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their assistance in conducting tests at the TRW four-inch shock tube facility. Y
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ing the preparation of this document. N
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CONVERSION TABLE

~

Conversion factors for U.S, Customary to metric (SI) units of measurement.

[ Py

MULTIPLY - BY + TO GET
b TO GET +— BY « DIVIDE
angstrom 1.000 000 X E ~-10 meters (m)
‘fa'; atmosphere (normal) 1.013 25 X E +2 kilo pascal (kPa) .
¥ bar 1.000 000 X E +2 kilo gascal (kPa)
L barn 1.000 000 X E -28 meter? (m?)
43 British thermal unit 1.054 350 X E +3 joule (J)
. > (thermochemical)
' calorie (thermochemical) 4,184 000 joule (J)
cal (thermochemical)/cm? 4.184 000 X E -2 mega joule/m? (MJ/m?)
N curie 3.700 000 X E ¢! giga becquerel (GBq)* -
i degree (angle) 1.745 329 X E =2 radian (rad) »
degree Fahrenheit T =(e*£+459. 67)/1 8 degree kelvin (K) .
C slectron volt 15602 19 X E -19 joule (J) 5,
% erg 1.000 000 X E =7 joule (J) .
! erg/second . 1.000 000 X E -7 watt (W) ”
foot 3.048 000 X E -1 meter (m)
! foot-pound-force 1.355 818 joule (J) :
Y gallon (U.S. liquid) 3.785 412 X E -3 meter? (m?) '
' inch 2.540 000 X E -2 meter (m) !
. jerk 1.000 000 X E +9 joule (J) i
‘: joule/kilogram (J/kg) 1.000 000 Gray (Gy)*% i
’ (radiation dose absorbded) d
kilotons | 4,183 ' terajoules
. kip (1000 1bf) 4,448 222 X E +3 newton (N) .
N kip/inch? (ksi) 6.896 757 X E +3 kilo pascal (kPa) "
Y ktap 1.000 000 X E +2 newton-second/m? :
b, (N-s/m?)
bt micron 1.000 000 X E -6 meter (m)
ail 2.540 000 X E -5 meter (m)
& mile (international) 1.609 344 X E +3 meter (m) !
~ ounce 2.834 952 X E -2 kilogram (kg) :
N pound-force (1bf avoirdupois) | 4.448 222 newton (N) '
. pound-force inch 1.129 848 X E -1 newton-meter (Nem) .
y pound-force/inch 1.751 268 X E +2 newton/meter (N/m) )
pound-force/foot? 4.788 026 X E =2 kilo pascal (kPa) .
pound-force/inch? (psi) 6.894 757 kilo pascal (kPa)
4 pound-mass (lbm avoirdupois) 4.535 924 X E -1 kilogram (kg)
A pound-mass-foot? 4.214 011 X E =2 kilogram-meter? !
(moment of inertia) (kg*m?) .
: pound-mass/foot? 1,601 846 X E +1| kilogram/meter? y
¢ (kg/m3) K
o rad (radiation dose absorbed) | 1.000 000 X E -2 Gray (Cy)w*s )
roentgen 2.579 760 X E -4 coulomb/kilogram -
(C/kg)
shake 1.000 000 X E -8 second (s) .
slug 1.459 390 X E ! kilogram (kg)
p corr (mm Hg, 0°C) 1.333 22 X E -1 kilo pascal (kPa) '
R .‘
* The becquerel (Bq) is the SI unit of radiocactivity; | Bq = | event/s. '
A **The Gray (Gy) 1is the SI unit of absorbed radiacion. .
K A
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SECTION 1 8
INTRODUCTION R
Lo
Current technology related to high yield nuclear weapons and the increased targeting '
)
accuracy with which such weapons can be directed has given rise to the Hardened }Q
. Mobile Launcher (HML) concept of basing small ballistic missiles. The Defense ~
) Nuclear Agency (DNA) along with several other agencies has been performing testing Nﬁ

L4

programs aimed at better defining the thermal precursor environment to which an HML
could be exposed. Explosive simulation tests conducted by DNA include MINI SCALE 1 W

and 2 and, subsequently MINOR SCALE. These tests were designed to simulate the E’

airblast and ground motion environment related to a nuclear explosion. N
; To support the simulation effort, National Technical Systems (NTS) engaged in a -S'
flow-field instrumentation development program sponsored by DNA under contract DNA- E:
001-84-C-0441. Specific flow-field quantities of interest included sound speed, ;;

flow velocity and flow angle. Much of the effort focussed on the development of an B
ultrasonic system to measure sound speed. As a result of the expected configuration -

of the system it was felt that simultaneous measurements of flow velocity and flow i

angle could also be obtained. In addition to the ultrasonic system, attention was ;?
given to the design of a novel three-dimensional flow direction gage and the devel- "

opment of a rugged pressure transducer capable of surviving in the blast-generated R

flow environment. ."r;

.
A1l of these concepts were developed as much as possible over a four month period ‘!
leading up to installation of prototype models in the MINI SCALE 2 field test in %

X late February. The results of the development effort and the MINI SCALE 2 test are 2
E presented in this report. if
2)
1.1 HISTORICAL BACKGROUND. ~
3

Interest in the measurement of sound speed and flow orientation date back to invest- ;“
igations of surface effects related to the detonation of nuclear weapons in the mid i:

1950's. The general goal of the early studies was to provide information on how !

different surface conditions affect the formation of a thermal layer and an associ- .

ated precursed pressure waveform. Some brief background information pertaining to E:

past performance on early instrumentation is presented below. v

“»H‘i#n 0 's,.u "¢ )%



1.1.1 Sound and Flow Speed.

Measurements of sound and wind speed were attempted with a SWASSI gage (Sonic Nind
And Sound Speed Indicator) developed by Sandia Corporation in operations TUMBLER-
SNAPPER, IVY and UPSHOT-KNOTHOLE (Reference 1). The device consisted of a speaker-
microphone system with electronics that enabled the measurement of transit times in
two opposite directions; the average being the acoustic pulse travel time and the
difference being twice the travel time of a flow disturbance.

The second source was a rotor-stator type pulsed siren with a typical pulse duration
of 400 msec. Timing signals to mark the emission of each pulse were produced by a
stator-mounted coil and a rotor-mounted magnet.

The devices installed on operations TUMBLER-SNAPPER and IVY performed poorly as a
result of the inability of the sound source to overcome shock-generated noise. This
problem was caused by the need to transmit a sound pulse close to the ringing fre-
quency of the receiver in order to obtain the desired sensitivity. Modification to
the devices on operation UPSHOT-KNOTHOLE consisted of a more powerful siren capable
of obtaining the necessary received signal levels at a frequency approximately equal
to half. the ringing frequency of the receiver. The modification apparently solved
the noise problem but difficulties related to the physical mounting of the siren,
line voltage delivered to siren motor and the electromagnetic transient associated
with the nuclear detonation prevented the measurement of data following shock ar-
rival.

1.1.2 Flow Direction.

1.1.2.1 Vane Device. A vane-type flow direction gage developed by J.W. Wistor of
Sandia Corporation was fielded on operations TUMBLER-SNAPPER and TEAPOT (Reference
2). The gage consisted of a small vane mounted on a damped torque shaft. The shaft
was supported by two sealed bearings. Connection of the torque shaft to small
potentiometer allowed variations in vane orientation to be read directly as voltage
changes. Reorientation of the vane required 3 to 7 msec depending upon vane size,
dynamic pressure level and amount of reorientation required.

Poor results in the field on operation TUMBLER-SNAPPER led to a sturdier design on
operation TEAPOT. Except for gages eliminated by the zero-time transient, all of

NI
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the gages were judged to have performed satisfactorily on operation TEAPOT. A
cross-sectional drawing of the gage is provided in Figure 1.

1.1.2.2 Drag Body Acceleration. A device to measure flow direction utilizing
multiple, internally mounted accelerometers within a metal sphere was proposed by
Systems, Science and Software Inc. in a study to review airblast instrumentation
(Reference 3). A development project to design a dynamic pressure gage utilizing
the same approach (accelerometer mounted in a spherical body) was only partially
successful.

One of the most difficult problems encountered in the project involved avoiding
resonance between the accelerometer and one of the natural frequencies of the
sphere. Minimization of the effects of spherical vibrations resulted in a complex
composite sphere construction. Prototype gages also exhibited variations in rise
times of their response. This nroblem was most likely related to the character-
istics of the elastically-mounted accelerometer.

1.2 REPORT ORGANIZATION.

A description of the development and testing effort leading up to the design of an
ultrasonic gage to measure sound speed, flow velocity and flow angle is presented in
Section 2. Section 3 provides a summary of the concepts that formed the basis for
the design of the NTS flow direction gage. A brief description of an electrolytic
pressure gage under development at NTS is given in Section 4. The three gage de-
signs described in Sections 2, 3 and 4 were fielded in MINI SCALE 2. The results of
this test are reported in Section 5. Following MINI SCALE 2, additional research
was undertaken to harden the ultrasonic receivers againt the combined effects of
shock wave passage and particle impacts. This effort is described in Section 6.
Finally, in Section 7, conclusions are drawn concerning the success of the develop-
ment program and recommendations are made regarding future areas of investigations.
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f Figure 1. Cross-section of flow direction gage installed on

operation TEAPOT, 1955.
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b
SECTION 2 "
DUSTY GAS SOUND SPEED AND FLOW VELOCITY ey
&

The approach taken in the development of instrumentation to measure sound speed and -
flow velocity was based on theoretical evaluations of the propagations of an acous- ”
tic disturbance within the flow. The basic system considered consisted of an ultra- ﬂ{

sonic transmitter and an array of receivers as shown in Figure 2. In the operation oo
of the system, a pulse is assumed to be sent from the transmitter at a known time, e
ty, and received by the cross-flow receivers, Ry, Ry, R3 and Rg, at respective times

L ty, t2, t3 and t; with respective peak amplitudes A;, Az, A3 and A4. The determina- :
tion of pulse transit time and received signal amplitude is a function of path 2
length, local flow velocity, local sound speed, flow angle, transmitter beam profile
and transmitted pulse characteristics (frequency, duration, amplitude, impedence).

l‘l‘
S

L ien aa ma an g o

In general, the method of reducing data obtained by such a system is dependent upon F:_
. d

the profile of the transmitted pulse wave front. Theoretical data reduction equa- ;:

tions are developed in this section for planar and spherical wave fronts. '
The remainder of Section 2 presents the results of the ultrasonic sound speed and :;

flow velocity gage development effort. Theoretical data reduction relationships are >
derived in Section 2.1 for pulses with planar and spherical wave fronts. Detailed P
investigations into the characteristics of the transmitter and receiver chosen for :}

evaluation are summarized in Section 2.2. Operation of the system in a low velocity tf

flow environment is reported in Section 2.3 for flow in clean air and in a dusty ZE

mixture of air and flour. Finally, the design of the ultrasonic device, as in- M
' stalled in MINI SCALE 2 is contained in Section 2.4. _Qf
b :::
’ 2.1 THEORETICAL DATA REDUCTION EQUATIONS. TN
.

Derivation of theoretical relations for interpretation of ultrasonic data records is ~

dependent on the wave front propagation characteristics of the ultrasonic pulse. i
55:

()
In this study, the wave front is assumed to be either spherical or planar. A spher- 0y

1 ical wave is typically assumed to result from a point source although cylindrical o6
ring piezoelectric crystals can also generate waves that approach a spherical shape :;

within several cylinder diameters. Planar wave fronts are generally produced by N
transmitters that can generate many point sources over a planar area large in com- t;

parison to the transmitted wavelength. The shape of the ultrasonic field can be -~
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computed using Huygen's principle which provides a means of accounting for the
interaction of the many spherical sources generated on a plane at any point some
distance away from the plane. Generally, this results in a specific minimum range
of distances from the transmitter face, between which the wave front is planar. As
the distance from the transmitter is increased beyond this range, the wave front
becomes more spherical until, at large distances, it is indistinguishable from a
point source.

2.1.1 Theoretical Data Reduction for Planar Wave Fronts.

The general approach to the interpretation of ultrasonic receiver data for planar
transmitter pulses is shown in Figure 3. In the figure, the flow behind the blast
wave is assumed to be parallel to the alignment of the four receivers. A more
general condition will be discussed later. [t is assumed that there is no flow
disturbance related to the details of the flow behind the blast wave or the blast
shield structure housing the ultrasonic transmitter and receivers.

As shown in Figure 3 for one-dimensional flow between the blast wings, a planar
acoustic pulse emitted at the transmitter produces a local pressure disturbance in
the flow between the blast wings. This disturbance propagates across the blast wing
space, D, at the speed of sound of the flow medium, c. However, the fact that the
medium is in motion causes the disturbance to migrate in the flow direction. The
average flow velocity, u, can be calculated by dividing the downstream ultrasonic
beam displacement, Z, by the transit time, At, needed by the pulse to travel the
distance D. The downstream beam location is determined from the ratios of the
receiver signal amplitudes and knowledge of the transmitted beam profile. Two
received signals are required to locate the displaced pulse.

Extension of the data reduction methodology to two-dimensional flow conditions
between the blast wings is straightforward provided that a sufficient number of
receivers are present to track the deflected beam. Also, the addition of another
dimension necessitates the use of a three-dimensional transmitted beam profile in
order to accurately determine the location of the center of the transmitted pulse.
This theoretical approach to data reduction is shown in Figure 4.

In this case, there is a vertical comoonent of flow with a velocity calculated by
dividing the vertical displacement distance av, by the transmit time, At, of the
ultrasonic pulse.
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Figure 4.

DIRECTION OF BLAST
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PULSE TRANSMITTED AT TIME, T,, RECEIVED AT TIME, T

1 2

AH AND AV DETERMINED FROM COMPARISON OF RECEIVED
SIGNAL AMPLITUDES WITH KNOWN BEAM AMPLITUDE PROFILE
av

FLOW ANGLE = i

v sz + AH2
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FLOW VELOCITY =

SOUND SPEED = Ty— 2y
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Determination of flow parameters for two-dimensional receiver array.
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2.1.2 Theoretical Data Reduction for Spherical Wave Fronts.

The data reduction procedure for ultrasonic pulses with spherical ultrasonic wave
fronts differs from that for planar wave fronts in that amplitude information must
be used to determine both the local speed of sound and the flow velocity. The
reason for this is demonstrated in Figure 5. The minimum transit time for the pulse
is determined from the arrival of a signal at a single location on the receiving
face. If the pulse arrival location does not correspond to a receiver position then
the relative amplitudes of the received signals, as well as the time of arrival of
those signals, must be used to determine the minimum transit time.

If the ultrasonic wave front is perfectly spherical, two leading edges, one travel-
1ing upstream and the other travelling downstream, of the pulse will progress along
the face of the transmitting wing. The upstream traveling edge will propagate at c-
u and the downstream traveling edge will propagate at ¢ + u. Once the pulse has
travelled the distance D, a similar condition will exist on the receiving wing. As
indicated in Figure 5, the wave front will propagate in an upstream and downstream
direction from the point of first contact at rates v, and v4, where

= c4fl '(Pc—t).z -u (1;

<
]

4= Vu? 2u (2)

<
[}

For flow conditions in which the local Mach number is greater than 1.0 (u > c) there
is no upstream propagation velocity. To further illustrate the effect of Mach
numbers, a plot of arrival times versus location on the receiver face for Mach
numbers ranging from 0.5 to 2.0 is provided in Figure 6.

The use of spherical waves, in a blast wing configuration as previously discussed,
necessitates an alternate type of data reduction. As shown in Figure 7, if the time
difference between the transmission of a pulse and reception of a pulse is plotted
as a function of the receiver location, a minimum point can be estimated. This
point has, as its abscissa, the location on the receiver wing of the initial pulse
arrival. The ordinate of this same point represents the travel time of the leading
edge of the pulse center line to the receiving side. Once these two quantities are
known, the calculation of acoustic velocity and flow velocity is straightforward as

is indicated in the figure.
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Extension of the spherical data reduction equations to accommodate a two-dimensional
receiver array is straightforward In addition to a plot of arrival time versus
downstream receiver location, Y, a plot of arrival time versus vertical receiver
location, Z, is needed. The minima associated with these two curves allow the
calculation of the downstream and vertical flow components. The minimum ordinate of
either curve can be used to determine the sound speed as the minimum travel time
must be the same for the Y and Z axes.

2.2 INVESTIGATION OF TRANSMITTER AND RECEIVER CHARACTERISTICS.

After considerable review of the numerous types of ultrasonic transducers readily
available, several candidate receivers were selected. The choice of transmitter was
dictated by the requirement that output power be maximized to aid in overcoming
blast generated noise. Receiver selection was governed by size and response fre-
quency considerations. The transmitter chosen was a Par-Sonics 4012 B and the
receiver selected was a Massa Products Corporation Model TR-89/B Series. Sketches
showing the relative sizes of these two transducers along with some of the more
pertinent specifications are shown in Figures 8 and 9. Both of these transducers
utilize piezoelectric-crystals as the primary active element.

In order to better understand the physical characteristics of the ultrasonic trans-
mitter, several tests were undertaken to investigate the spatial variations in beam
power and phase. Measurements for the sensitivity experiments were conducted with
the Massa Corp. receivers so that the results could be used directly in developing
the configuration of future blast wing test structures and in providing information
on received pulse profiles for data reduction purposes.

Initial efforts in the development of the ultrasonic system were directed towards a
resonant system in which the transmitter and receiver operated at a single frequency
that was close to their respective resonant frequencies. However, the response
bandwidth of the receiver was widened to enable filtering of frequencies other than
those of interest. It was hoped that the efficiencies in energy transmission of
such a system would alleviate many of the signal noise problems related to blast
effects and shock-wave passage.
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2.2.1 Profile of Received Signal Amplitude.

In order to ascertain the power profile of the transmitter, a simple experiment was
performed to measure the variation is received signal strength with increasing off-
axis receiver placement. The experimental arrangement and plot of signal strength
versus distance from the centerline of the transmitter is presented in Figure 10.
As can be seen in the figure, the signal strength is maximized when the centerlines
of the receiver and transmitter are aligned. Signal strength decreases to approxi-
mately half of maximum value after an off-axis movement of 1.0 inches. At an off-
axis distance of 2.0 inches, the signal strength is reduced to only 10% of the
maximum value.

The results indicated that the beam being transmitted was very narrow, having nearly
all of its signal confined to the limits of the 2.125-inch diameter BUNA-N window
(refer to Figure 8). Of course, this is not a true profile because of the fact that
a 1.00-inch receiver was used to sense the signal. Pin-like sensing probes are
generally used for accurate profile determination. However, as mentioned earlier,
the profile obtained was indicative of anticipated field data. The same signal
strength profile was measured for different transmitters and for the same trans-
mitter rotated 90° in its mount in 15° to 20° increments. The uniformity of the
results indicated that separate calibration efforts to determine optimum orientation
for each transmitter would not be necessary.

Another piece of information gained during these tests related to the maximum re-
ceived signal amplitudes that might be attainable. The transmitter was excited by a
3V peak-to-peak sine wave with a frequency equal to the transmitter's resonance
frequency. The peak signal received was 2mV. Scaling this value up to the maximum
450V peak-to-peak excitation cited in the specifications revealed that maximum
received signal amplitude could be on the order of 300mv.

2.2.2 Profile of Received Signal Phase.

Following the investigation of signal power profile, the same test arrangement was
used to measure the variation in received phase with distance off the transmitter
centerline. This measurement was very important because it determines the degree of
planarity of the transmitted beam and thus provided an indication of which data
reduction scheme was most appropriate. The separation distance between the faces of
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the transmitter and the receiver was set at 6 inches. The results of these measure-
ments, presented in Figure 11, indicated that the wave front was very planar within
an off-centerline distance of approximately + 1.0 inch. Beyond this off-axis excur-
sion the transmitted beam exhibited a shift in phase that was nearly proportional to
the distance moved in excess of 1.0 inches.

Using this information, along with that provided by the received signal profile, it
was concluded that the structural configuration of a system using these transducers
would be based on a 2-inch diameter cylindrical beam with signal strength at its
centerline equal to twice that of its outer most points.

2.2.3 Development of Optimal Pulse Profile.

The next tests in the investigations of general beam characteristics were directed
at producing a pulse from the transmitter that would meet the operational require-
ments of the proposed ultrasonic system. The three critical aspects of pulse gener-
ation that were focussed upon were pulse rise time, pulse duration and decay time.
The goal of these tests was to minimize rise time and decay time while precisely
controlling the pulse duration.

Several prob\éﬁs became immediately apparent during initial efforts related to the
shape of the received pulse obtained by driving the transmitter with one single
electrical pulse.

This approach was not very successful primarily due to the fact that the pulse was
of long duration and did not possess any characteristics that would make it easily
recognized in even a minimal noise environment. An example of such a waveform is
presented in Figure 12a. The low rise time of approximately 30 to 35 cycles (0.75
msec to 0.88 msec) makes identification of the pulse arrival time highly dependent
upon ambfent noise levels. Once the pulse had reached its maximum signal level, and
remained at that level for approximately 0.25 msec, an exponential decay was ob-
served. The total pulse duration was close to 1.5 msec.

This wave shape was improved upon significantly by making two changes in the manner
the transmitting crystal was excited. First, to improve rise time characteristics,
the driving voltage was applied for two cycles at intervals equal to half the natur-
al period of the crystal so as to drive the crystal in its expanding mode and also
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Figure 11. Par-sonics 4012.B transmitter beam phase angle profile.
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in its contracting mode. Secondly, to decrease the decay time, a feedback circuit
?ﬂ was added to provide electronic damping of the ringing oscillations. The final
. pulse shape is shown in Figure 12b.

2.3 SENSITIVITY OF SIGNAL TRANSMISSION TO PRESSURE AND DENSITY.

As the goal of this development effort was to produce a system capable of operating
in a helium-generated precursor environment with a nominal 30 psi overpressure,
tests were performed in a small, pressurized, anechoic chamber to investigate the

effects of pressure and helium concentration on transmission characteristics. A

sketch of the experimental apparatus is shown in Figure 13. Twenty tests were i
conducted with four different gas mixtures (0%, 33%, 67% and 100% helium) and five '

P, different pressures (0, 5, 10, 20 and 30 psig). Measurements were made of received |
signal strength and pulse travel time. The results of these tests are tabulated in f
Table 1. '

It is apparent from the data in Table 1 that the introduction of a helium atmosphere
into the anechoic chamber can greatly decrease the received signal strength. The
calculated change in sound speed with helium concentration, based upon the measured
travel time and a 20cm separation distance, is plotted in Figure 14. The shaded
L region on the plot does not reflect an effect of pressure on measured sound speed.
Rather, it is an indication of the error in the measurement when the amplitude of
f? the received signals is very Tow. The amplitude of the received signal, as has been ¢

shown by the results in Table 1, is highly dependent upon the helium content. This
’f dependence can be partly explained by considering the mechanism for imparting energy .
‘3 from the crystal to the gas. The efficiency of energy transmission depends upon the :
% degree of mismatch in'the mechanical impedances of the gas and the piezoelectric :

crystal. Mechanical impedance, Ry, is defined as

o Rm = JEp (3) .
4

bulk modules of the material

m
"

material density
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Under ambient conditions, the pressure transmitted through the gas should decrease
substantially in going from 100% air to 96% helium since both E and g are decreas-
ing. This effect is borne out by the observed decrease by a factor of 8.75 in the
anechoic chamber tests. This effect is displayed graphically in Figure 15 as a plot
of received signal amplitude versus gage pressure for the four air-helium mixes.

The effect of pressure on received signal amplitude is more or less independent of
helium concentration. This was born out by replotting Figure 15 to show the effects
of pressure on received signal amplitude normalized by the amplitude at zero gage
pressure as shown in Figure 16. It appears that the data for 100% helium are incon-
sistent, but this is most likely attributable to the very low signal levels assoc-
iated with the mixture and the potentially large percentage changes that result from
very small experimental variations measured signal.

The primary reason for the reduction of received signal amplitude at high helium
concentrations is the greater impedence mismatch between the less dense mixture and
the surfaces of the transmitter and receiver. This characteristic can be used to
provide a means to check the concentration of heljum used in the anechoic chamber
tests. To quantitatively examine the effect of gas density on transmission and
reception characteristics, measured received signal 1levels were expressed as a
fraction of the maximum signal received with 100% air. Table 2 summarizes the
results of this calculation for the five different pressures tested.

As can be seen in Table 2, each gas mixture has a particular range of signal ratios.
The ratios corresponding to 100% helium again show the greatest percentage variation
due to the experimental variations at the smaller signal levels. However, closer
examination of the values calculated for the 100% helium mixture indicated that
actual helium concentration was probably 95% to 97%. This is not too surprising
considering that in order to reduce reflected signals the interior of the anechoic
chamber was lined with porous foam that may have trapped air from previous tests.
The slow release of this trapped air, combined with the possibility of very small
leaks could easily have caused the small deviation in helium concentration.

2.4 LOW VELOCITY FLOW MEASUREMENTS.

After the investigation of transmission and reception characteristics had been
completed, a test fixture was constructed to evaluate the performance of the trans-
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mitters and receivers in clean and dusty flow. The test section fabricated for é:
these tests consisted of a 6-inch square aluminum tube with nominal wall thicknesses ﬁ;
of 0.25 inches and a 0.5 inch wall thickness near the point of flow entry into the %
test section. Airflow through the tube was provided by a 1700 cfm axial-flow blower. "

’ A sketch of the test section is shown in Figure 17.

The flow fixture is shown in Figure 17 with a nominal 2-inch pipe section extending
from the back end. It was originally thought that this modification would allow
Q easy connection to a high pressure source for the conduction of venting tests.
However, schedule and funding restrictions limited the tests to those conducted with
the blower. For the blower tests, the back plate was completely removed to reduce
the flow losses caused by the abrupt change in cross section between the blower and
the test fixture.
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The tests performed in the low velocity flow fixture were designed to evaluate ff

several key aspects of the proposed ultrasonic system:
: X
: 1) ability of turbulent flow to cause perceptible downstream deflection of N
the ultrasonic pulse; P
o
'k

2) potential adverse effects related to the presence of mechanical vibrations
in the receiver mountings;

3) the accuracy of using the ultrasonic system to estimate flow velocities;

: and ;
*.
~

’ 4) what effects the addition of particulates to the flow will have on the E

operation of the system. ~

2.4.1 Clean Flow Tests 3

Initial tests in the Tow-velocity flow apparatus were conducted without introducing N
particulates into the flow. Of particular concern during these tests was the poten- N

. tially adverse effects of mechanical vibration on the performance of the receivers. "
The blower was connected to the test fixture in such a way as to transmit any vibra- EM

tional motions resulting from the operation of the blower directly into the walls of ~

] the test fixture and into the receivers. The installation of the receivers into the ::
)
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E wall of the test fixture was performed with special attention given to isolating the

; receivers from direct mechanical vibration in a manner that could be easily imple-

! mented in future tests. Vibration isolation was provided by casting a 0.13-inch
thick layer of synthetic rubber around the receiver.

Inftial check-out of the ultrasonic system in the test fixture revealed a serious
problem with reflections. The bare aluminum walls proved to be an efficient reflec- X
tive surface. This problem was easily eliminated by reducing the pulse repetition
rate such that reflections had a chance to die out between pulses. Limitations
imposed by the presence of reflections was a problem that became more apparent as
testing progressed.

LIRS

[ RS ) ~

. Some received pulses for the cases of no flow and full flow are shown in Figure 18a
and 18b, respectively. The maximum effect of mechanical vibration on the received
signal is seen to be limited to approximately + 13 mV or approximately + 7% of the
full scale measurement. Estimates of flow velocity were calculated based upon
3 observed changes in received signal amplitude and the earlier test data on transmit-
,1 ted signal power profile. These measurements were then compared with flow veloci-
. ties measured directly at the exhaust end of the test fixture with a calibrated vane

L SCTYYeY S

[
. Gl

device.
[ 4
‘ Measurements of the exhaust flow indicated a maximum clean-air flow velocity of 70 E
; fps + 4 fps. This indicated that the system was encountering losses in flow energy &«
; of approximately 48% based upon calculations of flow velocity required to pass the X
maximum volume rate of the blower through a 0.21 ft2 area. An evaluation of potent-
3 fal causes of the fnefficiency revealed that nearly all of the losses could be KX
N attributed to the blower not meeting its specifications and large abrupt cross- -
. sectional variation at the interface between the blower and the test fixture. No N
_ methods were available to alleviate these problems. However, measurements were made .
X to test the ability of the ultrasonic system to measure flow velocity even through N
' the flow much lower than desired. Based upon amplitude shifts under maximum flow, ::
flow velocity was estimated to be 64 fps + 4 fps. One explanation of the large i:
" error is related to post-test investigations that revealed a possible uncertainty of
' .06 inches in receiver location. E
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Figure 18. Comparison of received pulse with and without blower
running. g
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2.4.2 Dusty Flow Tests.

The goals of the dusty flow test were to determine the effect of dust on received
signal amplitude, verify the ability of the system to measure flow velocity fn a
dust-laden mixture and to estimate the errors to be expected from the increase in
signal noise levels due to particulates impacting the receiver face.

Because of the method in which particulates were introduced, sand or sand-like
particles were not considered because of their highly abrasive nature. Also, sand-
1ike material immediately available was felt to be too large a size (average dia-
meters greater than 200 )m) for the type of dust-related effects being investigated.
The particulates used in the tests were wheat flour particles. Flour is a fairly
uniform material with approximately 90% by weight having a mean average diameter of
about 60 )m. Flour was introduced into the flow at the intake of the 1700 cfm
blower so that any relatively large blocks of flour could be broken up by the blades
of the blower.

There was no signal loss observed as the result of the introduction of flour into
the flow mixture. This can be seen by examining the photographs in Figure 18 of
oscillograph records of the signal received by the cross-flow receivers between
signal initiation and signal arrival. This was the expected result considering the
small size of the average particle diameter relative to the wavelength of the pulsed
signal (60 )m versus 8,600 )m). The fact that the signal wavelength is approx-
imately 150 times the average particle diameter makes the ultrasonic pulse insen-
sitive to the presence of particutates as large as those in the flour for all but
extremely high concentrations of particles. Signal loss at very high particle
concentrations is related to reduction in clear pathways between the transmitter and
recefver,

Difficulties in obtaining a well-controlled addition of flour into the test section
prohibited accurate correlation between measured noise levels and the mass flow rate
of flour. However, examination of several portions of the recorded data was done to
see if any general trends could be observed. As expected, the level of noise picked
up by the ultrasonic receiver increased wth increasing flour density and the related
fncrease in particle impacts. This trend is depicted graphically in Figure 19.

a e " e
-----------

AR

R Y A NN M 8N AT,

PR

Ll ¥ .

g X

 PAIAAE

>

AR AR

K+ |.'g;|(v"o;’-,‘.

N A

iy

TR LI ABOC |

m N

2,

'5’."&"' '

P
.l




> =y ﬂ“‘h |R e e . - j J N . -
G R AN - : sy Yws: @ y ST ot e o e —
BALAX L7, X Lo 2" . g _ PO |  ANBRAE | T

s s eTa s ala (2 o Je A

*ejep MOlJ Ssew ano|s Buiseaadul yjim apniiidwe 3siou Hupseaudul el aanby 4

MO T4 3LVd MOT4 SSYW
_ 3N0T4 4N014 INISYIUINI
; AQV3LS <+ ¥NO14 ON
| | -
™M
™
T
- 02 2
o
- o =
X r.....
L - 09 &
2 =73
L 08 S .
> A
= e
— - o0l 2 22
== ...-.l -
- 02l S Ry
|| i 3 X
’
. v
. .-V-.
A. Hn.
X
v
AVHYY ¥3IAI3D3Y ONVE-3I0IM ZHXOV © 2,
sdy 09 ATILVWIXO¥ddV ILVY MOT4 _
3 YILLIWSNVYL GNVE-MOYYVN ZHXOV © JIVINT Y1V .
P ¥3IM09 s
rr TN NOTL¥I0T ¥3ONASNVIL . .
C -~ -sn.-
¢t — G‘\ < A
¢ v b — <— R
Age M. - +— Pl
Yo LsnvHKd s
ynod + Ay JNIXIS 1S3L T ad
>.P~UO._N> ZQ._ 30.,_u_ x:o._m ”.-n-&
F K
Y
%
A - - - a’xl




........

The amplitude of the noise levels observed during the flow tests was quite large.
The maximum measured noise signal of + 80 mV was approximately 46% of the maximum
signal received from the ultrasonic transmitter. This amount of noise under condi- :j
tions that were relatively benfgn compared to those anticipated in the field caused

‘ s

Ly

§ some concerns. A signal-to-noise ratio of only 2 to 1 for dusty air flow could drop by
M

: to approximately 1 to 4 in a 100% helium atmosphere based upon the results of the .

f sensitivity tests. To try to minimize the chances of losing the signal in the n

noise, particular attention was given to increasing the power of the transmitted
5 signal to its maximum practical value and to fabricating a blast-wing housing that
would promote flow parallel to the face of the receiver in order to minimize parti-

¢le impacts.

2.5 TESTS IN THE TRW 4-INCH SHOCK TUBE.

Tests performed in the low velocity flow fixture provided some valuable insights

into the performance characteristics of the ultrasonic transducers. However, tests
- were desired under shocked, dusty flow conditions in order that the operation of the
system could be ascertained under conditions approaching those expected in an actual -
high-explosive simulation. Arrangements were made with TRW personnel to conduct .
tests in their 4-inch shock tube facility in conjunction with the other dusty flow '
test programs being supported by that facility. The goals of the testing program ;
were primarily oriented toward evaluating the survivability of the transducers and {f
the potential for shock-generated noise. The shock tube provided a means to expose f
the ultrasonic system to shock an environment characterized by wava passage, dusty,
transonic flow and fluctuating pressures.

L L

2.5.1 Arrangement of Experiment.

Several restrictions were imposed by the small size of the shock tube. First, the P

transmitter and receiver separation was governed by the 3.5-inch clear space of the ™
shock tube. This close spacing increased the strength of the reflected signals that
were very noticeable during the low-velocity flow tests. A range of pulse rates

from approximately 50 to 500 pulses per second were planned for the series of tests.
Post-test evaluation of the data would be used to determine the highest rate that
was practical. The rate of ultrasonic pulse transmission selected as optimal was
reduced to approximately 200 pulses/sec. The location available for installation of
the ultrasonic station was near the end of the test section and was likely subjected
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........................................
..........................
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to reflected signals resulting from passage of the shock wave from the test section
into the dump tank approximately 12 inches downstream. Third, the duration of a
typical shock pulse was approximately 5 msec, as shown by the oscilloscope trace in
Figure 20. This limited the number of data points attainable in a specific test to
only 1 or 2 in the shocked flow. For these reasons, the collection of actual mea-
surements was only considered as a possible bonus to the evaluation of survivabil-
ity.

The test configuration of the ultrasonic system for the TRW shock tube tests is
shown in Figure 21. The shock tube test section had a cross-section approximately
3.5 inches square with the dust bed in place. FEight 10-inch diameter ports are
located along the test section at four equally spaced stations that have a port on
each side. Testing in the shock tube required the fabrication of two special port
cover plates capable of supporting installation of the ultrasonic transducers as
indicated in Figure 21. The installation of the receivers incorporated the same
synthetic rubber compound around their periphery to isolate the receivers from
mechanical vibration.

A total of 5 receivers and 1 transmitter were used in the TRW shock tube tests as
shown in Figure 22. Four receivers, spaced two inches between centerlines, were
used to attempt to track the transmitted pulse. The remaining receiver was located
in the same port covering that housed the transmitter and was used to measure the
shock-generated noise only. The transmitted beam centerline was set to be between
the first two upstream receivers. Placement in this configuration was chosen to
allow beam deflections to be more readily noticed. The maximum anticipated down-
stream deflection of the ultrasonic pulse was estimated, using normal shock rela-
tions, as 4.0 inches which corresponds to Mach 1.15 flow. In this position, the
second downstream receiver (R2 in Figure 22) could monitor beam movement over 2
inches whereas it would only be able to monitor beam movement for 1 inch in a con-
figuration in which it was lined up directly opposite the transmitter,

The driver used for these experiments was also intended for use in the MINI SCALE 2
field test. The instrument was capable of being powered by batteries or by a 120V
A.C., AOHz power supply. The amplifier was powered by batteries and was also in-
tended for dual use in the MINI SCALE 2 field test and the TRW shock tube tests.
Circuit diagrams for the driver and amplifier are provided in Figures 23 and 24.
The amplifier could only support 5 channels of output. Therefore, receiver R4 was
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Figure 20. Typiczal 4-inch TRW shock tube pressure history.
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not monitored during the test. Output from the amplifier was recorded on a SANGAMO,
14-channel, F.M. analog tape recorder with a response frequency of 40,000 Hz (tape
speed of 120 inches per second). The analog data was digitized using a NORLAND
3001A data acquisition system. Preliminary digitization was performed using inter-
vals of 1l)sec, 2)sec, and 5)sec. to investigate the potential impact on data reduc-
tion. A digitization interval of 2)sec was selected based on this investigation.

2.5.2 Experimental Results.

The shock tube tests yielded two very important results. First, it was made clear
that the transducers were not subject to failure as a result of pressure loading
attributable to the 20 psig shock passage. Post-test recovery indicated that all
but one of the transducers survived. The transducers were not only in place during
the five active tests for which data was recorded, but were also subjected to five
to ten additional tests prior to their removal by TRW personnel. Investigation into
the failure of the one receiver led to the conclusion that the failure was most
likely due to mishandling during removal and transport from TRW.

Examination of the data revealed a problem in the sensitivity of the receivers to
shock and dust induced noise. A1l tests indicated a loss of coherent signal imme-
diately following shock arrival. Only at very late times (greater than approxi-
mately 25 msec) did the noise level decrease to a point that pulses could again be
distinguished.

Several explanations were hypothesized for the poor data return. A possible reason
for the poor performance was based upon the location of the ultrasonic sensors in
the shock tube. Lab tests of receiver ring-down had shown that noise produced by
striking the face of the receiver dissipated after approximately 2 or 3 msec. This
was true even for impacts sufficient to cause permanent deformation of the receiver
face. The fact that meaningful signal was being lost in the shock tube tests for
such a long period of time was an indication that some other phenomenon may have
been occurring. The proximity of the test ports to the end of the test section
supported the possibility that the receivers could have been exposed to multiple
reflected shocks that may have increased the duration of noise signals. Observations
of dust flow in the shock tube along with post-test examination of the receiver face
indicated that dust particle impacts were probably not the primary cause of the
extended nofse. The dust bed transition construction itself could also have been
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responsible for the generation of some reflected shock structure near the end of the SE‘
test section. The other conclusion that could have been drawn was that the ; :
receivers were too sensitive to the combination of pressure fluctuations and A
particle impacts to be useful in receiving the transmitted signal. N

b
After the evaluation of all of the test data and possible explanations of why the ?ﬁ
received signals were so noisy, there was a great deal of uncertainty regarding Sﬁ

field performance of the system that had been used in the TRW tests. This result
was very disappointing as the shock tube tests were being performed at the same time "
that final preparations were being made for the system to be installed in the MINI :3{
SCALE 2 test. However, limitations in the schedule of MINI SCALE 2 prevented the e
investigation of receiver hardening designs in time to be of use in their field
test. A decision was made to proceed as planned with the MINI SCALE 2 fielding
effort and to simultaneously undertake laboratory tests of possible modifications to o
the receivers that would minimize their sensitivity to noise assumed to be produced "
by shocked, dusty flow. In this way, if the results of MINI SCALE 2 confirmed that
problems observed in the TRW tests were not only shock tube related, a means would

be available to modify the sensors for evaluation in future tests. %;
2.6 EXPERIMENT OESIGN FOR MINI SCALE 2 FIELD TEST. !!
The ultrasonic sound speed and flow velocity experiment fielded in MINI SCALE 2 §§
consisted of an aluminum dual blast wing structure housing the ultrasonic trans- ?sg
4
ducers and an adjacent below ground instrumentation bunker to house the electronic .
components of the experiment. Details of the blast wing and instrumentation bunker E,'
are provided in Figure 25 and 26. The arrangement of the transducers on opposite :ﬂi
blast wing faces was very similar to the same as that used in the TRW shock tube :3
tests.

Predictions of expected flow velocities were as high as Mach 2.0. This indicated

1"

the possibility of having the transmitted pulse being displaced downstream a dis- h:
tance equal to twice the 6-inch blast wing separation distance or 12 inches. A ?
possible solution would have been to use 13 receivers with 2-inch center-to-center i;
spacing to cover the expected beam displacement. An alternate solution using two f‘
transmitters was chosen. As with the TRW tests, one transmitter would transmit to ;
four receivers, spaced 2 inches center-to-center. The initial transmitter align- &
ment, however, corresponded to the first downstream receiver rather than between the ;?
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b first and second receivers. Signals from this transmitter could be received for
flow velocities slightly in excess of Mach 1.0 (see Figure 27). To enable operation
at higher flow velocities, a second receiver was placed 6 inches upstream of the
first. Signals from the additional transmitter could only be received at flow
velocities between approximately Mach 1.0 and Mach 2.0 (see Figure 28). In order to
differentiate the signals of the two transmitters, the pulse repetition rate for the
sub-sonic flow transmitter was half that of the transmitter active for flows between
Mach 1.0 and Mach 2.0. The mounting of the receivers in the blast shields differed
slightly from previous tests. As shown in Figure 29, the receivers were cast into
place inside a section of PVC pipe with the same synthetic rubber compound used on

previous tests. However, in order to broaden the response of the receiver an induc-
tor was attached and shielded as shown in the figure. The use of the PVC pipe
facilitated easy instaliation of the receivers since they only had to be screwed
into place.
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Figure 27 . Rationale for sizing receiver array for one transmitter. f::
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SECTION A-A

Figure 29. Modified ultrasonic receiver housing for MINI SCALE 2.
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SECTION 3
FLOW DIRECTION GAGE

o Y s

In addition to the ultrasonic sound speed and flow velocity gage experiment, NTS

A

fielded a prototype three dimensional flow direction gage. The goals of this effort P
were to test the survivability of the gage design, evaluate quality of the data Rf
returned from the gage and make a general evaluation of potential gage development. E}
3.1 THEORY OF GAGE OPERATION. jif
The design of the three dimensional flow direction gage was based upon the idealized ”f
response of a sphere immersed in the dusty precursed flow field. A non-lifting i
spherical body placed in a flow field is subject to aerodynamic and viscous drag j{
forces as well as load transferred by particle impacts. The magnitude of these ﬁ;
combinations of forces is dependent upon many variables (e.g., flow velocity, dust ﬁ.
density, gas density, and particle size distribution), most of which are not known Ly
for an actual field test. The direction of the various forces, for the most part, }i
is coincident with the direction of flow. Loading in other directions arises as a f'
result of vortex formation in the wake of the sphere, skew particle impacts and :;
slight imperfections in the sphere geometry. Of these, vortex formation has the ':;
greatest potential for leading the significant forces that are not aligned with the -
flow. However, vortex-induced forces are generally normal to the flow direction and E;
periodic in nature. Also, the build-up of vortices requires some finite interval of ;ﬁ
time which is likely to be greater than the length of record of interest in small- ‘:
scale high explosive experiments (50 to 60 msec). For these reasons, the design of -
a flow-direction gage based upon the use of a sphere as a nonlifting body immersed ﬂ
in the flow field. 3
)
The configuration of the flow direction gage fielded in MINI SCALE 2, shown in ~
Figure 30, utilized a l-inch diameter brass sphere to which four wire strands were :g
attached to facilitate measurement of flow-related loads. The wires were located ;ﬁ
such that they all passed through the center of the sphere. One wire was located in :f
the upper hemisphere and was parallel to vertical. The remaining wires protruded at ‘
equal fintervals around the lower hemisphere, exiting the sphere at an angle of 30° :;
below the horizontal. If it is assumed that the wires are capable of carrying Ii'

tension and compression, and the presence of the one vertical wire is ignored, an
estimate of the maximum compressive force expected in the three lower wires can be
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made based upon drag characteristics of the sphere under predicted flow conditions.
The need for four wires to make a three-dimensional measurement arises from the
inability of a thin wire to carry any appreciable compressive load. The simple
geometry of the assemblage of wires is such that a tensile force of T in the ver-
tical wire produces a tensile force of 2/3 T in the remaining three wires. Using
this relationship and estimates of drag forces on the sphere, a tensile force, T,
can be calculated such that the lower wires will always experience tensile load.

1f the tensile force, T, is assumed to be constant and if the displacement of the
sphere is assumed to be negligible, formulation of the relative magnitudes of com-
ponents of the flow can be readily derived from measurements of the change in ten-
sile load of the three lower wires as indicated in Figure 31 for a coordinate system
coincident with the radial, tangential and vertical flow components. Knowing the
flow components, the angle of flow relative to any plane can be calculated directly.
This is also shown in Figure 31 for the same coordinate system.

3.2 DESIGN OF THE FLOW DIRECTION GAGE.

The design of the various components of the flow direction gage involved consider-
ation of the dynamic response characteristics required of the system and the re-
quired strength necessary to maintain structural integrity of the system. Conver-
sion of theory into practice typically involves some compromises and this effort was
not an exception. Engineering drawings of the gage are provided in Figure 32.

The gage was installed in the aluminum plate used to cover the instrumentation
bunker adjacent to the ultrasonic transducers blast shields. Vertical tension was
provided by a cam spring rated at 800 1bs. per inch of displacement. A l-inch
diameter aluminum rod, placed behind the brass ball and inclined at 45°, supported
the spring assembly. Music wire was used in the gage because its high tensile
strength allowed the selection of small diameter wire which helped to minimize flow
disturbances near the sphere. The diameter of the pretensioning wire was 0.059
inches and the diameter of the remaining three wires was 0.047 inches. A brass ball
was chosen based upon considerations of ease of workability and desirable brazing
qualities.

One of the more critical aspects of the gage design concerned the connection of the
music wire to the brass ball. Calculations of the ultimate capacity of a soldered
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Figure 31. Wind direction gage data reduction equations.
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connection indicated that the strength of the connection was limited by the shear
strength of the brass acting on a cylindrical area computed by using the depth of
the wire in the brass and the diameter of the hole made to accept the wire and
solder compound. Because there was considerable uncertainty regarding the strength
characteristics of the brass, the quality of the soldering and the effect of heat
applied during soldering on the music wire, several pull-out tests were performed on
different combinations of wire size, hole diameter and hole depth. The solder used
was All-State No. 430, high-strength solder. This product is a silver-tin alloy
solder with a low working temperature of 430°F and a maximum tensile strength of
15,000 psi. The results of these tests indicated a minimum shear strength of 2,800
psi. The maximum design value was taken to.be approximately one third of this value
of 900 psi. Initial tension required for MINI SCALE 2 was estimated to be 150 1bs.

Knowledge of the natural frequency of the system was an important quantity for
evaluation of response frequency and data reduction technique. The vertical vibra-
tory response frequency of the sphere is dependent upon the mass of the sphere and
the spring stiffnesses related to the vertical support rod, cam spring, main ten-
sioning wire and load sensing wires. Calculated fundamental frequency was estimated
to be 350 to 400 Hz. Periodic forcing related to vortex shedding was estimated to
have a maximum frequency of approximately 2,400 to 4,000 Hz (Reference 3). The flow
velocity corresponding to a shedding frequency approximately equal to the natural
frequency was calculated to be 150 to 200 fps. Since this was in the lower 10% of
the range of flow velocities of interest, the effect of substantial vortex-induced
oscillations was neglected.

Load variations were measured with three strain gage load cells rated for 0 to 500
1bs.. of 1oad. Power for the load cells and amplifiers for the load cell output were
provided in the instrumentation bunker. The signal was amplified prior to trans-
mission to the tape recorders to help eliminate potential noise introduced by line
noise in the cable runs back to the recording trailor. Recording was done using
F.M. analog tape recorders with a response frequency of 40,000 Hz. A schematic of
the electronics used for the flow direction gage load cells is provided in Figure
33.
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SECTION 4
ELECTROLYTIC SOIL PRESSURE GAGE

The MINI SCALE 2 test provided an opportunity to test an electrolytic pressure gage
design under development at NTS. The goals of the NTS development program are to
produce a gage capable of measuring air-blast pressures produced in the cavity of a
High Explosive Simulation Technique (HEST) simulator. Use of three gages as soil
pressure sensors near the explosives container in MINI SCALE 2 provided a means to
"~ test the field operation of the gage electronics and to test the response character-
istics of the gage.

The sensing element of the gage consists of a PVC container filled with a 0.1 normal
solution of ammonia. A drawing of the canister design is shown in Figure 34. The
ammonia solution exhibits piezoresistive characteristics that provide the basis for
measurements. Changes in resistance are measured between two spherical platinum
electrodes that extend into the container. Prior to field installation, all three
gages were calibrated to approximately 19,000 psi. A typical calibration curve is
shown in Figure 35. The arrows in the figure indicate the direction of loading. As
the curve demonstrates, the gages do not exhibit perfectly linear behavior through-
out their total range of loading. However, for the pressures expected for the MINI
SCALE 2 test (approximately 1000 psi) the rate of change of resistance can be as-
sumed linear. Significant variance was noticed in the sensitivity of the three
gages. Similar variation has been observed in the past and has been found to be
related to small inconsistencies in the machining of the platinum electrodes and
small deposits of sealant on the surface of the electrodes.

The electronics package used in MINI SCALE 2 was specifically modified to cope with
the low pressure levels of the test. A timing closure at -0.200 msec relative to
zero FIDUY activated the gage and provided sufficient time for the circuit to recover
and allow an initial reading of current through the gage, and hence resistance. At
approximately zero FIDU an internal timing circuit activated an A.C. amplifier with
a gain of 100. In this manner, signal variations of 1% to 3% could easily be de-
tected above the line noise present at the site. This process is shown schematic-
ally in Figure 36. A circuit diagram is provided in Figure 37.
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SECTION 5
MINI SCALE 2 FIELD TEST

The MINI SCALE 2 test was a 24-ton high explosive test detonated on February 28,
1985 at the permanent high explosive test site, White Sands Missile Range, New
Mexico. This test was the second test performed as a prerequisite to the MINOR
SCALE high explosive test. These tests, sponsored by the Defense Nuclear Agency,
were directed toward investigations of various aspects of the hardened mobile

launchers basing concept.
5.1 PRE-TEST OESCRIPTION.

A plan view of the test bed layout used for MINI SCALE 1 and 2 is shown in Figure 38
with special note given to the location of the instrumentation fielded by NTS. The
charge container for the MINI SCALE tests was hemispherical as shown in Figure 39.
Outer diameter of the hemisphere was 15.0 feet. The wall of the hemisphere was
composed of two 0.188-inch thick layers of fiberglass formed around a 0.50-inch
cardboard core,

Placement of the three electrolytic gages is shown in greater detail in Figure 41.
The gages were buried to a depth of 2.75 feet at a distance of 30.0 feet from the
center of the charge container, 22.5 feet from the edge. During placement of the
gages, the epoxy sealant around the wire exiting from one of the gage canisters was
observed to be somewhat deteriorated. No leakage of electrolyte was observed and
the resistance of the gage appeared to be satisfactory considering the conditions
during installation. The three gages were buried to the same depth and spaced in an
arc at approximate 1.0 foot intervals. A single coaxial cable ran from each elec-
trolytic gage back to the instrumentation bunker at the ideal 30 psi overpressure
range of 197.3 feet.

Installation of the flow direction gage and pretensioning the vertical wire support
to 150 pounds was accomplished without incident on February 26. However, diffi-
culties were encountered when attempts were made to correct a zero drift in the load
cells. Investigation of the problem revealed that the vertical tensioning wire had
suffered a failure in its attachment to the brass ball. The reasons for this were
not apparent immediately although it was felt at the time, and still is, that the
creep properties of the brazed joint can not cope with even moderately low stress
conditions for sustained lengths of time.
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A spare ball and wire assembly had been made in case the original was damaged and
was installed. Since the schedule did not allow for a thorough investigation into
the nature of the failure of the wire to ball connection, a decision was made to
arbitrarily reduce the applied tension to 75 1bs. An inspection of the gage at
approximately 7:00 P.M. on February 27 did not reveal any signs of joint failure.

Placement of the blast shields, flow direction gage and instrumentation bunker is
shown in Figure 41. A1l electronics packages (power supplies, timers, amplifiers,
signal drivers, etc.) were hardmounted to a 2l-inch square 12-gauge steel panel
housed in a 24-inch by 24-inch by 12-inch NEMA 4 steel instrumentation enclosure
manufactured by Hoffman, Inc. (model A-242412LP with panel A24P24). The enclosure
was isolated from ground shock by being surrounded by 2 inches of foam mattress
material.

5.2 POST-TEST DESCRIPTION.

MINI SCALE 2 was detonated at approximately 12:07 P.M. Tocal time on February 28,
1985 after a shortened countdown necessitated by the threat of thunder showers.
Isolated showers on the test bed interrupted reentry efforts because of concerns
over the possibility of lightniﬁg strikes.

Reentry into the dusty radial test bed revealed that the flow direction gage was
still attached to its vertical support and the load cells. Pieces of mylar tape and
bag were wrapped around the vertical support wire, The windward face of the brass
ball had a sand-blasted appearance with isolated impact depressions on the order of
0.5 mm to 1.0 mm in diameter. The angled aluminum support behind the brass ball
exhibited similar markings with the exception of a region directly behind the ball
which lacked any signs of large particle impacts. All brazed connections appeared
to be intact and strumming of the wires revealed that they were still under tension.
A discoloration of the wires entering the coverplate was observed from their point
entry to about a 1.0 inch elevation. The bluish-black color was similar to that
observed upon heating of the wire material.

Batteries to power the ultrasonic transmitter were not expected to last more than 10

minutes and so had been drained by the time reentry was made, This made it impos-
sible to make any judgments on performance of the electronics from external obser-
) vations.
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Examination of the scouring pattern of the blast shields were indicative of a skewed
flow pattern with the angle of flow being directed from the centerline of the dusty
radial test bed toward the natural radial. This would have tended to direct par-
ticles into the face of the transmitters and caused turbulence between the blast
shields. No evidence of damage to the rubber-coated transmitter face was observed.
However, scratches and evidence of small particulate impacts were observed on the
unprotected aluminum faces of the receivers. This was an indication that the 0.11-
inch boundary layer, estimated from ideal flow assumptions (Reference 5) may not
have been achieved in the test.

5.3 ULTRASONIC MEASUREMENT SYSTEM RESULTS.

Data records from the ultrasonic measurement system were fairly disappointing. The
electronics performed as intended and data was obtained for all channels. Examina-
tion of the data indicated that the ultrasonic system provided a measurement of
sound speed prior to shock arrival and a measure of shock velocity. The portion of
the data record related to this information is shown in Figure 42,

Sound speed measured by ‘the ultrasonic gage at a range of 197.2 feet just prior to
shock arrival was 2,320 fps. This compares within 5% with the average of the final
readings taken by Science Applications, Inc., at stations 7 and 8 (ranges of approx-
imately 173 feet and 212 feet, respectively) of 2,430 fps (Reference 6). Slightly
lower readings may actually have been expected considering the many instruments
protruding through the bag at the 197.2-foot range. The estimated precision of the
ultrasonic measurement is + 3%.

Shock propagation velocity was determined to be 3,250 fps by noting the difference

in shock arrival time for adjacent receivers. Again, the estimated precision is +
3%. Based upon examination of high-speed photography, Information Science, Inc.,

(1S1) estimated shock velocities in helium for ranges of 78 feet to 144 feet (Refer-

ence 6). This information is presented, along with the NTS measurement at 197.2

feet, in Table 3. Although the NTS measurement seems to agree with the trend exhi-

bited by the ISI measurements, additional information to corroborate this trend was

| not available.
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Table 3. Variation in shock propagation velocity
with range on dusty radial.

E§
)
RADIAL SHOCK PROPAGATION

. DISTANCE - VELOCITY IN

; FROM G.Z., FT. HELIUM, FPS OBSERVER
: 78 5333 IS1

! 100 4780 1sI
; 122 3956 IS1

L ]
g 144 3641 Is1

; 197 3250 NTS
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Unfortunately, the noise levels produced by the passage of the shock front combined
with the impact of particles prohibited further attempts to gain useful information
from the ultrasonic measurements. Attempts to reduce the noise by means of various
filtering techniques were not successful primarily due to the similarity in signal
frequency and noise frequency picked up by the broad banded receiver. Although the
non-ideal flow conditions of the test most 1ikely played a substantial role in the
high levels of noise, experience in the 4-inch shock tube tests also indicated a
possibility of high noise levels might not have been totally unexpected even under ,
ideal flow conditions.

L
h .

TR

o o
T

<

LXK Y
'yt By T

5.4 FLOW DIRECTION GAGE RESULTS.

4

B,

Raw analog data from the three load cells used in the flow direction was filtered
with a 6,000Hz 1~w pass filter, digitized at intervals of 2usec and then processed
to obtain load variations in the X, Y and Z axis. In this notation, X corresponds
to tangential flow, Y corresponds to vertically upward flow and Z corresponds to
[, radially outward flow. The three axes are right handed as shown in Figure 30 in
Section 3. The X, Y and Z records, shown in Figure 43 were highly oscillatory

-4 el O
e e w o v

-

- e - .
)

. indicating an unexpected dynamic response effect.

iy

Several attempts to remove the primary structural response frequencies proved to be
ineffective in producing credible records. In an attempt to obtain some useful
information from the measurements, 2.13 msec intervals of the records were averaged.
This interval was of sufficient length to be approximately equal to the longest
period exhibited by the oscillating records. Using this approach it was hoped that ;
insight could be gained into the general flow behavior rather than the detailed T
. characteristics. The X component of the flow was reduced to essentially zero fol- 5

M

ot 2P

lowing this procedure. This was in disagreement with physical observations of =
skewed flow. The resulting Y and Z plots are shown in Figure 44, Also shown in
. this figure is the magnitude of the flow component in the YZ plane. Knowing some
y jidea of the magnitude of the component is important in evaluating the calculated v,
relative angle of the component. Calculation of large angular changes in flow orfen-
tation are valid only if they correspond to significant flow conditions. The 25 mv
cut-off level shown in the plot of magnitude was chosen based on comparison with ,#
pressure records at the same range. The cut-off leads to a start of credible flow d
angle measurement that coincides with the start of the pressure records. A compar- s
ison of flow angle behavior and pressure records is shown in Figure 45.
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Figure 44, Determination of threshold signal level.
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Figure 45. Comparison of measured angle of flow and pressure records.
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The flow appears to correlate well with what is occurring during the passage of the ::
precursor. Initially, flow behind the leading edge is expected to be upward as a ?’
result of the inclined shock front extending from the leading edge to the triple -
; point. The sharp reversal of flow angle seem near the end of the record corresponds \
! to the peak static pressure from the right static port (station 308-IR-PS), a peak )
’; in the record of the left static port (station 308-IL-PS), and to the end of record :f
for the dynamic pressure (station 308-1-PD). This would seem to indicate a sharp <
flow reversal due to taroidal roll-up. Figure 46 is presented to better illustrate f
, how the flow angle and might correspond to general optical observations of the :\
N shock-structure associated with the helium precursor. ;Q
3 The overall behavior of the flow angle measurements seem to correlate well with the 5ﬁ
) more obvious aspects of the flow, i.e., the arrival time, initial flow tendencies SE
and arrival of toroidal roll-up. It should be noted that the measurements differed t}
greatly from the predicted flow angle based upon pre-test calculations. Calcula- NJ
tions showed a rapid rise in flow angle at time of arrival to a value of 60° to 70° ;?
' and then a rapid decrease back to 0° within 5 to 10 msec after time of arrival. t;
Clearly, this was not the type of behavior observed in the measurements. b
5.5 ELECTROLYTIC SOIL PRESSURE GAGE RESULTS. .!!
N
Of the three electrolytic gages fielded in MINI SCALE 2, only one survived to give E:
an interpretable pressure record. One of the gages suffered some form of damage t'
: between the time of fnstallation in late December and check-out in late February. i
; The gage appeared to be somewhat unreliable during check-out and did not predict any ;1
E meaningful record. Another gage failed at shock arrival during the test. i
The gage that did produce a pressure record lasted for nearly 30 msec before ground
] movements caused a failure of the PVC container. This record is shown in Figure
47. The time scale is referenced to FIDU making the spike at approximately 1.5 msec .
attributable signal contamination by the firing pulse. XZ

An initial increase in pressure to 450 psi is assumed to be related to the airblast $
loading, the low pressure being caused by the dissipative effects of the unconfined :
soil. The remainder of the waveform from about 8 msec onward is assumed to be ;
related to direct induced ground shock. The assumptions concerning possible expla-
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\ nation of the waveform are quite tentative as no information was available on soil N,
§ stress histories in the vicinity of a high explosive surface charge. N
«” ;
1 The location of the electrolytic gages in relation to post-test cratering studies is B
\ shown in Figure 48. Given the lack of substantial confining surface pressure during P;
crater formation, the maximum stress to which the gages would be expected to be ij
exposed is on the same order as the failure stress of the compacted soil. If the 2
surface pressure is assumed to be 100 psi and the soil assumed to be similar to =
McCormick Ranch Sand, the primary stress at failure can be estimated to be about 400 2
psi to 500 psi (Reference 7). Initial portions of the uressure record measured by o
b
the gage (Figure 45) have a maximum value of 300 psi to 400 pnsi. After 15 msec a -4
second increase in pressure is seen. It is not clear that this increase was caused -
by the same phenomenon that was responsible for the first portion of the record. fT
The fact that this later increase occurs relatively late in time, when the response t
of the soil is highly uncertain, makes explanation difficult. f:
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SECTION 6 R
i MOOIFICATION AND RETESTING OF ULTRASONIC SYSTEM

Following the evaluation of results from the TRW 4-inch shock tube and MINI SCALE 2,
it was apparent that the ultrasonic system needed to be modified to be less sensi-

ke e e

~
tive to noise generated by the combination of shock passage and particle impacts. N

N,
6.1 HARDENING OF RECEIVER FACE.

s
Experience with the transmitter had indicated that the rubber facing of the trans- ;%

-
’,

mitter played an important role in isolating the piezoresistive crystal from par-
ticle impacts and in providing a means to aid in the damping of any impact related
vibrations of the crystal.

f.f"".'
IR IINON 2,

':'l

A similar solution was sought for the receivers. In selecting a cover material for
the bare aluminum face of the receiver, attention was given to several key require-

v,

ments: "

2

1) The material selected should have good ultrasonic transmissive properties. 3ﬁz

o

2) The applied thickness of the material to the receiver should be easily .

controlled to close tolerance. E;

N

3) The adhesion of the material to the receiver face should be sufficient to -

withstand the abrasive effects of particulates. A

N

The BUNA-N covering used on the transmitter had shown to be pervious to ultrasonic N
signals so initial efforts focussed on other synethetic rubbers.

Experiments with RTV silicone rubber seemed quite promising as indicated in Figure i;

49, A 0.5 mm coating was applied to the face of a recejver which was then connected ?:

to an oscilloscope, along with an uncoated receiver, for monitoring. The noise i

reduction offered by the coating was tested by comparing the signals produced by the .

impact of a 4mm diameter, 0.23 gram, steel ball dropped from a height of 1.6 cm. 2;

The momentum deljvered by this test was roughly equivalent to a 300 micron diameter k:

steel ball travelling approximately 1,300 m/s. This was considered comparable to "

sizes and velocities often associated with particulates in the precursed flow. As e
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indicated by the oscillograph traces in Figure 49, the silicone rubber coating
reduced the noise by a factor of about 1000. Comparison of the signal level re-
ceived by the coated and uncoated receiver indicated a loss of signal sensitivity by
a factor of about 3.3 for the coated receiver yielding a net increase in signal to
noise ratio by a factor of 330.

6.2 REPEAT OF TRW 4-INCH SHOCK TUBE TESTS.

Initial laboratory testing of the effect of silicone rubber on the receivers was
followed by another entry into the TRW 4-inch shock tube facility. The tests were
similar to those conducted just prior to MINI SCALE 2. Changes in the second test
included applying a 0.5 mm layer of silicome rubber to the faces of the receivers
and changing the access port position from the last in the test section to the first
in the test section.

Results from the shock tube test were very encouraging. Not only was the severe
noise problem eliminated but a transmitted pulse was picked up by the second re-
cefver, Samples of some of the pulses captured by the second receiver are shown in
Figure 50. Measured sound speeds for the first 10 msec following shock passage are
shown in Figure 51. The sparcity of data points is a direct effect of the restric-
tive size of the 4-inch shock tube.

Tests in the 4-inch shock tube indicated that a good part of the noise problem has
been solved. In addition, the shock tube test verified the ability of a receiver to
register a coherentg signal displaced some distance downstream by the air flow. The
extent to which the transmitted signal remains coherent for larger displacements
remains unknown. Investigation of this characteristic of the ultrasonic system is
better suited to wind tunnel tests where there is a relatively high degree of con-
trol and repeatability.
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Figure 51, Sound speed measured for dusty flow in TRW 4" shock tube
(estimated error + 5%).
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SECTION 7
CONCLUSIONS AND RECOMMENDATIONS

A great deal of experience has been gained during the development, fielding and data
processing efforts required for the three instrumentatfon concepts. Several con-
clusfors and recommendations are presented in the following sections regarding
expected performance attainable for the gages and suggested directions for future
development efforts.

7.1 ULTRASONIC SYSTEM.

The ultrasonic system for simultaneous measurement of sound speed, flow direction
and flow velocity is a concept that requires considerably more effort before it can
be fielded reliably. Although the problem of flow-induced noise has been greatly
reduced, there still remain a number of unknowns regarding the operation of the
system in actual test conditions:

1) The ability of the ultrasonic beam to maintain its integrity while being
displaced downstream has only been proven for displacements of less than
1.0 inch. Flow velocities of Mach 2.0 could result in downstream dis-
placements of as much as 12 inches based upon a 6-inch blast shield separ-
ation.

2) Providing a system to handle high-speed angular flows requires a large
number of receivers to enable accurate tracking of the displaced trans-
mitted beam, thus further complicating an already laborious data reduction
process.

3) Recording requirements for the ultrasonic system are more extravagant than
most other gages current being fielded. The necessity for five to ten
channels of recording for three measurements is a deterrant to the use of
the system and is a problem that needs to be addressed if further develop-
ment is undertaken.

A11 of the drawbacks pertaining to the ultrasonic system stem from the attempt to
make several different kinds of measurements from the same data. While it is desir-
able to have this capability, experience with this system indicates that it may not

be practical at this time.
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It should be noted that the use of ultrasonic transducers to obtain sound speed .
measurements is preferrable to other methods previously employed in the MINI SCALE
tests and Minor Scale. With s1ight modification to the method of housing the ultra-
sonic transducers, the current system has the capability to measure sound speed

prior to detonation, provide an indication of when helium clean-up occurs, and S

measure sound speed during the test. 3

) The use of parallel blast shields in making only sound speed measurements should :i
probably be abandoned for several reasons. First, for the ultrasonic system, the T

' use of blast shields necessitates using a very complex array of receivers. Second,’ E
* dependence of parallel blast shields on non-skewed shock front arrival limits their -

1 usefulness in field testing situations. 2
It is important to note that this problem is common to all measurement systems Ef

employing parallel blast shields to measure free-field flow conditions. Skew shock -
front conditions of only 5° to 10° can create serious uncertainties regarding the j
relationship between conditions measured between the blast shields and those in the -
free-field.

' |

: The use of a simplified ultrasonic system is ideally suited for making reliable -¥,
: measurements of many items of interest for tests using a contained helium layer to ::
% develop a precursed blast waveform. Some of the measurements that could be made by ;:
' such a system include the following: :
3

1) Helium concentration during filling &

2) Helium concentration just prior to shock arrival ;

3) Time of helium clean-up P

4) Sound speed variation of the dusty gas N

\‘:

It is recommended that further development of the use of ultrasonic transducers, ﬁ:

(S

such as has been discussed above be focussed on the optimization of a simplified .

system aimed at obtaining only sound speed measurements. L,

N
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o 7.2 FLOW DIRECTION GAGE.

?: The wind direction gage concept fielded in MINI SCALE 2 provided some useful infor- :
‘ mation on the general flow conditions present in the test. In particular, the gage
14 confirmed the initial upward flow related to the precursor and also confirmed the N
presence of toroidal roll-up on the dusty radial of MINI SCALE 2. The measurements :
of flow angle obtained by the gage differed substantially from those predicted by g
pre-test calculations. A major drawback of the gage design is related to its dynam-
N fc response to the flow conditions. The predominate oscillation observed in the
: records was definitely attributable to vibratory response of the spring loaded g
‘ ball. However, it is felt that the mechanism responsible for driving this oscilla-

tion at relatively high amplitude levels requires further investigation before the

[ gage design can be judged to be adequate for reliable field testing.

) \
2 Simplified calculations have indicated that a modified vane-type gage could possibly :
N provide 1 to 2 msec resolution of flow angle provided a means is available to moni-

ﬁ tor the vane rotation without increasing the structural response period. The vane ;
;: approach is more advantageous from a data reduction perspective since the output

o corresponds directly with flow angle.

It is felt that effort is warranted for the investigation of the potential applica-
tions for both the NTS concept and a modified vane design. Specific tasks would
address the nature of the response of the NTS flow direction gage and the minimum
feasible response interval attainable by a vane-type gage. The measurement of flow .
angle 1s critical to judging the quality of a high explosive simulation of precursor
effects, the credibility of parallel blast shield measurements and the definition of
the flow environment to which structural models are exposed.

(A & alidly
- e iy

7.3 ELECTROLYTIC PRESSURE GAGE.

X, Electrolytic pressure cells were placed as soil pressure gages in MINI SCALE 2 in
a order to field-test the electronics package necessary to operate the gages and to
examine the response characteristics of the electrolytic cell. The results of ™MINI

co w v » 9 v

SCALE 2 proved the operability of the electronics packages and the response of the :
A gage seemed to be adequate. However, since no other measurement was available for ;
¢
: comparison, specific details concerning response frequency will require additional
testing. R
N 3
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The use of a electrolytic cell as a piezoresistive pressure transducer {s a concept
that could be more directly applied to measuring dusty flow field characteristics.
The electrolyte canister is a rugged sensor and could be modified for measurements

D .
Ealt S e

E of total pressure, drag body force measurements or other situations in which a ?
: sensor must be exposed to a particulate-laden flow environment. ‘;
t K
7.4 SUMMARY . ‘
¥ '.g
The primary effort of the flow field development program sponsored by DNA was to f‘
] develop an ultrasonic measurement system that could provide information or sound :
speed changes within a blast-induced dusty flow. In conjunction with the sound
speed measurements it was felt that information as the flow velocity and angle of g'
X flow could be ascertained. The work performed as part of this program shows that ;
‘ the use of an ultrasonic system to measure sound speed is feasible. However, exper- :E
ience with the system indicates that the envisioned multiple measurement capability
is not practical at this time. &
‘
Devoting the ultrasonic technology developed so far to sound speed measurements y
alone and developing other means to obtain information on flow angle and velocity is 1‘
recommended based on the simplification of data reduction effort required, a reduc- ;’
tion in the number of channels of data to be recorded, and much reduced fielding and f
construction costs. ;
) A modification of the present ultrasonic technology has been suggested that could g
E provide the needed sound speed information in a straightforward manner and require %i
only one channel of data recording per measurement station. Suggestions for future k

efforts concerning the further development of the NTS flow direction gage and in-
vestigations into possible vane-type gage designs have also been made. Both the NTS "
flow direction gage and vane-type gage approaches appear to be better suited to flow X
angle measurements than the use of ultrasonics in terms of number of data channels t'
required, total costs and complexity of data reduction. vy
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