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FOREWORD

This report was >repared by the Cornell Aeronautical Laboratory
(CAL), Buffalo, New York, under Navy contract N00178-68-C-0313. This
effort is part of an Aerial Target Vulnerability (A'i‘V) study being conducted
by the Naval Weapons Laboratory (NWL), Dahlgren, Virginia, under NAVORD-
SYSCOMHQORDTASK ORD-622-214/09U/f§0-352-503.

The principal author was Mr. R. Paul Mason of the Hypersonic
Facilities Department. The NWL program manager was Mr. W. W. Morton

of the Systems Analysis Division-Surface Warfare Department.

The objective of the Aerial Target Vulnerability program is to delineate
the vulnerability of selected potential foreign aerial targets to the terminal
damage mechanisms of conventional anti-air guided missile ordnance. This
is an applied research effort which is being conducted expressly in support
of the Navy's anti-air guided missile ordnance development and evaluation

efforts.

Data from the blast tests reported herein will be correlated with a
concurrent CAL analytical blast damage analysis. The resulting informa-
tion will be used by NWL in evaluating the blast effects of various type war-

heads on the vulnerability of aerial targets.

Systems Analysis Division
Surface Warfare Department
U. S. Naval Weapons Laboratory
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SUMMARY

A test was conducted at Cornell Aeronautical Laboratory (CAL) to
determine the effects of a blast wave on a delta-wing model in a supersonic
flow (M=a22.0). Pressure data were taken at various locations on the model

using fast-response pressure transducers.

The blast wave was generated by the detonation of a small explosive
charge at the apex of a hollow cone normal to the flow direction. The
variables of the test were model attitude relative to the charge and simu-
lated altitude.

This report presents details of the facility,blast generator and model,
describes the development </ instrumentation, presents the results of

the tests and explicit conclusions and recommendations.
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NOMENCLATURE AND SYMBOLS

Thousands of feet (altitude)
Mach No.
Ambient pressure, atmospheres

Reflected overpressure (psi); (pressure behind reflected
wave) - (ambient pressure)

Incident overpressure (psi); (pressure behind incident wave)
- (ambient pressure)

Total or reservoir pressure (psi)

Pitot pressure in test section (psi) - total pressure behind
normal shock

Distance from charge, ft

Time of arrival of shock, measured from charge initiation
(msec.)

Charge weight (lbs. wt.)
Scaled distance (R/W 1/3)

Scaled distance with altitude scaling o

w 173

Model angle of attack (nose up positive)

Model angle of roll (right wing down positive)



Section

I

IL

IIL.

IV,
V.

FOREWORD .
ACKNOWLEDGEMENTS .

SUMMARY . . .

TABLE OF CONTENTS

LIST OF TABLES. « « « « &

LIST OF ILLUSTRATIONS . .

NOMENCLATURE AND SYMBOLS

INTRODUCTION

TEST EQUIPMENT . « « « &

A,

B

Report No. GM-2673-D-4

External Flow System . « . « &«

Blast Tone and Nozzle Extension

Explosive and Initiators

Model and Model Support . « «

Airflow Rake « ¢« « « &«

Instrumentation and Data Recording

Flow Visualization. «

TEST PROCEDURE « « « .« &

A,
B.
C.

Calibration of Pressure Transducers

Test Program. « « « .

Test Operation . « «

DATA REDUCTION ¢« « « « &

PRESENTATION OF DATA.

A,
B.
C.
D.

Cone Calibration . . .
Nozzle Airflow . . «
Model Data . . « «

Limitations of the Experimental Technique

ii
iii

iv

AN ;b bW W

O ® 00 o™

11
12

12
13
13
16



b,

Section

VI.

VII.

Report No. GM-2673-D-4

Page
PRECISIONOF DATA . . . ¢ v v v o o o o + & 18
CONCLUSIONS AND RECOMMENDATIONS . . . . 19
REFPERENCES . ¢ « o = o 6 o oo o8 6 00 @0n 2
TABLES
ILLUSTRATIONS
APPENDIX A

APPE! X B



Report No, GM-2673-D-4

I. INTRODUCTION

In the past, many investigations of the effects of a blast wave on a body
in supersonic and hypersonic flows have been undertaken. These, however,
have usually been restricted to optical investigations of the blast-shock
interaction (pressure data rarely being taken) on simple shapes such as
spheres, cones, and wedges, Further, they.have usually employed blast-
wave generators, such as shock tubes, which have provided the essentially

planar shocks typical of nuclear explosions,

On the other hand, ‘nvestigators concerned with the local blast effects
on structures due to nonnuclear explosions have simulated these by means of
high energy conventional explosives, sometimes amplified by using a hollow

cone with the explosives in the apex,

There remained a gap in existing experimental techniques in that the
effects of nearby conventional explosions on typical aircraft could not be
assessed at different vehicle velocities, attitudes, and altitudes. The purpose
of the reported tests was to demonstrate the feasibility of an experimental
technique to determine these effects and to obtain some preliminary data on
a simple model.

The reported tesis will be correlated with the analytical blast damage
investigation being conducted by CAL under this contract. These two proj.ect
tasks are intended to assist the overall NWL ATV program in assessing the
vulnerability of aerial targets to both blast-only warheads and other types of

warheads where blast enhancement of the primary kill mechanism is obtained.

The technique uses a blow-down type supersonic wind tunnel which
operates on an unsteady flow principle. The run time, although short, is
sufficient to establish steady flow over the model. Synchronized with the
flow, a conical blast generator provides a blast wave normal to the flow
direction which passes through the flow field around the model and then
intercepts the model, Because of the nature of the pressure time history
due to the blast wave, it was necessary to give considerable care to the

selection and use of pressure transducers and electric filters,

£ & N *:@"..M sl . T i s il
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The tests reported herein were conducted in the External Flow System
of the Hypersonic Facilities Department during the period 27 May 1969 to
25 June 1969, The External Flow System is the property of the National
Aeronautics and Space Administration, accountable under NASA Facilities
Contract No. NAS8-20878 (F) and was made available for this program by

their permission.

The model, data, and photographs are UNCLASSIFIED.,
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II. TEST EQUIPMENT

A, External Flow System

The short-duration external-flow system is basically a blow-down wind
tunnel which operates according to the nonsteady flow principles discussed
in References 1 and 2. The dry* test air is initially contained in a high-
pressure supply tube by a plastic diaphragm. Mechanical cutting of this
diaphragm allows the air to exhaust through a nozzle and into a vacuum
chamber. The nozzle exit flow Mach number is about >, For the 30-foot-
long supply tube currently used, a steady nozzle supply is maintained for
about 40 msec. when using room temperature air as the test gas., The
facility was originally constructed for base heating tests (e. g., Reference 3)
and included a centerbody which was terminated at a point just upstream of

the throat for the reported test.

The system, as modified for the test, is shown in Figure 1.

B. Blast Cone and Nozzle Extension

The blast wave was generated by the detonation of an explosive near the
apex of a hollow cone. As has been discussed elsewhere (Reference 4), the
blast wave thus generated corresponds to that from a spherical blast generated
by a larger charge, The ratio of effective charge size to that detonated in
the cone is known as the Amplification Factor, and is the ratio of the solid
angle of a sphere (414¢ steradians) to that of the cone. The cone-semivertex
angle used in this test was 5° 43', yielding an ideal amplification factor of
402, That is to say, one gram of explosive gives the same blast strength
(i. e., overpressure) at a given distance from the source as would a sphere

of 402 grams in free air,

The charge was confined and detonated in a firing block with an outside

diameter of 8 inches and an inside diameter of 1 inch.,

y Approximately -40°F dewpoint




Report No. GM-2673-D-4

The blast cone was installed normal to the flow, intersectinga short
nozzle extension, This latter extension covered one third of the nozzle
circumference and its purpose was to form a smooth jinction of the Mach 2

nozzle and the blast cone.

Figure 2 shows a photograph of the cone installed in the receiver tank,

Cc. Explosive and Initiators

The explosive used in the test program was Pentolite, provided by
NWL in the form of pellets (apparently cast) 1/4-inch diameter and in
lengths of 1/2 and 2 inches, (50-50) Pentolite is 2 mixture of equal weights
of PETN and TNT and, although obsolete, is frequently used for experi-
mental work, The explosive was initiated by an electric detona.tor*. A
small "booster pellet' of 12 grains of PBX 9407 (about 11 grains of RDX in
a plastic bind r) was provided by CAL's Weapons Research Department to
increase the reliability of the detonator under conditions of poor contact with
the explosive. Mechanical coupling of the detonator output was provided by
placing a disc, 1/4-inch diameter, 0. 002 inches thick, of brass between the
booster pellet and the Pentolite.

Detonation transfer between individual )piecea of Pentolite was aided by
about a half-gram quantity of LX-02 plastic explosive. LX-02 contains 68%
PETN in a butyl rubber binder. A schematic representation of the explosive

train is shown in Figure 3,

D. Model and Model Support

The model consisted of a cylindrical fuselage with an ogival nose, a 65°
delta wing and a 65° delta vertical tail, The wing span was 13 inches,

The model was mounted on a long, relatively springy sting from a very
rigid mount attached to the bottom of the receiver tank (Figure 4), The sting
could be moved to an angle of i0° to the horizontal and the model could be
rolled relative to the sting into three different positions.

An installation photograph is shown in Figure 5.

T‘Type E-94, Military Specialties Sales, E,I. Dupont de Nemours Co., Inc,,
Wilmington, Delaware

4
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E, Airflow Rake

The airflow quality in the nozzle was surveyed by means of a pitot
survey rake, Nine pitot probes were provided, one on the centerline and
four each at three-inch centers either side of centerline in the horizontal

plane.

It was possible to alter the axial location of the pitot rake over a
distance of about two feet.

A photograph of the installed survey rake is shown in Figure 6,

F, Instrumentation and Data Recordin}_

1, Rake Instrumentation

The pitot survey rake was provided with nine CAL-marc piezo-
electric pressure transducers, These transducers were used with minia-
turized FET* impedance-matching amplifiers, giving sensitivities of order
100 mv/psi. The transducers are acceleration compensated and, when used
with suitable low pass filters to remove the high frequency signal due to
resonant excitation, offer response of order 1 millisecond. Further de-
scriptions of the transducer and the FET circuit are found in References 5
and 6,

A similar transducer was used to measure the stagnation pressure

in the subsonic flow upstream of the throat.

24 Blast-Cone Instrumentation

The blast cone was instrumented with three Kistler type 603A
high-frequency-response piezoelectric pressure transducers (Figure 7). The
mounting used in these locations was basically the hard type recommended by
the manufacturer (Figure 8 (b))l Kistler charge amplifiers were used with

these transducers,

During the static cone calibrations, reflected overpressure was
measured by a pcb type 112 mo1* pressure transducer mounted in a rigid
circular plate which was suspended from the ceiling of the receiver tank by

*Field Effect Transistor
+pcb Piezotronics, Inc., P.O. Box 33, Buffalo, New York 14225

5
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means of cables, This transducer is internally very similar to the Kistler
Type 603A, its main difference being a smaller overall length and the
provision of pigtail leads rather than a connector. The mounting technique
was similar to that used for the Kistler except that the washer upon which the
transducer was seated was made of Boron Nitride* and that the compression
of the transducer was achieved by a plate with small screws rather than a
single hollow pusher screw (Figure 8(a)). This mounting technique, together
with the previously-mentioned smaller transducer length allows installation
of a transducer in a more confined space than is possible with a Kistler
transducer. This mounting technique was also used for the transduceres in

the model (see section F-3 below) and is discussed in Appendix B,

3. Model Instrumentation

The delta-wing model was provided with four Kistler Type 603A
transducers and four of the pcb type 112 MO1, both mounted as discussed
above (section F-2), In order to minimize electrical noise generated by cable
motion, each was provided with a compact, solid-state scurce follower**
pcb Model No, 402A, which was mounted as close as possible to the transducer.
A photograph of a typical transducer installation, showing the source follower,

is seen in Figure 9. The transducer locations are shown in Figure 10,

4, Data Rccordiﬂ_

All pitot-survey, blast-cone,and model data were recorded on
Tektronix Type 502 and 535 oscilloscopes with Polaroid Land cameras.
Electrical filters were used on most channels; these are discussed in
Appendix A,

G. Flow Visualization

Because the blast cone is mounted horizontally, it was necessary to
develop a vertical schlieren/shadowgraph flow visualization system. The

system, shown schematically in Figure 11, is a double-pass conical layout.

*Selected for its properties of high rigidity and good electrical insulation.

*3 source follower (sometimes called a line driver or impedance converter)
is similar to a cathode follower in purpose, i.e., it lowers the output
impedance to about 100 Ohms,

6
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The spherical mirror is placed on the floor under the receiver and the flat
turning mirror, light source, knife edge and camera are hung from the
ceiling structure of the Laboratory. Thus rone of the components are
attached to the external flow system itself. A modified Graflex shutter was
used, which opens for about 4 milliseconds, the spark being actuated inde-
pendently., In view of the need for rapid availability of the photographs
Polaroid Type 57 sheet film was used.
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III. TEST PROCEDURE

A, Calibration of Pressure Transducers

1, Bench Calibrations

The CAL-made pressure transducers were calibrated on the
bench, using a quick-acting valve which released air from a pressurized
bottle to the transducers in the pitot probe heads. The pressure in the
storage bottle was read on a precision dial gage., The Kistler and pcb
transducers were calibrated with a deadweight tester, using the actual input
lead lengths and amplifier system which would be later utilized in the model

or blast cone,

The voltage variation (i. e., voltage output versus applied
pressure) of the transducers is linear over the range of pressures en-
countered in the tests. These calibrations, in conjunction with the esti-
mated values of expected pressures, also provide the basis for adjusting

the settings of oscilloscopes to achieve optimum readability.
The detailed calibration data are kept on file at CAL.,

2. Shock Tube Tests

An evaluation of the dynamic response of the Kistler and pcB
transducers was performed using a small cold-air-driven shock tube*.
This provides an essentially pure step pressure input to the transducer and
allows a selection of suitable filters for the test program. A detailed ‘

description of these tests is found in Apperndix A.

B. Test Program

A total of 15 static cone calibrations, 5 airflow calibrations,and 24
data-producing runs were made. Tables 1 and 3 present summaries of the

run schedules of the cone calibration and model data phases of the program.

*other types of transducers were also evaluated and rejected,
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C. Test Operation

1, Blast Cone

The charge, consisting of one or more Pentolite pellets, was
supported in a rigid foarmn rod. Both the internal and external diameters of
this rod were such as to ensure a tight fit with the Pentolite and firing block

respectively, in order to minimize the motion of the charge,

A Mylar diaphragm, 0,002 inches thick was installed between
the firing block and the blast cone for the latter part of the test program.,
This diaphragm, replaced prior to every run, separated the charge from
the receiver tank and was used for two reasons, Firstly, the flow of air
into the cone during the starting processes of the nozzle was prevented from
disturbing the charge, possibly introducing an excessive gap between the
charge and the initiator. Secondly, the pressure ambient to the charge
remained atmospheric, whereas the receiver tank was initially at very low
pressure in order to facilitate starting, Initiation of the charge under
conditions of poor contact with the initiator is much more reliable when the

ambient pressure is higher,

2, External Flow System

Before a run, the supply tube and the receiver tank are separated
by Mylar diaphragms and the receiver tank evacuated to less than 10 mmHg
in order to facilitate nozzle starting. After the supply tube has been filled
to the desired pressure the run is initiated. The fireswitch opens a solenoid
valve which allows Helium at 200 psia to actuate a cutter., The cutter, in the
form of a cruciform-shaped knife, cuts the diaphragm about 60 milliseconds
after the fireswitch is operated and the triangular diaphragm ''petals'' thus
formed are rapidly pushed to the side of the tube, any broken pieces being
restrained by a wire mesh immediately downstream. Flow is established
in the test section 10 to 20 milliseconds after diaphragm rupture, leaving at
least 20 milliseconds of steady flow.

The fireswitch also actuates an electronic delay which then
initiates the detonator and also starts the opening of the camera shutter.
This time delay is adjusted so that the blast wave arrives in the test section




Report No. GM-2673-D-4

very shortly before the end of steady test time, in order to ensure that the
model flow has as long a time as possible to equilibrate. After the charge
has detonated, the blast passes the first pressure transcducer in the blast
cone, PSl, and the output from this triggers some of the oscilloscopes.
Others, particularly the fast-sweep oscilloscopes recording the model
pressure data, are triggered after a suitable delay from the cone exit
pressure (PS3)., This transducer also initiates the spark source for flow

visualization.

10
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IV. DATA REDUCTION

Both CAL-rﬁ\‘ade, and Kistler and pcb pressure transducers measure
the difference between initial ambient pressure and the local pressure
suddenly applied in the test, Therefore, to obtain the true rake pitot
pressure, the imf{al receiver pressure is added to the measured pressure.
Similarly, the blast pressures recorded on the model are changes in pressure

over the ambient, flow-generated, model pressure.

The cone calibration data obtained is also recorded as pressure change
from ambient, however, this is consistent with the usual convention of blast

wave testing.

The magnitude of the peak overpressure was corrected to account for
the limited frequency response of the transducer system. This correction

is discussed in Appendix A,

11
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V. PRESENTATION OF DATA

A, Cone Calibration

The schedule of cone calibration runs is shown in Table 1.

Typical cone-wall-static and reflected-shock pressure-time histories
are presented in Figure 12, The appearance of these data confirm that the
blast wave is well-formed and has the characteristics of a spherical blast
at both sea level and 30,000 ft., simulated altitude (240 munHg). However, at
70, C00 ft. simulated altitude (33 mmHg) the pressure-time histories did not
demonstrate these characteristics, as seen in Figure 12(c). The -reason
for this is unknown, but may be related to the greater difficulty in obtaining
good detonation transfer at low ambient pressure. The diaphragm separating
the firing block and the blast cone, mentioned in Section III-C (1), was rot
utilized at the time of the calibrations: a modification to the firing block was

necessary to do this, and this expense was not warranted at that time,

Tt e performance of the blast cone is presented graphically in Figures
13(a) and 13(b). The theoretical line is based on the charge-weight and
altitude correlation of Reference 7. Lines of 70% efficiencies are also
preserted. It is seen that the cone static pressures (Figure 13a) are
consistent with an efficiency of between about 70% and 100%, i.e., the cone
behaves as if between 70% and 100% of the charge is detonated. Any de-
ficiency is probably due to shock attenuation caused by viscous effects as
well as the fact that the charge is not a true spherical sector. This efficiency
may be compared with previous experience with cones of othei vertex angles
(Reference 8) in Table 2.

The reflected shock pressure as a function of charge weight is shown
in Figure 13b, These data are taken at the nozzle centerline, i.e., 20 7/8"
from the cone exit, where some drop in performance would be anticipated
because of the free expansion beyond the exit but none is detectable, Times
of shock arrival (at sea level only) are presented in Figure 14. The present

data agree well with the correlations of Reference 9 which presents results

12
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from spherical charges in free air. A shadowgraph photograph, showing

the blast wave approaching the flat plate, is shown in Figure 15.

B. Nozzle Airflow

Pitot surveys of the nozzle airflow were made at two simulated alti-
tudes and two axial locations.. A representative plot of pitot/total pressure
ratio as a function of radial location is presented in Figure 16, The mean
of this ratio is also shown, together with the lines representing variations
of £ 5%, The mean level was used to calculate the average flow Mach number,
using the tables of Reference 10, A small drop of total pressure due to the
wake from the centerbody is seen near the centerline, but this only repre-
sents a 2% change in flow Mach number. The axial Mach number gradient
is about 5% in two feet; theory predicts about 8%. A schlieren photograph

of the flow over the rake is shown in Figure 17.

C. Model Lata

The schedule of model runs is shown in Table 3. Typical model over-
pressure time histories are shown in Figure 18, In all cages, the baseline
is the ambient, flow-generated, pressure on the model ai that location, L.
the case shown, which is a run at a simulatec altitude of 35,000 ft,, the
pressure after the arrival of the blast wave rises rapidly and then falls below
ambient. This is typical of spherical blasts at such altitudes. The wing
pressure data (locations 7 and 8) for this run are especially interesting where
the reflection of the blast from the vertical tail is clearly seen.

The variations of peak « rerpressure at various locations as a function
of model attitude are presented graphically in Figures 19 (a) through 19 (h).
The charge weight and simulated ~ltitude remained fixed in this group of runs.
Figure 19 (a) shows this variation for position Pl on the nose, The data at
this location were unusual in that the time history did not typically exhibit
the expected blast wave shape, There was usually no sharply-defined peak,
but rather a pressure plateau of 0,5 to 1,5 milliseconds duration (Figure
18 (a))e The plotted data are interesting in that they show that the peak
pressure rises as the model is rolled; the peak being about four times
greater when the transducer sees the blast edge-on than'when it is exposed
to the blast face-on., The data from the two fuselage locations (P2 and P5)

13
e — e — >
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are presented in Figures 19(b) and 19(e). These show the more expected
behavior; the face-on pressure being larger than the side-on. A theoretical
line from Reference 11 is also presented; however, some rather sweeping
assumptions are implied by this line, The first assumption is that the
pressure at a point on a cylinder is the same as on an infinite plane tangent
to the cylinder at that point. This assumption is similar to the tangent-wedge
assumption used in hypersonic flows (see, for example, a discussion of this
in Reference 12). The second assumption is that the blast cone extends all
the way to the model and the third is that the flow field over the model does
not interact with the blast wave (i, e., that the flow and blast may be super-
imposed), Curves for a cone of 100% efficiency and 70% efficiency are
shown, The agreement at location P2 is not good, but the trend is predicted
fairly well, The data at location P5, however, agree surprisingly well with
this crude theory and the trend is well predicted, The assumptions are of
course better suited to prediction of the "upblaat"* wing location (P7) and

these data are discussed below,

Locations P3 and P4 were in the wing root, the former being on the
fuselage, the latter on the wing, The data are compared with the theory of
Reference 13 in Figures 19(c) and(d). Again the assumptions of an infinite
ground (represented by the wing) and of superimposition were made, In
view of the fact that the theory applies to a square corner and that the corner
in the experiment contained a fillet formed by the fuselage, the agreement
is rather good and the trends again are well predicted. The same theory is
compared with the data near the root of the fin (position P6) in Figure 19 (f).
Here the assumption of a vertical wall is far from reasonable and the data
accordingly lies far from theory, especially at the -45° roll position. One
would expect that the -45° position would be the most difficult to predict:
the extremely large pressure ratios calculated in Reference 13 are caused
by the collision of two strong shock waves which occurs exactly in the corner,
the pressure ratios being much lower anywhere else. Clearly in the more

;EHere ""upblast'' refers to the wing position not sheltered from the blast by
the fin, The other position (P8) will be referred to as the ''lee'' side.
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complex geometry used in the reported tests, the simple shock collision
model used in the reference does not apply and a smaller pressure multi-

plication would be expected.

The "upblast'' wing location data (P7) are plotted in Figure 1¢ (g) and
the theory of Reference 11 previously mentioned is also presented. The
agreement is good. The data from the ''lee' side location (P8) are also
compared with this theory in Figure 19 (h) and, as would be anticipated, the
shielding effect of the fin causes the overpressures to be lower than
on P7, Peak overpressures, as a function of model roll angle,at other
altitudes, are also presented in Figure 19, together with the theoretical

results for these conditions,

The variations of peak overpressures with altitude are seen in
Figure 20, The model was fixed at the -90° roll, zero angle-of-attack
position, and the charge weight fixed at 5, 7 grams for this series of runs.
The theoretical incident and reflected overpressure variations from
Reference 7 are included for comparison. Of all positions, numbers P5, P7,
and P8 should agree best with the theoretically reflected overpressure. The
agreement ie not good for any of these; the trend of the wing data being
completely at variance witn the prediction. The experimental trend is,
however, quite clear and one must conclude that there is an effect due ‘o
the airflow over the model, an effect which is particularly strong on the
wing, One must also conclude that the relatively good agreement of absolute
levels in Figure 19, referred to above, is fortuitous.

The effect of various charge weights at fixed altitude and model aspect
was also investigated, The data from these runs are plotted in Figure 21
and, again, the theoretical incident and reflected overpressure lines are
included where useful, The trend here is clearly obeyed well, the absolute
agreement in the wing data being quite good. The fact that this is so adds
further credence to the above conclusion that a flow interaction does occur,

In Figures 19, 20, and 2], data are also included from the runs made
at 9° effective angle of attack for the model. These data are identified by
flagged symbols. There did not appear to be a very strong effect due to angle
of attack, no trend being discernable. It is probable, however, that larger

angles of attack would have more effect.
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An additional limitation to all the model data remains to be mentioned:
the repeatability, or lack thereof, of the blast strength, It had been intended
that the data in Figures 19, 20, and 21 would be presented in the form of
pressures nondimensionalized to the incident overpressure measured at the
cone exit. However, these measured pressures, at a given simulated
altitude and charge weight, exhibited a standard deviation of 17% at PS3 and
18. 5% at PS2, considerably more than would be expected due to charge
nonuniformities alone., Further, the reading at PS2 averaged 120% higher
than at PS3, the latter being much closer to theory. It is thought that the
difficulties experienced were due to locally-strong interactions of the blast
wave with the complex flow field at the cone exit, Oscilloscope records of
the pressures at these locations due to the supersonic flow prior to the
arrival of the blast wave show considerable unsteadiness. Electrical
difficulties also prevented the recording of incident overpressure at PS3 on
one third of the runs, The small remaining amounts of data, when nondi-
mensionalized by this overpressure do not display any reduction in scatter,
or any improved agreement with theory. The nondimensionalized data are,
accordingly, not presented here.

A shadowgraph photograph of the blast wave approaching the model is
shown in Figure 22, The bow shock and wing root shock due to the airflow

are also clearly visible,

D. Limitations of the Experimental Technique

There are two major limitations to the experimental technique employed
in the reported tests, The first is present in most ground-testing techniques
which attempt to simulate a blast normal to the flow velocity (or target flight
direction), This is that the blast source is stationary relative to the target.
Now this is not a poor representation of some interception techniques (e. g.,
a lead-pursuit interception by a missile little faster than its target); however,
the result is that the blast wave is not normal to the urget*.

*The effect of the flow on the blast wave is clearly seen by comparing Figures
15 and 22,
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The second limitation of this particular technique is that the blast
wave must traverse regions of variable, and unsteady, local properties.
Unsteadiness will be greatest near the cone exit, where an extremely
complex flow field exists, and the interactions will be most severe in that
region, The existence of a large discrepancy between incident overpressures
measured at the two positions at the cone exit (see section V-C) is evidence
of this, On the other hand, examination of the shadowgraph pictures do
not show any large distortion of the blast wave, other than that expected from

the flow as mentioned above.

Other than these limitations, the technique appears to offer considerable

advantages, especially simplicity and low cost.

17
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VI. PRECISION OF DATA

A, Precision of Pressure Data

The calibration inaccuracies and transducer nonlinearities give rise
to errors of about #2% and the recording and reading errors about #1% each,
The expected '"Most Probable Error'' based on these figures is therefore
estimated at about #21%, The repeatability achieved in typical shock tunnel
and rocket tests with CAL-made and Kistler transducers appears to be

about £5%. It is not known why this is larger than the estimate.

CAL has no previous experience with pcb-type transducers, but based
on the fact that their design and construction are almost identical to the

Kistler, it is expected that their repeatability would be similar,

B. Precision of Correction for Limited Frequency Response

The correction for the limited frequency of the transducer system,
discussed in Appendix A, also provides an error. In some cases the
correction is as large as 30%, but is usually of order 10 to 20%. The
accuracy of this correction is estimated at £20%, yielding typical errors of
+4% due to corrections,

18
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VI, CONCLUSIONS AND RECOMMENDATIONS

The feasibility of investigating the effects of blasts from chemical
explosives on vehicles in a supersonic flow by means of a short-duration
wind tunnel coupled to a conical blast generator has been demonstrated,
and experimental data on the effects of model attitude, altitude and charge
weight obtained, After examination of these data, the following conclusions

may be made:

1. The blast-generating cone behaves according to previously-

established scaling laws,

2, The effect of roll angle on peak overpressure on the model
is in accordance with the trend predicted by simple theories

for stationary targets,

3. Increasing charge weight increases overpressure in the manner

exvected from theory.

4. There appears to be only a slight effect due to the interaction of
the blast wave with the flow field about the model, discernable
because the effect of altitude is generally to decrease the reflected
overpressures on the model, whereas theory for stationary

targets predicts a slight increase.

5. The test technique is simple and efficient: when the blast
generator alone was operated, four runs per day were
obtained with a crew of one or two people.

On the basis of the problems experienced and the search made in the liter-
ature for theoretical solutions appropriate to the program, the following
recommendations are made:

. | One limitation of the technique was the interaction of the blast
wave with the complex flow field at the blast cone exit, making
it difficult to measure the incident overpressure. As it is
desirable to measure this or every run in order to verify that
the blast generated is repeatable, or to correct the data if it

19




:
|

Report No. GM-2673-D-4

is not, an improvement is needed. It is recommended that in
any future tests, a cone static pressure transducer be installed
some distance into the cone. This offers the double advantage
that the overpressure measured is higher and that the flow
disturbances are less, Although such a transducer would not
aid in the determination of incident overpressure at the model,
it would allow a check to be made on run-to-run repeatability.

The problem of the effect of the flow on the blast wave, distorting
it so that it does not impinge on the model normal to its axis,
warrants further investigation. Reference 14 presents numerical
solutions for a situation closely resembling the reported tests
and the computer program presented therein could be applied in
order to find 2 model position where the blast is normally
incident and in order to provide an estimate of the loss of blast
strength. Further investigation should include tests to determine
whether model position does strongly effect the resultant model

overpressures,

In view of the extremely limited amount of theoretical or experi-
mental data on the overpressures on simple shapes, such as
cylinders and surfaces shielded by other bodies or surfaces, the
technique should be used to obtain such experimental data, The
method offers the advantage of a well-controlled environment
and makes possible the investigation of altitude effects.

20
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Table |

RUN SCHEDULE
(STATIC CONE CALIBRATIONS)

RUN | SIMULATED | CHARGE

M0. | ALTITUDE | wEIGHT COMMENTS
(kft) (gms)

' 0 2.7 | n0 DATA

5 2.9

6 2.9

7 5.7

8 1.3

9 0 2.9

10 70 2.9 | no DATA On PRI

n 70 2.9 | no DATA on PRI

12 0 5.7 | %0 DATA on PRI

13 %0 5.7

" 0 16.9

15 % 11.3 | 40 DATA On PRI

16 70 5.7

)4 70 1.3

18 )] 1.3

19 ) 16.9




Table 2

PERFORMANCE OF CORICAL SHOCK TUB'S
(REFERENCE 8)

—
CONE SEMI- AMPLIFICATI °
VERTEX ANGLE EFFICIBNCY
(deg) IDEAL ACTUAL (%)
22 1o 60 $5
2 10,000 3,000 %0
0.637 1.206 x 10% ] 3 x 10% 23




Table 3
RUN SCHEDULE
(MODEL-DATA RUNS)

MODEL | MODEL
RUN | SIMULATED | CHARGE | ANGLE OF | ROLL COMMENTS
NO. | ALTITUDE | WEIGHT | INCIDENCE | ANGLE
(kft) (gms) () | (%)
27 35 5.7 0 -90 | NO FLOW, TRANSDUCERS COVERED
28 NO DATA, TRANSDUCERS UNCOVERED
29 REPEAT OF 28, NO DATA
30 REPEAT OF 29
31 WITH FLOW, NO DATA
32 REPEAT OF 31, NO DATA
33 REPEAT OF 32, NO DATA
34 NO FLOW, REPEAT OF 30
35 WITH FLOW, NO DATA
36 * NO DATA
a7 600D DATA
38 * -45 G000 DATA
39 REPEAT OF 36
" 5 J,
4 50 REPEAT OF 40
. 42 35 Y 0
43 9 0
uy -u5
3 ‘ -90 NO DATA
e REPEAT OF U5
W7 0 REPEAT OF 37
48 REPEAT OF w7
49 . REPEAT OF 47
50 -4s
51 Y 0 REPEAT OF 42
52 't -90
53 * REPEAT OF 52
54 * REPEAT OF 52
55 63
56 35 2.9
57 * 1.8
! . 5’ '5.9 ' '
' 50 63 5.7 REPEAT OF 55
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Figure 1 QENERAL ARRANGEMENT OF THE EXTERNAL FLOW SYSTEM AS MODIFIED FOR
BLAST WAVE TESTS.




BLAST CONE PHOTOGRAPH

Figure 2
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Figure 5 MODEL INSTALLATION PHOTOGRAPH
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HEAT SHIELD (ALUNINIZED MYLAR .002 THICK)
MYLAR (.00025 THICK)

pcb TRANSDUCER
BORON WITRIDE WASHER

gs;s\\\\\

7 ﬁﬂ‘y/ LA A
%/A’/,-//AF o I A

(a) TYPICAL MOUNTING TECHNIQUE USED IN MODEL

NEAT SHIELD (KTV .020 THICK)
SRl e BORON NITRIDE WASHER

(b) MOUNTING TECHNIQUE USED N SLAST CONE

Figure 8 TRANSDUCER MOUNTING TECHN IQUES
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Figure 11 SCHEMATIC OF FLOW VISUALIZATION SfSTEM
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ALTITUDE: SEA LEVEL
——-*—-’-o—! i sec CHARGE WEIGHT: 16.9 gms

—o-*-—*‘—zoo;z sec

(5) PRI

Figure 12a 0SCILLOSCOPE RECORDS FROM A STATIC,
CONE CALIBRATION RUN (SEA LEVEL)



RUN NO. 9

(a) PS2 - SLOW SWEEP ALTITUDE: 30 Kft
CHARGE WT: 2.9 gms.

100L sec

(b) PS2 - FAST SWEEP

(c) PRI - FAST SWEEP

Figure 12 b 0SCILLOSCOPE RECORDS FROM A STATIC,
CONE CALIBRATION RUN (30 Kft)

e



RUN NO. 17
ALTITUDE: 70 Kft
100 isec CHARGE WEIGHT: 11.3 gms

(a) ps2

-«—§—-‘ —100 M sec

(b) PRI

Figure 12c 0SCILLOSCOPE RECORDS FROM A STATIC,
CONE CALIBRATION RUN (70 Kft)
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Figure 17 SCHLIEREN PHOTOGRAPH OF PITOT-SURVEY RAKE
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(a) EXTERNAL FLOW SYSTEM TOTAL PRESSURE (Po)
AND DIAPHRAGM CUTTER NOTION

(b) MODEL FUSELAGE (SEE FIGURE 10 FOR TRANSDUCER POSITIONS)

Figure 18 SELECTED OSCILLOSCOPE RECORDS FOR
A MODEL RUN WITH SUPERSONIC FLOW AND
SLAST WAVE




(c) MODEL FUSELAGE AND FIN ROOT

P8 = W pci

200 4L sec
(d) MODEL wine SIMULATED ALTITUDE : 35 XFT
CNARGE WEIGNT : 5.7 @S

RUN 38 . 45° ROLL, &x = 0°

Figure 18 CONCLUDED
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Figure 22 SHADOWGRAPH PHOTOGRAPH OF THE MODEL !N SUPERSONIC
FLOW WITH BLAST WAVE
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° APPENDIX A

The Interpretation of Data from Instrumentation with Limited Frequency

Re sponse

Consider the case of a pressure transducer excited by a step pressure
input, P. Assume also that the transducer behaves as a simple spring-
mass system with light damping (actually quite a good assumption). The
response of such a transducer is shown in Figure A-1 which is a plot of
output against time., The transducer is excited at its natural frequency
and the output is oscillatory until the damping allows it to reach its final
level, If the step is semi-infinite in time, then the final level may be read
with ease, If the step is only of short-duration, then techniques exist which
make it possible to estimate the final, asymptotic value. If, however, the
input is not a step but is a complex one containing frequencies of the same
order as the natural frequency, then the output is too complex to be easily
interpreted. Recourse is accordingly made to filtering of the signal,

Let us now present the response of the assumed transducer in the
form of a plot of the log of the amplitude ratio against frequency. By analogy
with other simply-damped spring-mass systems, the response may be
expected to look like Figure A-2, The response of a simple double-section
low-pass R-C electrical filter and the resultant transducer response after
filtering are also shown, If the fxlter'l corner frequency (f ) is sufficiently
below the natural frequency (f ) » then the response is dominated by the
filter, That is, if the excited frequenciel are sufficiently attenuated, then
the system behaves as a perfect transducer* with a low-pass filter on it,

. This is convenient because a2 simple R-C low-pass filter is amenable to
mathematical treatment, and its properties (such as corner frequency and
slope) are calculable from the electrical properties of the elements forming

it.

+Say. one decade lower
E One which faithfully responds to any input pressure signal,

A-l
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Knowing the mathematical model of the transducer system (e.g., the
Laplace transform) it now remains to describe the input signal and calculate
the response of the system to it. Although we do not know, a priori, the
pressure-time history expected, we can make certain assumptions as to the
general form expected from blast waves. Reference A-1 has performed the
response calculations for a simple-section, low-pass R-C filter acted upon

%,

by a pressure signal of the form

Pey = (- %) e

tis time and t, is the positive duration,

This form is generally accepted as the most accurate for spherical blast
waves at large distances from the source (Reference A-2), The system
response for different filter time constants, T2 (= R.C), are shown in
Figure A-3, copied from Reference A-1, It is seen that the peak output
recorded ie less than the input overpressure (Pt)' the error being a
function of TZ/to' One would prefer to work with a system with a small

value of TZ/t° as this gives the smallest error.

It is fortuitous that the response of such a system is more effected
by the initial slope of the input than the subsequent curve., This makes it
practical to analyze the response of a double, or even triple, section R-C
filter to the rather simpler case of a pressure-time history of the form

-t
Pey= e ™
Such an analysis was performed and a plot of error versus ''characteristic

time" (to) constructed for each filter chosen. This plot may then be used
to correct the filtered output to obtain the peak overpressure,
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APPENDIX B

Shock Tube Tests of Transducers Used in the Blast Wave Program

In order to evaluate the response characteristics of the transducers
to be employed, every transducer was tested in a small shock tube. The
shock tube was driven with unheated compressed air, the driven gas always
being one atmosphere of room air. The shock tube had a driver length of
10' 3" and a driven length of 23' 2", the internal diameter being 2-3/4 inches.
The shock tube provided a step pressure input of duration about 15 milli-
seconds, A typical unfiltered time history from a Kistler 603A transducer
is shown in Figure B-1, The natural frequency may b : estimated at about
170 KHz, Suitable filters were cnosen semi-empirically: for example,
20 KHz and 40 KHz* double-section R-C filters were tried (Figure B-2).
The 20 KHz filter was chosen in this case. L. general, the highest frequency
was chosen compatible with the necessity to attenuate the transducer natural
frequency. It transpired that 20 KHz filters were necessary for the Kistler
603A transducers, whereas 40 KHz was adequate for the pcb-type transducers.
The responses of a typical pcb transducer, both with and without filters,
are presented in Figure B-3, This type of transducer was generally better
than the Kistler, the resonance being less pronounced and at a higher
frequency (about 300 KHz in the example shown),

The shock tube was also used to evaluate mounting techniques for the
transducer, it being necessary to develop a technique to allow transducers
to be placed in the wing. The design of the mount is critical to the successful
use of quartz pressure transducers for fast response measurements: 2 high
degree of rigidity is required. In order to insulate the transducer from the
model to minimize electrical noise, Boron Nitride was chosen for the trans-
ducer mounting washer, Figure 8(b) of the report shows the transducer
installation which was developed.

*6 db down
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Figure B-1 UNFILTERED RESPONSE OF A KISTLER 603A TRANSDUCER
EXCITED BY A STEP PRESSURE INPUT
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35 psi (a) 40 kHz FILTER
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Figure B-2 KISTLER 603A TRANSDUCER RESPONSE WITH LOW-PASS RC FILTERS
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Figure B-3 RESPONSES OF A pcb TYPE TRANSDUCER TO A STEP PRESSURE INPUT
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