. Most of
the acceleration appears to consist of high-frequency noise that would
not be associated with much displacement of the antennas. By
numerically integrating the accelerometer data twice, we can obtain a
description of the antenna motion, which can be compared to the mmw
phase. Because of the crosstalk and an apparently related irregularly
varying offset from the dc zero level, a reasonably stable result from
the numerical integration can be achieved only for short periods.

Figure 33 presents the results from numerically integrating the
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accelerometer data from HST 142 over a 40-ms interval (the mean values
of both the acceleration and the velocity were set to zero over this
interval before each step of the numerical integration). This may be
compared to the phase shift record for the same time (Figure 34). It is
clear that the tiuing and shape of initial impulse is the phase data

mimicked in the integrated accelerometer data.
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Figure 34. Phase vs time for HST 142,

The total rf signal path increase between the antennas
can be obtained by adding the two antenna displacements of Figure 33.
The peak value of path increase at T + 62 ms is 0.8 mm + 1.2 mm =
2.0 mm. This distance corresponds to a phase shift of 1.4 radians,

which agrees fairly closely to the observed peak phase shift of 1.7
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radians. Thus the initial impulse in the phase data agrees in all 0
[] g
respects with that expected from measuring the motion of the antennas. sr
&
This impulse because of antenna motion appears to be !
the most significant artifact in the mmW phase data. It usually h
occurred before the X-ray system registered any increase in mass 'G§
density, which is consistent with outrunning motion in the wall of the &:u
shock tube. Figure 35 shows the calculated displacement of one of the A,
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The choice of mounting the mmW antennas to the shock
tube is in retrospect a poor one. Expansion of the tube was 50 times
greater than expected (i.e., 2 mm versus 0.04 mm). The solution is to
mount the antennas on supports that do not contact the wall of the shock
tube. We note that this effect was not observed during the MINOR SCALE
test, where the mmW antennas were mounted securely in supports anchored

in concrete.

5.4.1.2 ests with Heli Layer (Precursed)--Two tests
(HST 141 and HST 143) were done with a helium layer, which was 5 in.
deep so that the X-ray and mmW line of sight passed about 2.5 cm below
the top of the layer. Results from these two tests are presented in
Figures 36, 37, 38, and 39.
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N T L AL G L S YO A
(3 4 (Y (} 0} ]



*‘
’~ ;J'

<Y
,.‘ l'

oy T }
)

P L L
-

o

L]
Ty ®
2

[ R A NI AL
ql ,' o “- -'-‘

X583 5%
SRS

P

. %};‘. ".{

P VI
A 4 N
(o

P
i %

5. =
PACs
& 4y

12 T T 1 f RITLE T
(a) X-RAY ABSORPTION . ’TO
3.8 14

1.0 +—

08 - -.:—
—_ 06 p— '
= M
< n ‘

. 04 — —

0.2 }— p—

0 W'\ .

o2 ' DA R B B |

: T T T 1 T 1 T
_(b) mmW PHASE ]
li
i i
il
! |
_
—
-1 b p—
" [ R R S R |
0 100 200
TIME — ms

Figure 37.

X-ray absorption and mmW phase vs time for HST 141,

P

AR
‘.‘::"i‘- h S

b )

d,

A C N




Ty

T T T ] T ] T T 1

o 40 kV —
ZERO = 47 COUNTS  -1800

-200 — —
-400
-600

-800

COUNTS

-1000

-1200

-1400

-1600

| J
0 1 2 3
TIME — seconds

Figure 38. X-ray digitizer output vs time for HST 143.

The apparent baseline shifts between the pre- and post-
shot X-ray detector signals are not necessarily artifacts because an
increase in X-ray absorption is to be expected after the test, when air
replaces the helium/air mixture. However, the change in absorption from
a helium/air mixture to air and possible baseline shifts may mask one
another. Although, there were no perceptible changes in the X-ray
voltage and current monitors for either test. In Table 5, we compare
the inputed change in absorption from the data. In developing this
table, we have assumed no baseline shift to the theoretically computed
absorption assuming a 90-percent helium mass fraction, which was the
target value for the precursed tests. The inputed values of absorption
are 27-percent higher than computed for 80 kV and 53-percent higher at
40 kV. Several factors may contribute to this discrepancy:
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Table S. Analysis of pre- to post-shot X-ray absorption

Test

HST 141
HST 143

(1)

(2)

(3)

(4)

changes for tests with a helium precursor.

X-Ray X-Ray Detection Output-Counts X-Ray Absorption
Voltage
(kV) Preshot Postshot Zero Inputed Computed
80 527 577 1626 0.047 0.037
40 -1513 -1391 47 0.081 0.053

Softer X-ray spectra for the tests, especially at 40 kV,
leading to higher absorption coefficients than were obtained

from calibration runs.

Longer effective path lengths caused by helium leaking into
and filling the spaces between the X-ray tube and detector
and the wall of the shock tube. This would increase the
effective path length from 163 cm to 193 to 208 cm, or by 18

to 28 percent.

Subtle shifts in X-ray voltage and current that could not be
detected in the monitored signals (no voltage or current
shifts could be seen in the HST 131 records, for example,

even though there was a baseiline shift).

Higher helium concentrations than the 90-percent target.

The precursed results differ from the nonprecursed ones

in two primary ways. First, the precursed X-ray absorption increased

more rapidly and attained greater values than the nonprecursed. It a.s

rose in closer time coincidence than for the nonprecursed tests, in

which X-ray absorption tends to lag the mmW phase shift by the dura:.

of the initial positive phase impulse. Because the X-ray ats. ::°*.

relatively more sensitive to dust than air, than is the mow ;' aw.

this suggests that dust was entrained in the leading edge -+ .

precursed shock wave and that more dust was inde~i | ¢+ = g

precursor layer. The second difference i< t>ha* ‘'
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the mmW phase shift was attenuated in the precursed shock wave. This
result is especially apparent for HST 141 (Figure 37). It appears that
increased dust loading of changes in the shock wave because of the
presence of the helium layer reduced the severity of the mechanical

effects.

5.4.1.3 Late-Time Behavior--After the mean air density has
returned to its ambient value during the recovery phase, the mmW phase
and log X-ray signal should respond only to changes in dust density and
therefore track one another. This expectation is confirmed by the test
results, examples of which are shown in Fig- res 40 and 41. These data
are useful for verifying the dust calibration values, as discussed

above.

5.4.1.4 Air- and Dust-Densjityv Estimation--The artifacts
introduced into both the mmW phase and the X-ray absorption data by

mechanical effects experienced during this first set of system tests
make it impossible to separate them accurately and reliably into mean
dust and air density values. Figure 42 presents an example of the
results of attempting this, for the HST 142 data, This separation is

based on the following set of calibration factors:

0.240 cma/g. F = 0.25 cmz/g

Lo
]

0.44 cm3/g. G = 1.036 cng .

[}
]

The value for G is the revised value obtained by modifying that
presented in Table 3 to force the mean air density at late times to

match the ambient value (or at least to remain constant).

For comparison, Figure 43 shows the record obtained
from a nearby, slightly upstream static pressure gauge. mmW and X-ray

data were obtained during the positive phase of the shock wave before
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Figure 40. Late-time X-ray absorption for HST 142. These data
have been smoothed with a 42-ms running average.
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Figure 43. Static overpressure measured at HST 142,

the mmW lost phase lock. It is apparent that artifacts in the mmW rhase
data swamped the true air density variation, which should have behave:i
more or less as the pressure. These artifacts also masked the dust
density variations, although the trend toward greater dust loading, as
expected from the X-ray absorption data above (Figure 26) is preserved.
The general trend in the air density estimate appears, subjectively, to
be falling.

Artifacts in the mmW phase data tend to have a greater
effect on the ajir-density estimate than on that for dust because the
relationships between phase shift owing to air and dust are more nearly
equal than are the equivalent ones for X-ray absorption. It appears
that there were two components to the mmW phase artifacts because of

antenna motion: a general outward bulge and an approximately 38-ms

period oscillation,
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The sum of the estimates for air and dust densities

estimates 1s shown in Figure 44. This quantity is less sensitive to

10
| 1T 1 1 ] I | | 1
l"'
X = -]
W LOSS OF
hit > PHASE
] VO paa——
“ 6 \f\ LOCK ¢
nE ! \J
B v
*¢ x — pu
':I ' vJ .
N z ‘
3 - 2 - — t
b 2
. w
o
-
: " 5 eV /"\-\/"“’\/"‘\J -
o o
' [ od
;‘ -2 }— — .
I.‘. \
‘ P - N
\ w
N
‘ .
s O I R TN S TR HNNS N N N :
' 0 100 200 ;
* TIME — ms
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' 5
o relative errors in the calibration factors for phase shifts and X-ray
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]
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¥
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10-3 g/cms. This is slightly below the estimate of the total density

presented in Figure 44.

5.4.2 Surface Recegsjion.

Figures 45 and 46 present examples of complete data sets for
tests with (HST 143) and without (HST 144) a helium layer. These
results were calculated, according to Eqs. (29%9a) and (29b), from the in-
phase and quadrature signal pairs, which are the digitized quantities.
The phases were also processed using an algorithm that attempts to
remove the 360-deg jumps that occur when the arguments of the arc-
tangent function cross the negative in-phase component axis. Especially
when both amplitudes of the quadrature components are weak, the
algorithm occasionally misses a 27 jump or inserts an extra one. Some

of the phase records in Figures 45 and 46 exhibit this phenomenon.

A negative phase shift corresponds to a shortening of the
electrical path length, which may be produced by either a reduction in
the geometrical path length or a decrease in the dielectric constant of
the soil. Most of the data exhibit an initial decrease in path length
followed by an increase, which is interpreted as being caused by
recession of the surface followed by a rebound to a higher level.

Figure 47 shows the details of this process, which may be compared to
the pressure record shown in Figure 43 (the HST 142 pressure record of
Figure 43 i{s essentially the same as for HST 144). There was an initial
0.5-cm recession of the surface followed by a slow recovery as the
positive overpressure decayed. The surface quickly rebounded to a level
1.9 cm higher than the original one at the onset of the negative phase.
These height change values and the scale on the right-hand side of the
Figure 47 phase record are based on a soll refractive index of 1.95 and
a S1-deg incidence angle in Egq. (33). This refractive index corresponds
to a soil density of 1.65 g/cm3 for shock-tube material and application
of the Rayleigh Mixing Rule. 1In the long term, the surface in this

example returned to an eventual level of 1.3 cm [Figure 45(c)].
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Although this example produced plausible results in terms of 7

order of magnitude, the actual numerical values cannot be considered to :
%

be particularily accurate. The results from paths with the same angle ﬂ

i)

of incidence are not consistent with each other, although this may be a

result of the weaker signal on Path 5 than Path 1, an artifact caused by
the signal leakage problem, or a difference caused by the different .
point of geometrical reflection. In addition, for the paths with strong ;
signals, the trend toward greater initial negative phase changes during

the positive phase with increasing angle of incidence is opposite to

that expected on the basis of Eq. (33). This reverse trend may also be

an artifact from leakage, and it 1s possible, although there is no other

evidence for it, that the paths are misidentified. A more intensive

analysis involving changes in soil refractivity with density is needed

to obtain the surface height variations accurately, but could not be

successfully accomplished with these data because of the leakage

problenm.

The paths with the lowest angles of incidence tended to have
the weakest signals. This is consistent with the expectation of better
reflection near grazing incidence. 1In addition, the signals for the
lowest incidence angle (40 deg) showed substantial increases during
shock-wave passage. This is evidently due to transition to total
internal reflection resulting from an increase in the dielectric
constant of the uppermost layer from compression and scouring of loose

material.

Note that the best data from these sets come from the
antennas having the largest separations. In particular, Transmit
Antenna 1 produced significantly better signals than did Antenna 2.

This is attributed to less leakage from Antenna 1. An effect of leakage
is to reduce the amount of phase change measured relative to the amount
that actually occurred along the signal path. This is consistent with
the observed increase in phase shift magnitude during the positive phase

of shock-wave passage.
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Qualitatively correct results were thus obtained from the
surface recession tests in the 6-ft shock tube. However, because of the
leakage of rf energy outside the tube and the small amount of space
available to mount antennas below the soil surface, these trials did not

afford a good test of this technique.
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SECTION 6

CONCLUSIONS AND RECOMMENDATIONS

Instrumentation was assembled so that we could measure mean air and
dust densities and surface recession. Two series of shakedown tests
have been conducted which comprised a total of nine shots in the
CERF/NMERI 6-ft shock tube. A number of problems were encountered,
which were primarily caused by mechanical effects from firing the shock
tube. The most important of these were motion of the mmW antennas
caused by the dynamic expansion of the shock tube, impulse noise induced
in the X-ray detector preamplifier, a tendency of the rf equipment
emplaced near the shock tube to lose phase lock, and cross-talk between

some data channels.

A number of corrective actions have either been accomplished or
identified. Improvements of the packaging and shock mounting of the X-
ray preamplifier that were made between the two series of tests reduced
the impulse noise substantially but did not entirely eliminate it. The
preamplifier now has been completely repackaged to eliminate any motion
of internal components and is now nonmicrophonic. A temperature-
sensitive instability in a phase-locked oscillator within the mmW system
was ldentified as being the source of that system's tendency to lose
lock; this has been remedied but not field tested. Other instability
problems caused by mechanical shocks and high environmental temperatures
can be overcome by using better physical protection, such as shelters

for the exposed equipment.

Although the two series of shakedown tests produced semiqualitative
data because of the instrumentation problems and, particularily for the
surface recession measurements, difficulties with using the 6-ft shock
tube as a test bed, the fundamental bases for the measurements were

demonstrated. Plausible results of the proper magnitude were obtained
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(1)

(2)

(3)

(4)

(5)

(6)

(7)

are

(1)

DS NN A R O Wt O

for both types of measurement. Specific recommendations for improve-

ments in equipment, procedures, and installation have been developed

from the results of these tests.

For the mmW/X-ray measurements, these are

Isolate the mmW antennas from shock-tube motion. The
antennas should be supported so as to minimize differential
motion between them. We recommend mounting on concrete

piers, not in physical contact with the tube.

Mount the accelerometers on the mmW antenna support plates so
that the difference between accelerometer signals corresponds
to differential motion. This will minimize the effect of any
residual carrier-mode crosstalk or interference and permit

using the accelerometer data to reduce any motion effects.

Use a more monochromatic X-ray beam to reduce further

spectral hardening effects.

Recalibrate the X-ray air and soll absorption using the more
monochromatic X-ray beam. There is a need for more soil

calibration data at lower values of dust loading.

Use the late-time (recovery) data as the basis per shot for
calibrating the ratio of mmW phase shift to X-ray absorption

for soil.

Improve the filtering to reduce ac X-ray ripple on the high-
voltage power supply.

Provide better environmental protection for the mmW equipment

during tests.

Specific recommendations for the surface recession measurements

Avoid testing or use in small facilities such as the 6-ft
shock tube, where the subsurface volume is limited and signal

leakage paths can exist outside the tube.
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(2) Use more directional, higher-gain antennas, such as the horn
antenna prototype designed and built for operation

underground.

(3) Provide better environmental protection (this would be
accomplished automatically by an entirely subsurface

installation) for the equipment.

The basic instrumentation is complete. With these incremental
improvements and changes these novel experimental approaches will be

entirely operational.
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Appendix A 3

TRUE-HEIGHT ANALYSIS
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Appendix A

TRUE-HEIGHT ANALYSIS

In order to solve the vertical profile of particular density
profile p(z) or the corresponding refractive index profile n(z), it is
convenient to decompose the integral of Eq. (32) for the electrical path
length into the horizontal component (x coordinate) and the vertical

component (h coordinate) by using the following:
ds = dXx sin @ + dh cos @ . (A-1)

The electric path length in Eq. (7) then reduces to

R hR

e
P = l n sin 0 dx + 2 I n cos & dh (A-2)
e

T T
where T is the position of the transmitter, Re is the position of the
receiver assumed at the same horizontal level as T, and hR is the height
of the reflecting point R. The assumption of horizontal stratification

makes the ray symetric around the vertical axis through R.

By using the Snell's law, the first integral of Eq. (A-2) reduces
to the constant nOD sin eo where D is the horizontal separation between
transmitter and receiver. Also by using the Snell's law, the following

expression can be written as

1/2
ncos 6 = (nz - no2 sin2 eo) . (A-3)

and the electric path length can be written as
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R
P =nDsin o + 2 J
e (o) 0

1/2
(n2 -n 2 sin2 0 ) dh (A-4)
T o o

where n and, therefore, the quantity under the radical are functions of

h, and the value hR is solved by the condition:

=]
[}
=]
~
-3
o
]

n° sin o . (A-S)

Experimentally, Pe will be the parameter directly measured, however,

noD sin eo can be calculated so a measured virtual height, h°, can be

defined:
h’ = 2(Pe - “oD sin eo) . (A-6)

The problem is then reduced to the more familiar form of solving n(h) or
2
n“(h):

h
) IR(Z 2)1/2
he = 22 - n an . (A-7)
. R

If N values of n_ are measured the functional dependence of n as a

R
function of h can be solved. Equa:ion (A-7) can be written as

n

R 1/2
h- = ] n2 -r 2 gh___ d(nz) . (A-8)
n R d(nz)
o
Let us assume now that the N experimental configurations are

chosen so that

(A-9)
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Then we can divide the space in N slabs: the first slab between no

and n_ , the second between n and n_ , and so on. Furthermore, the
R ® R,

assumption of constant gradient between the break points can be made.
Then

h°, = (A-10)
M Jl d(n) AH

for ¥ =1, 2 .... N

where the constants AH are calculated independently from the functional

J
dependence of n on h:

2
n
3+l
1/2
2 _ 2 2
A, = f (n - n ) d(n) (A-11)
) 2 Py

Equation (A-10) forms a linear system of N equations where the

derivatives —dhz— for each slab can be easily solved and the solutions

d(n“) 3

would give n as a function of h.

A second iteration can be made by calculating the second order

correction Aeo to the angles of incidence 9° and then reiterating the
N
procedure. Ray tracing can be used to refine the results.

The practical problem that the procedure sketched above may
encounter in practice is the delimitation of the plane at which n,
starts changing, but we assume it can be solved. A more serious
limitation is that an implicit assumption that the index of refraction
decreases monotonically with height. Valleys of higher values of n may
not be adequately described, and if there is a reason to believe they

exist, a ray-tracing technique to adjust the parameters of the gradient
may be used.
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£ MINOR SCALE FIELDING
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Appendix B

MINOR SCALE FIELDING

1. INTRODUCTION.

The mmW/X-ray system was fielded for the MINOR SCALE test, which
occurred on 27 June 1985. It was installed at the 30-psi overpressure
level completely underneath the helium bag in the precursor region.
Figure 48 depicts the installation, which spanned the center of the
precursed radial immediately behind the other installations at 30 psi
overpressure. There were several important differences between the

detalls of that system and the one used for the 6-ft shock-tube tests:
(1) A 60-ft path length was used versus 6 ft.
(2) The mmW/X-ray beam centers were 17 in. above the surface.
(3) The X-ray detector used a 7-in. versus a 2-in. scintillator.

(4) The above-ground parts of the system (the X-ray tube and
detector and the mmW antennas) were housed in 12~in. diameter

steel pipes cast into massive concrete bases.

(5) Greater protection from blast effects was afforded because

the equipment was buried in vaults.

(6) Long coaxial cable runs were used to send signals from the

installation in the test bed to the recording system.

(7) Storage batteries were used to provide electrical power to

the X-ray tube HV power supply through a 1.5-kW inverter.

It was not possible to test this equipment in the field before the
MINOR SCALE event. In consequence, none of the problems revealed by the
later developmental tests in the 6-ft shock tube were known. However,

because of the differences between the MINOR SCALE installation and that
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for the 6-it shock-tube tests and the greater protection provided for
the equipment, a somewhat different set of experimental problems
occurred during MINOR SCALE. The most Sserious problem was a large, long
time constant transient in the X-ray detector signal. Although the X-
ray system subsequently recovered, this produced a complete loss of data
during the most important part of the event. On the other hand, the mmw
system apparently suffered no problems; there was no loss of phase lock

and no apparent antenna motion effects.

Because of the longer path length, there was measurable mmW wave
absorption during MINOR SCALE. This was sufficient to permit a
separation of mmW phase and amplitude data into air and dust density
estimates. 1In effect, the mmW absorption took on the role of the X-ray

absorption measurement.

2. MINOR SCALE RESULTS.

2.1 pmW Results.

Figure 49 presents the mmW phase and amplitude records. The
phase and absorption tend to track each other, which, because air
produces no appreciable absorption over this short a path length, means
that most of the phase shift change is due to dust loading. Because
there was no significant phase shift associated with the brief increase
in attenuation at about T + 1 s, it was presumably caused by a large
opaque object (or swarm of objects comparable to the rf wavelength in
circumference) passing through the mmW beam. This did not affect the

measurements.

Figure 50 shows the long term mmW phase and attenuation
results. There were several more-or-less discrete events or episodes
that have been identified as being reduced by crater ejecta falling
through the beam. A simple analysis can be made invnlving the time of
flight of ejecta particles, which can be measured directly from Fig-
ure B-3, plus assumptions concerning the drag coeff.cient of particles

large ens>ugh in terms of wavelength to produce a low r2tio of phase
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Figure 49. MINOR SCALE mmW phase and amplitude records. N
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Figure 49.

MINOR SCALE mmW phase and amplitude records (Concluded).
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Figure 50. Long-term mmW phase and amplitude records.




0 T 1 T T T 1 T T T T T

Cr {b) f ATTENUATION

MAJOR EJECTA EVENTS

o r|| /// T .
| My o

A it il - f

o TIME — seconds
(]

>
s
- -

Figure 50. Long-term mmW phase and amplitude records (Concluded).

" 116

POOOC I MY N



} X
1
.
h
f
0
shift to attenuation. The results of this analysis are consistent with EE
0.5- to 3-cm diameter ejecta particles having ejection velocities and é
angles in the range of 100 to 250 m/s and 16 to 61 deg. f
' The increased fluctuation levels of phase and amplitude at
} late times compared to the pre-event level shows that fluctuations in
air/dust density caused by turbulence and irregularities in the flow and
by fallout continued throughout the recording interval up to T + 25 s. :v
However, the mean level of dust loading fell to a small fraction of the
| air density as the phase shift approached its baseline value. For the é?
ambient conditions at shot time, the calculated baseline phase shift is 5:
3.69 radians. Because of the low density of the helium-air mixture in fg
the bag, the preshot phase shift should have been about 20 percent of .
this value, and there should have been a shift of about 3 radians from E.
the pre-event value to the late-time postevent level. However, the -
observed shift was close to zero radians. This discrepancy is probably BJ
caused by water vapor that had been released from the soil by solar 8
' heating and trapped under the bag. :
9
E As noted in the main text, water vapor has a strong effect on :'
¢ phase shift because water vapor molecules are easily polarized. At 1000 ?
hours, 2 hours 20 min before To' t?e tempefature and relative humidity ~
in the bag were reporsed to b? 120 F (48.9 C) and 20 percent. Somewhat ::
earlier they were 110 F (43.3 C) and 30 percent, respectively. Both ;:
4 readings correspond to a vapor pressure of about 27 mbar compared to
10.2 mbar for the ambient air (Table 1 in the main text). >
; The amount of water vapor required to make up 3.7-radians t
: phase shift can be calculated using Eqs. (14) and (28). At 149°F Eﬁ
(65.C). the required vapor pressure is e = 71 mbar, which corresponds to b
. a relative humidity of r = 39 percent. An unverified report stated that Ef
: all the temperature se?sors 1n.the bag had exceeded their maximum Sa
E recording level of 147.F (63;9 C) and that the temperature in the bag :k
could have reached 160 F (71 C). At that temperature, the required
values of e and r are 79 mbar and 22 percent, respectively. We conclude o
: >
; N
. po,
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that sufficient water vapor was present to account for the lack of a

baseline shift.

2.2 X-Ray Results.

The X-ray detector was seriously affected by the blast and no
useful data were obtained. Figure 51 presents the X-ray detector
signal as recorded. It was not possible for safety reasons to operate
the X-ray system after the bag deployment began, so the higher X-ray
signal level with helium present had to be estimated a priori. Although
the pre-event level was set slightly too high into the digitizer,
leading to the clipping seen before To in Figure 51 (a), this would not
have affected the measurement. The long-term data shown in Figure 51(b)
were not affected by the high gain setting because they were

obtained from a backup analog recorder.

The serious problem was the transient that occurred just
after shock wave arrival, during which the X-ray detector signal first
went negative and then followed a long-time constant quasi-exponential
decay. Note that the X-ray system continued to operate during this
transient, as evidenced by the 120-Hz ripple from the X-ray source.
Attempts to recover data from the leading edge of the shock wave and
from after about T + 1.5 s, when the signal came out of negative

saturation, were not successful.

At about T + 14 s the detector abruptly resumed normal
operation, far too late for meaningful measurements. We were not able
to find a cause for this failure, and the X-ray system operated
correctly during postevent calibrations done the next morning. No
anomalies were seen on the X-ray tube voltage and current monitor
signals, so that potential source of the problem was eliminated. 1In
addition, we were not able to reproduce this problem by interrupting the
power supplies to the detector preamplifier, and the like, nor did it

recur during testing in the 6-ft shock tube. The later arrival time of




TIPS ol PO W WO NG W T Y T TR T I X X A i X S R W L ™ i S S S
DIGITIZER OUTPUTS — counts DIGITIZER OUTPUTS — counts

1000

-1000

RELATIVE TIME — seconds

1 2

4 5

L

3
L L L
(s} REAL-TIME DIGITIZER OUTPUT ___
AT 10-kMz SAMPLE RATE

H —
—
] [ A I S N A
T T [ T 1 1T T [ T
{b) DIGITIZED FROM ANALOG RECORDING ]

L]

AT 1-kHz SAMPLE RATE

N BT

10

20

RELATIVE TIME — seconds

Figure 51.

L 4 - - - - - -
B P e e Ty e A L T T T AT T A T T T

X-ray detector output.

119

£, 7, ",

- P e

ey

>y ¥ P B>

T T

T8 NP E Ll



- - - - -

AN g

the shock wave at the bunker eliminated the data-acquisition system as a

possible source.

The probable source of the problem was discovered later
during the air-absorption calibration runs. We believe the cause was an
intermittent connection between the photodiode and its preamplifier
owing to a defective coaxial connector. Disconnecting the diode from
the preamplifier produced transients similar to that observed during the
test. This problem has been repaired.

2.3 Air- and Dust-Density Estimates.

The relatively large amount of mmW absorption (which is a
result of the long measurement path used for MINOR SCALE) makes it
possible to separate the data into mean air- and dust-density estimates.
However, this requires knowledge of the absorption coefficient of dust,
which is virtually impossible to obtain accurately through independent
calibration because of its sensitivity to moisture content. The loss-
tangent factor in Eq. (18), which relates absorption to dust density, is
the sensitive term. Note that unlike the X-ray situation, the dust
density 1is proportional to mmW absorption alone. Thus the accuracy of
the dust density estimate is determined by only one calibration factor
by itself, rather than the two required for the X-ray approach.
Estimating air density does require two factors, but one of them (phase
shift because of air) is well known, which improves the overall
accuracy. Although use of mmW data alone reduces sensitivity to
calibration errors, the smaller magnitude of the mmW absorption compared

to X ray tends to decrease overall accuracy.

Calibration of the mmW absorption factor was obtained from
the test data themselves. At late times, the air density should have
returned to near its ambient value, so any changes in mmW amplitude and
phase should track one another, as indeed they do as noted above. Thus
a regression analysis similar to that used to verify the ratio of X-ray
absorption to mmwW phase (Section 2.5.5) can be applied to obtain the

relationship between mmwW absorption and phase. Then the calibration
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factors relating air and dust densities to phase shift (Section 2.5) are
used in the final step. The result of a regression analysis between mmw
attenuation and phase appears in Figure 52 . A value of 12.8 radians/
neper for the slope was calculated, which corresponds to a loss tangent
of about 0.002 for this material. These are reasonable values and were
used to estimate the mean dust and air densities.

Figure 53 presents the final results of this analysis. As
described above, there is no significance to the pre-event air density
estimate because of the effect of the helium/air/water vapor mixture on
mmW phase shift. In Figure B-6(b) the mean air density in the T + 300-
to T + 400-ms interval has been set to its ambient value of about
1 x 10—3 g/cm3. The positive phase of the shock wave ended at about
T + 400 ms. The mean dust density was 0.3 x 103 g/cm3 initially, and
then rose to 1.5 x 10‘3 g/cm3. The peak mean air density was 1.5 x

10-3 g/cm3 above ambient.

These results could be affected by the anomalies in the
detonation that produced a shock wave normal pointing 10 deg away from
the axis of the precursed radial. The experiment was designed under the
assumption that the shock wave normal would be perpendicular to the
measurement path in order to maximize spatial resolution. However, the
combination of a long path (19.5 m) and the large angle (10 deg) means

that there was about a 4-m-length component of the path normal to the
shock front.

The measured mean air or dust density in the shock wave can
be expressed as a convolution of the actual density and a rectangular
waveform. Let p(t,x) = p(t - x/c) be true actual mean density, where
X = distance along shock front normal and ¢ = shock front velocity.
Then the measured density along a path of Length L inclined at an Angle
X to the shock front will be

- _ 1 _ X
p(t) = L J p t c dl
(o]
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Figure 53. Dust and relative air-density estimates.
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L sin X
—c ¢
=L sin X [ p (E-T)dr
[
= [ p(t-1)u(r)dr (B-1)
-0
—_c X
L sin X 01T <L sin p .
u(r) =
0 otherwise

The duration of the rectangular function, which in the limit X » O
becomes a § function, is T = L sin X/c. For MINOR SCALE in the
precursed radial at 30 psi, L = 19.5 m, X = 10 deg, and ¢ = 640 m/s, so
= 5 ms. This is not an appreciable length of time compared to the
duration of the shock wave, whose pressure waveform somewhat resembles a
sharp—-fronted exponential decay with a time constant of about 90 ms.
However, details shorter than 5 ms (3.4 m) will be smeared out by the

convolution.

In theory, it 1s possible to deconvolve these data to recover
p(t). 1In practice, ever small amounts of noise and experimental errors
tend to thwart attempts at deconvolution. We note that use of a shorter
path length (2 m, say) would have essentially eliminated this effect
while still providing enough phase shift for accurate measurement (but
not enough for mmW absorption--X-ray absorption measurements would be

needed).

2.4 conclusions.

In spite of loss of X-ray data because of equipment
malfunction, it was possible to obtain estimates of mean air and dust
densities from the mmW data alone. Good mmW data were recorded on MINOR
SCALE. The dust loading in the leading edge of the shock wave, which
arrived at T + 153 ms, was about 0.3 x 10~3 g/cm3. In the interval

125%
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between T + 153 ms and T + 230 ms, the air density stayed relatively N
constant in the range of about 1 to 1.5 x 10-3 g/cm3. after which it
rose above 2 x 10_3 g/cm3 and then fell to its ambient value. At about ?

T + 250 ms the dust density rose to about 1.5 x 10-3 g/cm3. f

Corrective actions have been taken to solve the problems
encountered on this test. It is recommended that future installations X
of this experiment utilize a significantly shorter path length (i{.e., 1 ot
to 2 m). The installation in the test bed can be greatly reduced in

size as well, and use of long cable runs should be avoided. :f
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