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I. INTRODUCTION

A nuclear explosion at a typical height used for attacking ground targets
will produce a blast wave over most surfaces that is non-ideal. The thermal
radiation from the explosion may produce a heated gas layer over the ground
surface. The incident blast wave travels faster in the heated layer and a
precursor wave develops that extends in front of the main blast wave. The
temperature of the heated layer decreases with distance and eventually the blast

wave reverts to a near-ideal form.

The non-ideal blast wave may have a slowly rising pressure front instead
of a discontinuous shock front, so that high reflected pressures are not produced
on targets. However, the corresponding gas flow may be enhanced, so that drag
loads produced on a target may be several times larger than those that would
occur in the absence of a thermal layer. Such large increases in drag loading
extend the range for damage to targets such as tanks, armored personnel carriers,
trucks, truck-shelter systems and other material. The increases in damage radii

can be at least 50 percent.

At this time the successful simulation of non-ideal blast loading on full-
scale vehicles has not been accomplished. The largest scale experiment to date
was on Operation MISTY PICTURE. A bag 122 meters wide and 213 meters long and
0.61 meters high containing a gas with a high sound velocity was used with a 4800
ton high-explosive charge to generate non-ideal loading on models. Clearly such
a simulation technique is very costly and not suitable for routine testing of

military equipment and components.

Mr. Charles N. Kingery of the Ballistic Research Laboratory (BRL) has
observed that the wave exiting from the open end of a shock tube can produce a
blast enviromment with some of the characteristics of the non-ideal blast from
a nuclear explosion. He has proposed developing the BRL 1.68 meter shock tube
as a non-ideal blast simulator. This tube has a driver chamber that is 107
meters long and a driven chamber that is 110 meters long, so that long-duration

waves can be produced. Following is a quote from his BRL briefing paper:!




" Currently the need to evaluate vehicle overturn protection devices, such
as outriggers, as well as the need to study "non-ideal” blast loading of targets,
has stimulated interest in using the area outside the open end of the BRL 1.68
meter shock tube as a test bed. The cold jet exiting from the tube has enormous
impulse that should be adequate for evaluating candidate outriggers. Blast
parameters in the jet closely resemble non-ideal blast parameters: i. e.,
relatively slow pressure rise times, low overpressure, high stagnation pressure,
and high turbulence. Pressure-versus-time wave shapes look very much like non-

ideal nuclear blast wave shapes."

A facility capable of producing high drag loading with low overpressure
would be of value for testing equipment designed to survive near-ideal blast
waves., Currently military equipment is tested on large-scale HE events such as
MISTY PICTURE and MISERS GOLD. Because of the low equivalent nuclear explosion
yield and the corresponding short drag loading period, the overturning threshold
for some targets cannot be investigated. They would have to be placed at
unrealistically high overpressure levels. Testing in the jet outside the BRL
shock tube would subject the target to drag loading high enough to cause

overturning without overkill from reflected shock overpressures.

As noted by Kingery, such a facility would be very useful for evaluating
outrigger designs intended to prevent a target from overturning. On MISERS GOLD
the prototype outriggers for a system failed catastrophically. Prior to future
tests on HE events, systems with outriggers can be tested outside the BRL shock
tube before taking them to the field.

The BRL 1.68-meter shock tube has been used to load and overturn a mobile
electric power generator on a trailer placed 15 meters from the open end of the

tube.? These tests took place in June, 1990.

Kingery and Gion made measurements of the Jet flow from a small shock tube
in a configuration that is an approximate model of the BRL 1.68-meter shock
tube?. The small shock tube has an inside diameter of 25.4 millimeters, a driver
section 1.5 meters long, and a driven section 1.33 meters long. The ratio of
driver length to driven length is 1.13. The wall thickness of the tube is 12.7

millimeters. The height of the tube axis above the ground plane was one diameter

2




in their experiments.

The BRL 1.68-meter diameter shock tube has a driver length of 106.7 meters
and a driven length of 109.7 meters. The ratio of driver length to driven length
is 0.97. The height of the shock tube axis above the ground plane is 1.14
diameters. The small shock tube has a driver to driven length that is 16 percent
larger than that of the 1.68 meter tube. The height in diameters of the shock
tube axis above the ground plane of the small shock tube is 12.3 percent less
than that of the large tube. Thus the configurations are not radically
different. However, except for the wall thickness, the small tube dimensions are

less by a factor of 66.

Another difference is that the data from the small shock tube were obtained
for shock overpressures where the flow behind the shock is supersonic. The 1.68-
meter tube is normally not fired above 140 kPa (20 psi) where the flow is

subsonic with a Mach number of 0.58.

Because of the differences listed above, it is not known how well the data
from the small tube apply to the large tube. Nevertheless, they are used below
to obtain an estimate of the profile of the stagnation pressure impulse for the
1.68 meter tube.

Kingery and Gion made measurements of stagnation pressure impulse on the
small shock tube axis and at 1.5 and 3.0 diameters off-axis. Figure 1 shows the
profile of the jet impulse at a distance of ten diameters from the open end at
the tube. (Ten diameters is a convenient distance for testing outside the 1.68-

meter tube.) The function drawn through the data is shown in the figure.

The jet is rather narrow. Assuming that the profile in Figure 1 applies
for the 1.68-meter tube, Figure 2 shows it superimposed over the profile of the
mobile electric power generator/trailer as it was exposed about ten diameters
from the end of the tube. Distances along the abscissa are in tube diameters.
Also shown is the jet profile superimposed over profiles of a 2-1/2 ton truck and
an armored personnel carrier. It is evident that stagnation pressure impulse

loading will not be uniform across any of the three targets.
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Figure 2. The estimated stagnation pressure impulse profile for the

1.68-meter shock tube superimposed over an armored personnel
carrier, a 2-1/2 ton truck, and a mobile electric power
generator on a trailer at ten diameters distance.
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For a more realistic simulation of blast wave loading, the jet stagnation
pressure impulse profile needs to be broadened and flattened. This report
describes a limited exploration of the possibility of so modifying the jet from
a cylindrical tube by adding a fixture on the end.

II. OBJECTIVES

The primary objective was to investigate the feasibility of broadening and
flattening the jet stagnation pressure impulse profile from a tube in a
configuration similar to that of the BRL 1.68 meter shock tube.

A secondary objective was to develop a program for modifying the BRL 1.68
meter shock tube for use as a drag loading test facility.

III. APPROACH

For this exploratory study a low-velocity steady-flow jet was employed.
If the profile of such a jet could be broadened and flattened as desired by
addition of a fixture at the open end of the cylindrical tube, then proceeding
to further studies to develop a fixture for the 1.68-meter shock tube would seem
to be justified.

A. Jet Source.

The jet source was an electric power blower such as is used for blowing
leaves around a lawn. It was a Paramount Model PB150, made by Allegretti &
Company, 9200 Mason Avenue, Chatsworth, California  91311. It had a one
horsepower motor, and was supposed to generate air speeds up to 56 meters per
second, which corresponds to the flow velocity behind a 3.7 psi shock wave. The
air intake was adjustable for flow control. For this experiment it was adjusted

for the maximum opening.

The shock tube was modeled by a 0.940 meter (37 inch) long cardboard
mailing tube with a 76.2 millimeter (3 inch) inside diameter, and a 2.38
millimeter (3/32 inch) wall thickness. The blower tube was inserted into the




mailing tube and taped in place. The flow had a run of about twelve diameters
in the mailing tube before exiting.

One concept for the fixture to modify the jet used triangular tubes. A
triangular tube was made of the same length and same cross-sectional area as the
mailing tube so that the free-air jets from a circular cylinder and a triangular

cylinder could be compared.

B. Instrumentation.

The anemometer used was the Alnor Mode. 8530D-I with a pitot tube made by
Alnor Instrument Company, 7555 North Linder Avenue, Skokie, IL 60077. Figure
3 shows the instrument. The pitot tube is 7.9 millimeters in diameter and the
nose port is 2.8 millimeters in diameter. The side-on inlet ports consist of
eight holes about 0.8 millimeters in diameter spaced evenly around the

circumference. They are located 67 millimeters from the nose.

The anemometer has a range from O to 5 kPa in pressure and 3.1 to 91 meters
per second. It provides a digital display. Output can be selected to be
pressure or velocity. To minimize fluctuations in readings in the turbulent jet,
velocity was selected. The anemometer computed the velocity from the pressure

assuming no density change in the air.

C. Jet-Modification Fixtures.

The jet can be broadened by simply using a flared end. To flatten the
profile, however, it seemed necessary to break the main jet into a number of
smaller jets and direct them so that entrained air would slow the flow more or

less uniformly across the broadened jet.

Figures 4 and 5 show a fixture designed to be placed against the end of the
cylindrical tube. It consists of six tubes of triangular cross-section
containing six cylindrical tubes each. At the exit end a balsa wood spacer

separates the triangular tubes. The spacing shown was the most successful.




The Alnor Model 8530D-1 anemometer and pitot-static probe.

Figure 3.




Figure 4.

The exit end of the six-jet fixture in the best jet-spreading
configuration.

TR TR T e TS e Ul U T T

w N ™

The entrance end of the six-jet fixture that was placed against
the end of the cylindrical tube.
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The tubes were brass and the plates were aluminum. The brass tubes were
102 millimeters long (4 inches) and 10.2 millimeters (0.4 inches) in diameter so
that the tubes were 10 diameters (4 inches) long. It was assumed that after
traveling at least 10 diameters the exiting flow direction would be parallel to
the axis of the jet tube.

Figure 6 shows a 10-jet configuration. It was constructed of balsa wood.
The cross-sections of each of the 10 large tubes were selected so that all would
have equal areas. The small tubes are plastic soda straws placed in the larger
tubes to straighten the flow. The configuration shown is the best found for the

fixture. The upper two end jets are displaced inward about six millimeters.

Several other fixtures were built and tested, including a 1l4-jet
configuration. For that configuration, the velocities measured in the spread jet
were too low for adequate definition of the jet profile. The two fixtures shown

in Figures 4, 5, and 6 are the best found in this study.

IV. OPERATIONS

Initially the blower and attached cylindrical tube were mounted for
measurement of the jet in free air. A large level conference table served as a
base. The tube extended 0.533 meters (21 inches) beyond a supporting box, and
its axis was level and at a height of 0.445 meters (17.5 inches) above the top
of the table. Measurements were made in the horizontal plane at axis height and

in the vertical plane 10 diameters from the tube end.

After measurements with the cylindrical tube were concluded, the triangular

tube was installed, and the measurements repeated.

For modeling the shock tube configuration, the blower with cylindrical tube
attached was mounted on the conference table so that the axis of the tube was
parallel to the conference table surface and 1.14 diameters above it. Figure 7

shows the blower and attached tube. A meter rule is shown in the figure also.

Figures 8 and 9 show the instrumentation layout. A rule was taped to the

conference table with its edge toward the jet source ten diameters (30 inches)

10




Figure 6. The ten-jet fixture in the best configuration found.

Figure 7. The cylindrical tube and attached blower mounted to model the
1.68-meter shock tube.

11




Figure 8. Instrumentation layout showing measurement of height of the
pitot-static probe.

Figure 9. The pitot-static probe in position for a measurement.
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from the end of the cylindrical tube and perpendicular to the tube axis. The
pitot tube was held by an adjustable vise mounted on a movable wooden block. It
was adjusted to be pointing at the fixture with the nose at a selected height for

a measurement.

Measurements were made in horizontal planes at 0.5, 1.0, 1.5, and 2.0 times
the height of the tube axis. Figure 8 shows a square with triangular pieces of
tape marking the selected heights of measurement. Figure 9 shows the pitot tube
set for a measurement. Figure 10 shows the view over the 10-jet fixture with the

pitot tube set for an on-axis measurement.

Measurements were made at 25.4 millimeter increments starting where a
signal was detected at one end of the rule and moving across the jet until no
signal was detected. Then the height of the pitot tube was changed and the
process repeated. If the profiles were not satisfactory, adjustments were made
in the pointing directions of the jet tubes in the fixture, and the measurements
repeated. This process was continued until what seemed to be the best

configuration was found for the two most promising fixtures.

V. RESULTS

A. ree-Al ets.

The velocity profiles of the free-air jets from the tubes of circular and
triangular cross-sections are shown in Figure 11. The function exp (-a (D/C)?)
was fitted to the data. This function is that for the velocity profile of a
submerged axisymmetric turbulent jet.* D is the off-axis distance in the plane

perpendicular to the axis at a range of C diameters, and a is a coefficient.

The width of the jet for the triangular cross-section tube is about twelve
percent less than that for the cylindrical tube. This difference is small, and
offers no basis for avoiding use of jet tubes of triangular cross-section if
their use provides a convenient division of the exit area of the shock tube

opening.

13




Figure 10. View over the ten-jet fixture with the probe set on-axis.

1.0 M L} T T
5 2 Free-Air Jet From |
e~36-51(D/10) Cylindrical Tube
0.8 4
0.6
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OFF-AXIS DISTANCE (DIAMETERS)
Figure 11. Normalized velocity profiles of free-air jets from tubes

of circular and triangular cross-sections.
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B. Jet from Cylindrical Tube over a Cround Plane.

Figure 12 shows the velocity profiles for an open-ended cylindrical tube
with its axis 1.14 diameters above the surface of the conference table. This
configuration models that of the l1.68-meter shock tube. The exit velocity was
29.5 meters per second. The maximum velocity occurred for the centerline height,

with that at one-half the centerline height only slightly less.

Figure 13 shows the fit of the turbulent-jet velocity profile function to
the measurements at the height of the centerline. In Figure 14 this profile is
compared to those from the free-air jets. The effect of placing the jet near a
ground plane has been to reduce its width from 2.75 diameters to 1.8 diameters.
Width is defined as twice the distance off-axis at which the velocity is one-half

the value on the axis.

The air density for the steady-flow jet remains constant, so the normalized
velocity profile can be converted to one for dynamic pressure by squaring the
ordinates, since dynamic pressure is defined as one-half the density times the
square of the velocity. Since the velocity does not change with time, the
profile for dynamic pressure also should apply for dynamic pressure impulse.
Figure 15 shows this profile compared to the impulse profile derived from the
small shock tube measurements of Kingery and Gion shown in Figure 1. Its width
is 29 percent less than that for the small shock tube profile. If it applies for
the 1.68-meter shock tube, then the loading on targets is even more non-uniform

than that shown in Figure 2.

C. Jet from the Six-Jet Configuration.

Figure 16 shows the velocity measurements made at three heights for the
six-jet configuration shown in Figures 4 and 5. The dark circles show the aim
points of the centers of the six jets in the vertical plane perpendicular to the
tube axis ten diameters from the end of the cylindrical tube. The aim points
were about 2.5 diameters apart horizontally and slightly more than two
vertically. The zero readings for velocity at the outer aim points were
unexpected. The profiles are reasonably flat over a span of about 2.7 diameters

for the two lowest heights. This is wide enough to cover the generator/trailer

15
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and the armored personnel carrier shown in Figure 2, but not wide enough for the
truck. No flow was detected at a height of twice the centerline height.

D. Jet from the Ten-Jet Configuration.

Figure 17 shows the velocity measurements made at the two lowest heights
for the ten-jet configuration shown in Figure 6. No flow was detected by the
instrument at the upper two heights. The angles of the jet tubes were selected
to produce aim points about 1.8 diameters apart in the target plane at ten
diameters. However, the best arrangement had the two upper outer jet tubes moved
in about one-third toward the adjacent jet tube, so that their aim points were

about one diameter out from the aim point of the adjacent tube.

The profiles shown seem flat enough to be acceptable over a span of about
3.7 diameters. This might be adequate for the truck in Figure 2, which has a

span of about 3.9 diameters.

E. Impulse Profiles.

As stated earlier, because of the constant density and steady flow the jet
velocity profiles can be converted to dynamic pressure impulse profiles by
squaring the ordinates. The values measured at the height of the axis of the
cylindrical tube were normalized to the peak velocity value for the tube with the

end open. These values were squared and plotted as shown in Figure 18.

The cost of broadening and flattening the jet is the drop in magnitude of
impulse at ten diameters distance for the six-jet configuration to about 23
percent and for the ten-jet configuration to 15 percent of the peak magnitude for
the open tube. The area under the six-jet profile is reduced to 54 percent of
that under the curve for the open tube, and to 43 percent for the ten-jet
configuration. Thus a major concern will be whether the spread jets will produce

sufficient loading for overturning of targets of interest.

It is not known how well these results for the low-velocity steady-flow
turbulent jet will apply for the jet from the 1.68 meter tube. Further studies

of such fixtures should use a scaled model of the 1.68 meter tube.
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VI. CONCLUSIONS

The data available for estimating the characteristics of the jet exiting
from the BRL 1.68 meter shock tube and the associated stagnation pressure impulse
profile are very limited. Data from a 1/66 scale shock tube and from a 1/22
scale model tube producing a low-speed turbulent jet in steady flow were used to
make an estimate of the impulse profile at a distance of ten diameters from the

end of the 1.68-meter tube.

The estimated jet profile is narrow and would produce non-uniform loading
over typical army targets such as a mobile electric power generator, a truck, and

an armored personnel carrier.

The 1.68-meter tube has been used for overturning studies of a mobile
electric power generator/trailer, and can be used for tests of outrigger designs.
For simulation of blast waves, however, the jet dynamic pressure impulse profile
needs to be increased in width to encompass the entire target and flattened to

produce relatively uniform loading over the target.

The exploratory study using a low-velocity steady-flow turbulent jet showed
that such a jet from a model shock tube configuration could be divided so that
a larger span of approximately uniform flow velocity was produced at a range of

ten diameters.

The effective width was expanded from about 0.7 diameters to 2.7 diameters
by dividing the single jet into six directed jets, and to 3.7 diameters by
dividing the single jet into ten directed jets.

The peak velocity at ten diameters was reduced by a factor of 2.1 for the
six-jet division, and by a factor of 2.7 for the ten-jet division.

The magnitude of the dynamic pressure impulse per unit area was reduced to
23 percent of the peak magnitude for the open tube by the six-jet division, and
to 15 percent by the ten-jet division. The total impulse of the six-jet profile
was reduced to 54 percent of that of the open-tube profile. For the ten-jet
profile the reduction was to 43 percent of that for the open-tube profile. It
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is not known how well these results apply for the 1.68-meter tube, but the
possibility of such reductions needs to be considered in choosing the jet
modifications to be attempted.

Additional data are required to describe the characteristics of the jet
outside the BRL 1.68 meter tube. Further experiments are required to determine
the most appropriate fixture to broaden and flatten the jet stagnation pressure
impulse profile.

The BRL 1.68-meter shock tube is a unique facility. The possibility of
modifying it to serve as a non-ideal blast loading simulator should be pursued.

VII. DEVELOPMENT OF THE BRL 1.68-METER SHOCK TUBE AS A
NON-IDEAL DRAG LOADING FACILITY - PROGRAM ELEMENTS

The plan proposed here consists of mapping the jets from the 1.68 meter
tube, deciding on the modifications desired, developing a design of a fixture to
produce the modifications, and building, installing and evaluating the fixture

and the jets produced. These elements are discussed in more detail below.

A. Prod e 68- hock Tube.

The proposed mapping is to be done at the target station, about ten
diameters from the tube end. Four shots are to be fired, two at the upper
pressure limit of 138 kPa (20 psi) with hot and cold drivers, and two at 34 kPa
(5 psi) with hot and cold drivers. The instrumentation is to be stagnation
pressure gages and a limited number of overpressure gages. The gages are to be
placed in an array in the vertical plane perpendicular to the tube axis at ten
diameters from the tube end. The narrowness of the jets shown in Figure 15
indicates that horizontal gage spacing should be not more that about 0.25
diameters near the tube axis. Data reduction equipment that can rapidly process
the gage records and generate appropriate plots will be required for these tests
and for tests that follow.

Measurements inside the tube should be included. As a minimum, a

stagnation pressure and overpressure gage should be placed at the test station
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inside the tube, and an overpressure gage near the tube end. Such measurements
will be useful for comparison with records from a scaled model shock tube, and
in evaluating the effects of adding a fixture on the end of the 1.68-meter tube

on waveforms at the internal test station.

B. Determine the Modifjcations to the Jet that are Desired.

The capabilities of the unmodified jets to overturn targets will be
estimated. For this purpose either the BLOM or TRUCK code or both should be
modified to model the jet loading, and predictions made for selected targets.

For example, it would be of interest to know whether a tank can be overturned.

If the jet loading available exceeds the overturning thresholds by a large
margin, then losses produced by spreading the jet can be offset by increasing the
shock pressure. The overturning thresholds, the extent that they can be
exceeded, and the size of targets will be considered in selecting the
modifications in the jets that are desired.

C. ode ock Tube.

The design of a suitable fixture must be developed experimentally,
primarily by trial and error. Many tests will be needed, so that use of a scaled
model shock tube for such tests is proposed. The 25.4 millimeter shock tube used
by Kingery and Gion is not an exact scaled model and is too small for working
with fixtures and for detailed mapping of the jet. For studying jet impulses it
seems very important to have the dimensions of the driver and driven sections of
the model shock tube of exactly the same proportions as in the 1.68-meter tube,

and the tube axis at the same height in diameters above the ground plane.

A reasonable diameter for the model shock tube is 152 millimeters (six
inches), a scale of 1/11. The lengths for the driver and driven sections would
be 9.70 meters and 9.97 meters, respectively. Ten diameters from the end would
be 1.52 meters. Jet mapping would require spacing some gages as close as 0.25
diameters, which would be 38 millimeters. Available stagnation pressure gages
have a nose opening diameter of 5 millimeters, so a separation of 38 millimeters

would be satisfactory.
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Standard pipe and as few flanges as possible would be used in constructing
the tube to minimize cost. It may be possible to install the tube so that the
end extends over an existing concrete pad at the rear of the building containing
the BRL 0.6-meter shock tube.

An instrumentation array like that used to map the jets from the 1.68-meter

tube is to be installed ten diameters from the end of the model tube. For this
purpose it may be desirable to have the ten-diameter position at the edge of a
concrete pad so that gage mounts can be placed in earth, with the gage probes
projecting over the concrete surface. Stagnation and overpressure gages are to
be installed inside the tube at positions corresponding to those at the test

station and near the end of the 1.68-meter tube.

The model tube is to be fired first at conditions matching those used in
mapping the jets from the l1.68-meter tube. The gage records are to be compared
with those obtained from the large tube. The expectation is that the jets from
the model will be sufficiently like those from the large tube that a fixture that

works on the small model will work for the large tube.

E. - o _th ode ube.

The design process will consider the expanded width desired and the results
reported here to estimate the number of jet-tubes required. The fixtures will
be designed for maximum flexibility in pointing the jet-tubes while maintaining

resistance to the high loads they must survive.

It is possible that the capability of spreading to two different widths
will be desired. 1In this case, a fixture would be designed to allow the jet
tubes of, for example, a six-jet configuration to be divided to form a twelve-jet

configuration.




Testing of the fixtures will involve firing at the upper and lower limits
of the shock pressure range, evaluating the cnanges in the jet, adjusting the aim
points of the jet tubes, and repeating the process. The testing will be
continued until a satisfactory jet-tube configuration is found, or it is
determined that a redesign is required to achieve the jet modifications desired.

G. dapt ure D 68-Met ul nd Build and
Iggtal]. It".

The fixture found to be best in the model studies will be adapted for the
1.68-meter shock tube. It will be mounted so that it is not attached to the
tube, and can be moved aside so that the tube is open. It will be subjected to
enormous air loads, and designing it to stay in place under such loads and to be

capable of being moved aside may be difficult.

Consideration should be given to designing the fixture so that attachments
can be added at the end facing the tube to make the fixture function as a passive

rarefaction wave eliminator.

H. du W h ture d Adjust it for Optimum
Performance.

The gage array used for measuring the jets from the model tube will be
scaled to the dimensions appropriate for the large tube and installed. The
performance of the fixture will be evaluated beginning with the lowest
overpressure of interest. Then tests will be run at the highest pressure of
interest for both cold and hot drivers. The aim points of the jet tubes will be
adjusted to obtain optimum performance over the pressure range. It may be found
that different settings will be required at the high end of the range than at the
low end. Enough tests will be run to define the characteristics of the jets that
can be produced with the fixture over the operating pressure range of the 1.68-

meter tube.

I. Summarize the Results in a Users'’ Manual for the Facility.

This manual will describe the characteristics of the jets that can be

produced over the pressure range and the corresponding settings of the jet-tubes.
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It will contain recommendations for loading typical targets and waveforms to be

expected.
ACKNOVLEDGEMENT
Appreclation 1s expressed to Mr. John H. Keefer, Manager of the Aberdeen

Research Center office of Applied Research Associates, Inc., for many valuable

discussions concerning this work.

29




INTENTIONALLY LEFT BLANK.

30




REFERENCES

C.N. Kingery, "Open End Shock Tube Testing,"” briefing paper, Ballistic
Research Laboratory, Aberdeen Proving Ground, MD 21005, 1989.

Robert J. Raley, private communication, Ballistic Research Laboratory,
Aberdeen Proving Ground, MD 21005, January, 1991.

C.N. Kingery and E.J. Gion, "Jet-Flow from Shock Tubes,"” Technical Report
BRL-TR-3015, Ballistic Research Laboratory, Aberdeen Proving Ground, MD

21005, July, 1989.

Robert D. Blevins, "Applied Fluid Dynamics Handbook, " Van Nostrand Reinhold
Company, 135 West Fiftieth Street, New York, New York 10020, 1984.

31




INTENTIONALLY LEFT BLANK.

32




No. of

Copies Organization

2

(Unclass. only){

Administrator

Detense Technical Info Center
ATTN: DTIC-DDA

Cameron Station

Alexandria, VA 22304-6145

HQDA (SARD-TR)
WASH DC 20310-0001

Commander

U.S. Army Materiel Command
ATTN: AMCDRA-ST

5001 Eisenhower Avenue
Alexandria, VA 22333-0001

Commander

U.S. Army Laboratory Command
ATTN: AMSLC-DL

2800 Powder Mill Road

Adelphi, MD 20783-1145

Commander

U.S. Army Armament Research,
Development, and Engineering Center

ATTN: SMCAR-IMI-|

Picatinny Arsenal, NJ 07806-5000

No. of

Copies Organization

1

(Class. only){

(Unciass. only){

Commander

U.S. Army Armament Research,
Development, and Engineering Center

ATTN: SMCAR-TDC

Picatinny Arsenal, NJ 07806-5000

Director

Benet Weapons Laboratory

U.S. Army Armament Research,
Development, and Engineering Center

ATTN: SMCAR-CCB-TL

Watervliet, NY 12189-4050

Commander

U.S. Army Armament, Munitions
and Chemical Command

ATTN: AMSMC-IMF-L

Rock Island, IL 61299-5000

Diractor

U.S. Army Aviation Research
and Technology Activity

ATTN: SAVRT-R (Library)

M/S 219-3

Ames Research Center

Moffett Field, CA 94035-1000

33

10

Commander

U.S. Army Missile Command
ATTN: AMSMI-RD-CS-R (DOC)
Redstone Arsenal, AL 35898-5010

Commander

U.S. Amy Tank-Automotive Command

ATTN: ASQNC-TAC-DIT (Technical
information Center)

Warren, MI 48397-5000

Director

U.S. Army TRADOC Analysis Command
ATTN: ATRC-WSR

White Sands Missile Range, NM 88002-5502

Commandant

U.S. Army Field Artillery School
ATTN: ATSF-CSI

Ft. Sill, OK 73503-5000

Commandant

U.S. Army Infantry School

ATTN: ATSH-CD (Security Mgr.)
Fort Benning, GA 31905-5660

Commandant

U.S. Army Infantry School
ATTN: ATSH-CD-CSO-OR
Fort Benning, GA 31905-5660

Air Force Armament Laboratory
ATTN: WL/MNOI
Eglin AFB, FL 32542-5000

Aberdeen Proving Ground

Dir, USAMSAA
ATTN: AMXSY-D
AMXSY-MP, H. Cohen

Cdr, USATECOM
ATTN: AMSTE-TD

Cdr, CRDEC, AMCCOM

ATTN: SMCCR-RSP-A
SMCCR-MU
SMCCR-MSI

Dir, VLAMO
ATTN: AMSLC-VL-D

Dir, BRL
ATTN: SLCBR-DD-T




No. ot

Copies Organization

7

Director
Defense Nuclear Agency
ATTN: CSTI, Tech Library

DDIR

DFSP

NANS

OPNA

SPSD

SPTD
Washington, DC 20305

Director
U.S. Army Harry Diamond Laboratories
ATTN: SLCHD-TA-L, Tech Library
SLCHD-NW-P,
Abe
Corrigan
Gwaltney
Patnaik
SLCHD-NW-RA,
Belliveau
Fiorvante
2800 Powder Mill Rd.
Adelphi, MD 20783-1197

Director

Defense Advanced Research Projects Agency
ATTN: Tech Library

1400 Wilson Blvd.

Arlington, VA 22209

Director

Defense Inteligence Agency
ATTN: DT-22Wpns & Sys Div
Washington, DC 20301

Commander
U.S. Army Natick Research and
Development Center
ATTN: AMDNA-D, Dr. D. Sieling
STRNC-UE, J. Calligeros
Natick, MA 01762

No. of
Copies

3

Organization

Commander
U.S. Army Nuclear and Chemical Agency
ATTN: ACTA-NAW

MONA-WE

Tech Library
7500 Backlick Rd., Bidg. 2073
Springfield, VA 22150

Kaman AviDyne

ATTN: M. Atkinson

83 Second Ave.
Northwest Industrial Park
Burlington, MA 01803

S-CUBED
A Division of Maxwell Laboratories, Inc.
ATTN: C. Needham
L. Kennedy
2501 Yale Bivd., S.E.
Albbuquerque, NM 87106

Applied Research Associates, Inc.
Aberdeen Research Center

30 Diamond St., P.O. Box 548
Aberdeen, MD 21001

Applied Research Associates, Inc.
4300 San Mateo Bivd., N.E.

Suite A220

Albuquerque, NM 87110

Applied Research Associates, Inc.
6404 Falls of Neuse Rd.

Suite 200

Raleigh, NC 27615

Applied Research Associates, Inc.
7114 West Jefterson

Suite 305

Lakewood, CO 80235




USER EVALUATION SHEET/CHANGE OF ADDRESS

This laboratory undertakes a continuing effort to improve the quality of the reports it
publishes. Your comments/answers below will aid us in our efforts.

1.

interest for which the report will be used.)

Does this report satisfy a need? (Comment on purpose, related project, or other area of

2. How, specifically, is the report being used? (Information source, design data, procedure,

source of ideas, etc.)

3. Has the information in this report led to any quantitative savings as far as man-hours or

dollars saved, operating costs avoided, or efficiencies achieved, etc?

elaborate.

If so, please

4. General Comments. What do you think should be changed to improve future reports?

(Indicate changes to organization, technical content, format, etc.)

BRL Report Number _BRL—-CR-644 Division Symbol

Check here if desire to be removed from distribution list.

Check here for address change.

Current address:

DEPARTMENT OF THE ARMY

Director

U.S. Army Ballistic Research Laboratory
ATTN: SLCBR-DD-T
Aberdeen Proving Ground, MD 21005-5066

OFRACIAL BUSINESS

—

Organization

Address

"BUSINESS REPLY MAIL

FARST CLASS PERMIT No 0001, APS, MD

Postage will be paid by addressee.

Director

U.S. Army Ballistic Research Laboratory
ATTN: SLCBR-DD-T
Aberdeen Proving Ground, MD 21005-5066

NO POSTAGE
NECESSARY
F MAILED
IN THE
UNITED STATES

IIIIIIIII




