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1. INTRODUCTION

In the simulation of the sequential setback and aerodynamic drag,
the projectile (called a bird), having equipment on board to be test
evaluated, emerges from a launcher (typically a gas gun) and impacts an
aluminum honeycomb or wood mitigator located between the bird and a
momentum exchange mass (MEM). The equipment in the bird is mounted so
that the impact simulates the setback pulse (acceleration-time
trajectory) that occurs in the weapon launcher. The drag signature is
simulated thereafter. Tes- data of the bird displacement as a function
of time are obtained by a streak photograph, from which the setback and
drag are determined by double differentiation. The conservation
equations of mass, momentum, and energy are solved exactly to obtain the
forces acting on and the motions of the bird, mitigator, and MEM as
functions of time.

The setback comprises essentially three parts: rise, steady, and
fall. The rise and steady parts occur during the crushing of the
mitigator, and their characteristic features are determined primarily by
the bird mass and by the shape, dynamic crush strength, and mass density
of the mitigator. The fall is controlled primarily by the elasticity of
the components at maximum mitigator crush; this may include the
elasticity intentionally introduced into the system, by incorporating
springs into the MEM. By this means, parabolic, trapezoidal, and other
pulse shapes have been obtained.

The drag simulation is obtained as follows: The bird emerges from
the gas gun, and impact occurs within an open-ended catch tube of
circular cross section (fig. 1, 2). (The bird and MEM are circular
cylinders.) The bird forms a close fit with the inner wall of the catch
tube. However, the diameter of the MEM is selected to obtain a desired
air leakage into the cavity formed by the bird, tube, and MEM. (The
mitigator diameter is small enough not to obstruct air flow between the
bird and the MEM.) The setback pulse is designed so that the bird
velocity at the completion of setback is approximately zero, and the
bird momentum is transferred to the MEM. The MEM motion increases the
length of the cavity, causing the cavity pressure to drop, and gives
rise to a pressure differential across the bird. The bird acceleration,
or drag simulation, is therefore determined primarily by the relative
motion between the bird and the MEM, the cavity volume, the air leakage
into the cavity, and the bird mass. The MEM mass is much larger than
the bird mass so that little change in the MEM speed occurs during drag
simulation. Pressure buildup in the cavity during a setback is
minimized by the longitudinal slotted opening to the atmosphere in the
catch tube that extends from the point where the bird enters the tube
to a position near where the bird impacts the mitigator. The drag
profile is not significantly changed by moderate variations of the
initial cavity volume and pressure.
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Vijure 2. SetL-ack drag simulator (schematic).

2. SIMULATOR DESIGN

In, the present tests,* a Harry Diamond Laboratories (HDT) gas gun
2.5 in. (6.4 cm) in diameter and 8 ft (2.4 m) long was used in
combination with a catch tube 2.5 in. (6.4 cm) in diameter and 1.5 ft
(0.46 m) long to provide the sequential simulation of the setback and
d1rag environments (fig. 1, 2). The gas gun is sealed at one end by the
bird and by a 0.002-in (0.005-cm) Mylar diaphragm at the other end. A

*7he concoc)t of the simula tor an(. much n! its desiqn are the work c
Hierbert Curchack. Arthur Ball and Robcrt K.3t;5er bui.t the device.
- obert Fauser, Forrest Nelson, and Don Mari; oporatoi thle simUl ot(or ani
9)bta mned test da ta. Herbert Curchack and Doii Ma'r~ re-'kced the streak~
;,'hr to- " ra oh do to . Ka2thy; Mott noeuro rd thia c'*srit



vacuum of about 1 Torr (100 Pa) is drawn in the space between the seals;
and, upon release of a restraining pin, the bird is driven the length of
the gun and into the catch tube by atmospheric air. In each of 30
tests, the 0.53-kg bird emerged from the gun at a speed of 155 ± 5 ft/s
(47.3 ± 2 m/s) (table I).

TABLE I. TEST VALUES USED IN SIMULATION OF DRAG AND SETBACK

SBird MEM Caiylaae initial prjcie Bird MEM
nas2  Washer dlam area~ ("bird") velo.;Ity velocity velocity

Shot M2 0 A7 UO uI U2 Mitigator

____ __ , (kg ) (;n.2) (!t/s) (tt/s) (ft/s)

99 0.S3 2.19 2.483 0.117 156 -0.6 37.9 Wood

100 0.53 2.19 2.483 0.117 160 -1.3 38.8 Wood
101 0.53 2.19 2.451 0.241 155 0.6 36.7 Wood
102 0.53 2.19 2.451 0.241 (b) 0.8 36 .7  Wood
104 0.53 2.19 2.451 0.241 (b) 0.8a 36.7c Wood
105 0.53 2.19 2.451 0.21i 150 1.5 35.6 Wood
107 0.53 2.19 2.401 0.432 157 3.0 37.3 Wood
lOS 0.53 2.19 2.401 0.432 156 3.7 36.9 Wood
109 0.53 2.19 2.350 0.622 156 3.5 36.9 Wood
110 0.53 2.19 2.350 0.622 157 3.6 37.1 Wood
I1 0.53 2.15 2.0 1.443 153 3.8 36.8 Wood
112 G.53 2.15 2.0 1.443 153 3.2 36.9 Wood
113 0.53 5.06 2.483 0.117 155 -3.6 16.6 Aluminum
114 0.53 5.06 2.483 0.117 154 -3.0 16.4 Aluminum
116 0.53 5.06 2.401 0.432 155 3.8 15.8 Aluminum
117 0.53 5.06 2.401 0.432 () 4.2 15.8 c  Aluminum
118 0.53 5.06 2.401 0.432 156 3.6 15.8 Aluminum
119 0.53 5.06 2.451 0.241 155 1.1 16.0 AlurI num
120 0.53 5.06 2.451 0.241 155 1.1 16.0 Aluminum
121 0.53 2.15 2.00 1.443 155 4.7 37.1 wood
122 0.53 2.15 2.00 1.443 157 4.1 37.7 Wood

123 0.53 2.19 2.350 0.622 155 3.3 36.7 Wood
124 (1.53 2.19 2.350 0.622 155 3.2 36.7 Wood

125 0.53 2.19 2.401 0.432 157 3.3 37.2 Wood
126 1 0.53 2.19 2.401 0.432 157 3.2 37.2 Wood

aliclufes washer welght - 40 grams.
*I -lata t.ken.

CAssi,,w valuo, in the absence of camplete data.

To avoid any effects on drag by the air flow following the bird down
the gas gun, the first contact of the bird with the mitigator occurs

when the bird is completely inside the catch tube. (The gas gun and
catch tube are separated by a distance of 6 in. (15 cm).) The bird
setback is caused by the crushing of the mitigator, which is located
just aft of the slotted opening and which is in physical contact with
the MEM. Both the mitigator and the MEM are at rest prior to impact.
For a nonelastic MEM (consisting only of a mass without springs), the
ratio of MEM to mitigator masses is about 100, and the ratio of MEM to
bird masses is about 10 for aluminum honeycomb and about 5 for wood
mitigators.
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The aims o! the present tests were to evaluate the simulator anC to
simulate the setLack and drag environments experienced by an arming
meihanism being developed for use in Army ordnance projectiles. To this
en!, the bird was made of Bakelite, with a diameter of 2.483 in.
(u.307 cm) at the impact section and length of 6 in. (15 cm) (fig. 3).

As shown, the bird diameter aft of the impact section was reduced by
0.0 in. (0.15 cm) so that a stripe pattern attached to the bird di(. not
make physical contact with the wall of the gas gun or catch tube. (A
streak photooraph of the stripes gives displacement-time data from which
the bird setback and draq are obtained by double differentiation.) The

interior of the bird accommodated two arming mechanisms (fig. 3).

7

Figure 3. Projectile ("bird") and safety and arming device.

The aluminum honeycomb mitigators had a static crush strength of
2000 psi (14 MPa); each was a cube with a 1.5-in. (3.8 cm) edge. A

light plastic foam strip was taped around each aluminum mitigator to

center the mitigator with the axis of the catch tube (fig. 4). The wood

mitigators (four marine-grade, 3/4 -in. (1.9-cm) fir plywood sections

held together with masking tape) fitted snugly into the tube and were

2.9 in. ,7.4 cm) long with an equilateral triangular cross section

having an area of 2.0 in. 2 (13 cm2 ) (fig. 4).

Figure 4 shows the mitigators before (top) and after (bottom)
impact. To attain approximately zero bird speed following a setback,

the required weights of the MEM's were 2.19 kg for the wood mitigator

and 5.06 kg for the aluminum honeycomb mitigator. (The MEM weights are

different because the elasticity of the two mitigators is different.)

The MEM's consisted of brass bars 2 in. (5 cm) in diameter with four

legs at each end (fig. 5). On placing the MEM in the catch tube, the

center line of each mEM was coincident with the axis of the tube.
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Figure 5. Momentum exchange masses and washers.

The bird and MEM's were tested for fixed initial relative motion
between the bird and the MEM following setback and for insignificant
variations of cavity pressure and volume (with respect to their effect
on drag). In these tests, the drag was determined by controlling the
air leakage in the cavity. To control it, an aluminum washer of desired
diameter was screwed to the impact end of the MEM (fig. 5). Each washer
weighed about 40 grams, and the mitigator was placed in physical contact
with the washer. Air leakage was determined by the size (diameter) of
the washer (taking into account the small leakage past the bird into the
cavity).

3. COMPUTER PROGRAMS

Computer code 1 (app A) is presented for the computation of the
setback acceleration (code SETBACK for the aluminum mitigator only).
The code is an adaptation of computer code VARYO case A, of
Pollin.1  Computer code 2 (app A) is presented fDr the computation of
the acceleration caused by aerodynamic drag (code DRAG) for both
aluminum and wood mitigators. Code SETBACK is based on t ,e conservation
equations for continuity, momentum, and energy. No computer code is
available for wood mitigators; here, setback designs were based on
unpublished HDL experimental data.

lIrvin Pollin, Impact Pulse Shaping, Harry Diamond Laboratories
'£R-1710 (June 1975).



The termination of the mitigator crush occurs when Ul = U2 at the
time denoted by T = TC. The elasticity in the mitiqator produces an
additional setback for a time interval at T > TC. Empirical data
indicate that a linear spring constant formulation yields the proffer
additional setback acceleration and the time at which the setback
terminates. The spring constants for the aluminum and wood are based on
equal displacements at each end of the mitigator of Cl = C2 = 0.01 in.
(0.03 cm) for aluminum and Cl = C2 = 0.06 in. (0.15 cm) for wood at the
time T = TC and for the load acting on the mitigator at that time. Tc
facilitate the reduction of streak photograph data, the tests were
designed so that the bird velocity Ul - 0 at the termination of the
setback. For this condition, the above spring constants were used in
code SETBACK to determine the appropriate MEM mass for both the aluminumr

and the wood mitigators.

Maximum setback loading is at least 100 times larger than that for
aerodynamic drag, and the setback pulse fall occurs in less than 400 L's
(fig. 6, 7). Thus, the setback and drag parts of the pulse are clearly
distinguishable. The termination of the setback marks the commencement
of the drag. However, because of the reduction of the cavity volume,
the cavity pressure rises to about 20 psi (0.14 MPa) during the setback

(sect. 4). Hence, in the computations, the commencement of drag is
assumed to occur at the time during the pulse fall where the streak
photograph data yield Al = -22 g (acceleration of gravity); this is the
bird acceleration caused by a cavity pressure of 20 psi (0.14 MPa) in
the absence of a setback. The streak photograph data cive the value of
UJ1 at the commencement of the drag, and momentum conservation yields the
corresponding value for the MEM velocity, U2. The measured length of
the crushed mitigator is used to denote the distance separatina the bird
and the MEM at the commencement of drag, from which distance the
correspondinq volume of air in the cavity is determined.
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3.1 Setback for Aluminum Mitigators

The impact of the bird with the mitigator (which is attached to
and at rest with the MEM inside the catch tube--fig. 2) initimtes
crushing of the mitigator at its interface with the bird. The crush
front, which is the boundary separating the crushed and uncrushed
mitigator masses, proceeds toward the MEM durin'. crushing.

The mitigator dynamic crush force is given by Pollin as

F = 1.05AFO[1 + 0.5(Ul - U2)/UO]

where FO is the mitigator static crush pressure, U1 and U2 are
instantaneous bird and MEM velocities, and UC is the impact bird
velocity.

The hydrodynamic crush force arising from acceleration of
mitigator mass at the crush front is given by

R = M4(Ul - U2)

where the time rate of mitigator crush (M4) is given by

M4 = pAS(Ul - U2)

o is the density of the uncrushed mitigator, A is the instantaneous
crush area as measured at the bird interface, and S is the ratio of the
crush front travel to the depth of the bird penetration.

The force (F + R) is transmitted to the mass (Ml + M4), where
Ml is the mass of the bird and M4 is the crushed mitigator mass. Hence,
the setback acceleration experienced by the bird is

Al = -(F + R)/(Ml + M4)

rrvin Poll in, Impact Pulse $hapina, Harri; Diamond Laboratories
TR-1710 (June 1975).



The dynamic crush force F is transmitted to the mass (M2 + M5),
where M2 is the mass of the MEM and M5 is the uncrushed mitigator mass.
Hence, the MEM acceleration is

A2 = F/(M2 + M5) (2)

The honeycomb spring constants, ZI (at the bird interface) = Z2
(at the MEM interface), are determined at the time T = TC (time duration
of the mitigator crush). They are determined by two parameters: (1) the
mitigator displacements C1 = C2 = 0.01 in. (0.03 cm), where Cl and C2
are the mitigator elongations at the bird and MEM interfaces, and (2)
the force 1.05AFO acting on both Ml and M2.

No elasticity is assumed for T < TC, and the setback ends when
the forces acting on Ml, M2, and M3 are simultaneously zero.
Accordingly, for T > TC to the time at which Al = A2 = A3 = 0 (where A3
is the mitigator acceleration), the bird and MEM accelerations were
computed from the equations

Al = -Zl.Xl/Ml , (3)

A2 = Z2.X2/M2 , (4)

where Xl is the instantaneous honeycomb elongation at the bird interface
and X2 is that at the MEM interface.

Computed values for the bird and the MEM velocities and
displacements were obtained by single and double integrations of the
equations for Al and A2.

3.2 Drag

The drag force is determined entirely by the cavity and the
ambient atmospheric pressures acting on the bird face. For the reasons
discussed in section 4, it is sufficient to assume that the initial
volume for the air in the cavity was 4.92 in. 3 (80.6 cm3 ) and the
initial cavity air pressure was 20 psi (0.14 MPa) for all test
conditions. Table I shows the initial bird and MEM speeds for each
test. The cavity pressure changes as a result of the air leakage into
or out of the cavity and as a result of the change of the cdvity volume
arising from the relative motion between the bird and the MEM.
Incompressible air flow is assumed at a temperature of 530 0 R, and the
leakage velocity U7 is computed from the equation
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U7 = C(2 P0 - P /D7) , (5)

where the friction coefficient c= 0.5 for incompressible air flow with
friction and C = 1.0 for Bernoulli (frictionless) incompressible air
flow, PO is the ambient atmosplheric pressure, - is the total air
pressure in the cavity, and D7 is the air density. The actual air
leakage can be expected to have a value of C in the range 0.5 < C < i.
The mass rate of flow into or out of the cavity is given by

R7 = D7.U7.A7

The cavity pressure is the sum of the partial pressures of the initial
air in the cavity and the air leakage. Code DRAG computes the above
quantities at small time intervals during the aerodynamic drag phase.

4. THEORETICAL AND EXPERIMENTAL RESULTS

Table I summarizes the tests that were run for the setback and the
drag for the two types of mitigators and for the washer diameters of
2.483, 2.45!, 2.401, and 2.350 in. (6.307, 6.226, 6.099, and 5.969 cm).
Tests were run also without any washers, so that the obstructed area was
that of the MEM crof s section. The MEM has a diameter of 2.000 in.
(5.080 cm), to which must be added the projected area
0.375 in. 2 (2.42 cm2 ) of the four legs at each end of the MEM. The
catch tube diameter measured 2.503 in. (6.358 cm) and the bird diameter
measured 2.483 in. (6.307 cm), which resulted in a leakage area of
0.0783 in. 2 (0.505 cm2 ). Area A7 is the sum of the leakage areas about
the bird and washer/MEM into the cavity. The table also gives the
streak photograph values for UO and Ul and the values for U2 computed
from momentum conservation. Both Ul and U2 are for the time denoting
the termination of setback.

4.1 Setback

The streak camera was run at a comparatively slow speed so that
both the setback and the drag could be recorded on a single photograph.
The photograph covered a period of 20 ms, of which only about 1.5 ms
consisted of the setback. The setback displacement-time data were taken
at 200-ps intervals. These time intervals are large compared with the
setback pulse duration, so that the reduced data "smooths" the actual
pulse shape. Notably, the rise and fall times are lengthened and the
Al is decreased.

max



Figure 6 shows the reduced experimental setback data of four
typical tests for Al with aluminum honeycomb mitigators. If one allows
for an uncertainty (shift of the time axis) of 50 ps in determining the
beginning of the test pulse, the differences between experimental data
are generally within about 10 percent of the average value of the Al
data for the given time. Figure 6 shows also the calculated values for
Al based on the work of Pollin.1  The calculated and experimental data
can be brought into good agreement, recalling that the experimental
displacement data are read at 200-ps intervals.

Figure 7 shows typical experimental setback pulses with wood
mitigators. The wood and aluminum mitigators yielded approximately
equal peak accelerations, although the wood gave longer pulse duration.
Having the same value for UO and approximately zero terminal velocity,
the two sets of pulses have the same area under the curve since

UO = S Al dT

where T = TS is the time of the setback pulse. Th pulse time is larger
for the wood mitigator because its curve is less rectangular. The
test-to-test repeatability of Al for the wood mitigators is about the
same as that noted above for the aluminum.

A reliable measure of this test data precision (which differs
from that for drag) is given by the fluctuation of the data during the
free-flight bird travel over a distance of approximately 1.5 in.
(3.8 cm) before the setback begins. Accordingly, the average random
error in determining the setback velocity and acceleration were found to
be 1 ft/s (0.3 m/s) and 200 g.

4.2 Drag

The bird velocity is generally less than 10 ft/s (3.0 m/s)
during the entire drag phase. To determine the measurement precision,
three streak photographs were obtained with the bird at rest. (That is,
the bird was inserted into the slotted opening of the catch tube--which
is in the camera field of view, and three streak photographs were taken
with the bird at rest in the same way as for an actual test for the
setback or the drag.) The test data precision is given by the
fluctuation of the data for this condition. The average random error in
determining velocity and acceleration during the drag phase was found to
be 0.1 ft/s (0.03 m/s) and 1 g. A few measurements were found to be in
error by 2 g, and one error amounted to 3 q. The timewise

'Irvin Pollin, Impact Pulse Shaping, Harry Diamond Labor,tories
TR-1710 (June 1975).
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point-by-point fluctuation of the drag acceleration with the bird at
rest is shown in figure 8. Although test data of bird displacement were
taken at time intervals of 400 ,s, calculations for the acceleration
were made at intervals of 800 Ls. The test data shown in figure 8 are
separated at 400-ps intervals. This difference results from the fact
that two overlapping sets of data points at 800-ws time intervals,
separated by 400 is, were prepared from each photograph.

On the averaue, the wood and aluminum mitigators were each
crushed 0.7 in. (2 cm). The variation of crush above or below 0.7 in.
(2 cm) was within 5 percent. This is consistent with the previously

noted <10-percent variation of the setback acceleration. The initial
bird impact with the mitigator occurred 0.25 in. (0.64 cm) aft of the
slotted opening of the catch tube. Starting from the bird position at

the edge of the slotted opening, the volume of air in the cavity was

9.99 in. 3 (164 cm3 ) for the wood mitigator and 5.44 in. 3 (89.1 cm3 ) for
the aluminum mitigator. At the termination of the setback, the air
volumes were 6.40 in. 3 (105 cm 3 ) for the wood mitigator and
3.48 in. 3 (57.0 cm 3 ) for the aluminum mitigator. Thus, for both
mitigators, the compression ratio was 1.56. Assuming isentropic or
isothermal compression without leakage, the corresponding cavity air

pressure was 27.4 or 22.9 psi (0.189 or 0.158 MPa). However, up to the
termination of the setback, there was a time interval of about 1.5 ms

for leakage to occur, and the corresponding amount of the reduction of
the cavity pressure depended on A7. We can assume a cavity volume of

4.92 in. 3 (80.6 cm 3 ) so that, in the absence of the mitigator, the

length of the cavity at the termination of the setback LO = 1 in.
(2.5 cm). Table II(A) shows the drag induced Al(T) for incompressible

frictionless flow with cavity pressures at the beginning of the drag of
20 and 30 psi (0.14 and 0.21 MPa) for A7 values of 0.117 and
1.068 in. 2 (0.755 and 6.890 cm2 ). There is a small effect of cavity
pressure on Al up to about 5 ms for A7 = 0.117 in. 2 (0.755 cm2 ) and
negligible effect on Al beyond 1 ms for A7 = 1.068 in. 2 (6.890 cm2).
The net time effect is further reduced if we take into account the time
required for the setback.
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TABLE II. EFFECTS OF INITIAL CAVITY PRESSURE
AND VOLUME ON AERODYNAMIC DRAG

(A) I(fects of Initi0l Cavity rresourv

LOn0 P.O Al-I 6;-? 1,30.ll. 1
T4E Al Ul k0 Ad Ul Y? di o1 .P 0

i. 10 J,4 nn J4.4 no. .0 . .0 .n 3.).0

I. -I.n0 . J:"*,J 1.0 Jl. .4S -.11 -3.J .- 151.3 11.6
. 4.4 " 2.0 .00 -0.06 31.? ."0 -. 0. -0.0 :2 1.4 I3.

3. 11.4n 2.4 . 1 -2.71 31.0 0.54 -. 5 0.0 602., 11.0
4. 05.0') 2.2 .I2 -J,' 31.0 i.11 -.01 -. 3 002.4 11.0

Io. 09 4 *0 .20 -44 30.1 2.0. 1 1 . 141 .2 ).
1. 1.,09 4.0 .? -4.0 Jo.6 3.00 .1 2:2 1. 3 00.0

. 20.27 .31 -4.1 30.S J.5 .01 2.1 /11.2 2.9

2. 20.03 6.1) .33 4Ad 30 .31 4.13 ,22 3.3 119.1 .0

II. 21. -13 0.0 .4, -4.9 36..) 4.4Z .' 3.1 loj.3 2.1

1-0-i P-1 AlsO Cs-1 1.20.. 117.1
TIM4 AI 1 Jt YI .2 U2 Y? 1 21 l

0. in0 3.4, .no .0 09 l *0 . 0 2.
0. 4.11 3.2 .14 -I.13 3o.3 .44 -. 11 -0.1 0J.0

2. 02.89 b. no0 -:.0 3n . .42 d? 1 .4 5931 0 I
3. i0.s% 4.0 .12 -J.16 30.1 .3 I-) 1.0 811.4 In. o

4. It.13 4.6 ,1 -4.33 30.0 '.1, *0 2.5 130.9 00.3
5. 09.47 S.2 .24 -4.00 30., 2.20 .14 3.3 12.1 I00.

0 . 20n.014 1.4 In0 -4.703 O. 3 2.64 .00d 3.9 h.9.3 it .9
I 2n.,1 0., Jd -4.1% 3o.2 .011 .le 4.4 716.9 .1d
I. Z, l I I,.I , 4 -49 36:.1 3:51 :2" to. : I€. .d

1. 20.15 1.1 .50 -4.91 J.1 3.50 .I t .2 7. 2.0

10. 20.11 1.6 .5o -4.9 JS.I 4.37 .3 ?. d 7lo.J 0.0

LOsI P-i A/-@ C-I? .30..104.1
rflo Al l Yl AQ U. Y2 41 Pt U7 P

. .0'I 3.4 .4 ._:0 3.9 *0() ,0 .0 .0 )J.n

I. .19 3.Z .4 -. 15 Jo.) .44 -,Is -1.5 153.0 14.5

2. ./9 1.2 .01 -. 1S 36.) .49 -. 1) -2.4 0,2.0 14.5

3. .19 3.3 .12 -. Ij .3. 1.3 .02 .1 ,2.7 14.'5
4. .19 J.J .00 -. 1% 30.9 1.7/ .ll 2.9 I.0 14.

* /I 3.3 .I -. 1' 30.9 2.?2 .'1 4.4 1 t2. I 4.5

0. o10 J,3 .2 -Z1) 3.,. 2.66 .20 ,:6 1,.4 14.,

I. .19 3.4 .21 -. I5 3. 3.0 .3 8.0 052.2 14.5

. * 1 3,4 .3l -. 1-) 36.9 ,54 *45 1.4 1,".1 14.5

2. * II 3,4 ,J -. 1 Jo, 4.03 .54 1.0 0152. 14.

I0. * '1 3*A .40 -. ,', 10.9 4.43 .01 d.5 I t. 14.5

L -I P.1 1/I1 C.? 1.2n, 1.064.
T1 Oi Al U0 yl A2 U2 Y 41 PI Ul 0

01. .10 3.4 .010 An 30.9 .00 .0" .0 .0 2o.0
0. .I 3.4 .04 -. I5 36.9 .44 -. In -. 2 0,2.0 14.5

2. .1 , 3.4 .01 - 1. 3 9 , 33 It 3.2 0'7 , 1 04.

3. ,I4 3.4 1.2 S.0% 30.4 0.33 ,11 .. 3 0,. 14.,
4. ,7I 3.5 .08 -. 0' 30.4 I,7I .25 0.1 050.8 04.5

'I * d 3.2 .2:0, - 38. 2 3 80 05.S 0.
0. ,/ 3.5 .2 -. ', 36.0 2.0 .42 6.8 051.3 14.5

I. /to 3.5 .2v in05 3o.v 0.00 .. 0 9.2 101.2 14.5
d. .11 J.8 .0J -. 05 J0.4 3.54 .59 .1 050.1 14,%

20. *1 II .8 * 31 -. IS 36.9 4.n] .8"1 0.2 1-0.9 04.5
in. .11 .0 .42 -.IS J1.4 4.43 .le 00.5 I0.d 14.-

NOTE: (Ml - 0.53, M2 - 2.19, Ul - 3.4, and

U2 - 36.9)

20



TABLE II. EFFECTS OF INITIAL CAVITY PRESSURE
AND VOLUME ON AERODYNAMIC DRAG (Cont'd)

(3) Zffects of Initial Cavlty Volme

LO- P-0 AI-I Ca? 1.3.20,.I17.1
TIE Al UI YI Ad U2 Y2 ml of ul b)

0. .00 3.4 .00 .nn 36.9 .0 .10 .0 .) 20,n
I. I.6 3.1 .04 -.36 31.0 .44 -. 3 -1.3 1.3 4.3
2. 9.86 3.3 .o -2.33 38.9 .89 -.0) -. 2 523.3 22.4
3. 14.03 3.1 .12 -3.31 36.6 1.33 .03 .8 OJS.1 11.4
4. 16.46 4.2 .11 -3.89 36.1 1:1 . 1.7 2.4 n0.8
5. 17.97 4.8 .,2 -4.25 .106 2.21 ,11 2.4 725:2 10.4
6. 18.93 5.4 .28 -4.47 38.4 2.65 .26 3.0 145.4 20.2
7. 19.55 6.0 .3s -4.62 36.3 3.0d .in 3.5 7...1 10.0
8. 19:94 6.1 .4J -4.71 36.1 3.52 :,5 4.0 71S.3 20.0
9. 20.1 1.4 .52 -4.7j 369 J9V .30 4.4 toll1 V,9
10. 2n.;6 8.0 .60 -4.79 30. 4.3 .34 4.1 112.1 4.9

LOll Pat Al., C-? .7.21..117.1
TIME AI U yl A2 U2 Y2 %I1 1 Ut v

0. .00 3.4 .l0 .(O 36.9 .00 . 0 .0 . 4 n).0
I 9.07 3.3 .04 -2.14 30.9 ,44 -. :1 -.6 4d',.J 12.5
2. 16.08 3.U .0n -3.80 38.8 .t 9 .13 2.3 819.2 10.9
3. 10.90 4.4 .13 -4.47 J6.1 1.JJ .01 2.1 142.5 10.2
4. 20.25 5.0 .19 -4.78 30.: 1.17 .12 J.o 710.1 3.9
5. 20.92 5.1 .25 -4.94 16.4 2.20 .1 4.4 704.4 ).I
8. 21.24 6.) .32 -5.02 36.2 2.64 .21 4.9 10.1 9.6
1. 21.34 1.0 .41 -2.(4 36.n 3.07 .26 5.4 7o3.0 4.8
d. 21.31 1.? .49 -5.03 35.9 3.50 .32 .5 1V2., 9.6
9. 21.17 8.5 .80 -S.00 35.7 3.96 .3 6.3 10. ) . 7
in. 21.00 9.2 .10 -4.96 35.6 4.36 .41 6.5 71.1 . 7

LO1 P-1 Al- C.? 1.3.20.1.n6d.
TIMe Al Ul Y2 A U2 Y2 47 07 Ui t
0. .no 3.4 .10 .1no 36.9 .0no .-. .0 .1 20.n
I. .78 3.4 .n4 -. 125 36. .44 -.03 -2.2 2)21 14.5
2. .18 3.4 .0d -. 15 36.9 .d) .16 1.9 I12.1 14.5
3. .10 3.4 .12 -. IS 36.9 1.33 .14 4.0 I11.4 14.S
4. .18 3.5 .16 -.15 36.9 1.71 .23 5.4 IJI.? 14.b
S. .18 3.5 .21 -. 125 30.9 2.21 .31 6.6 151.8 14.5
6. .18 3.5 .25 -. 2S 36.9 2.68 Jg 1.4 2,2.4 14.5
7. .18 3.S .29 -.IS 36.9 3.10 .49 8.2 I25.3 24.5

. , 1 3.6 .13 -. IN 36.9 3.54 .,6 d.1 212.2 14.5
9. .11 3.8 .38 -. 2 38.9 4,fl .65 9.8 1)1.0 14.5

In. ,17 3.6 .42 -. 2 36., 4.43 .13 V.0 10.9 14.5

O. Pat AI C-7 .7.20fl.nAl
TIME Al UI Y2 A2 U2 Y2 1I P1 U! I
0. .no 3.4 .00 .no 3o.9 .no .f'0 .0 .( 20.0
2. .dl 3.4 ,n4 -.IS 36.9 .44 *07 2.3 14S.d 14.5
2. .18 3.5 .1d -. 15 36.9 .80 In0 4.9 121.1 14.5
3. .16 3.5 .1 -.IS 36.Y 2.33 .19 1. 131.j 14.N
4. .18 3.5 .11 -02 36.% 1.71 .21 d.3 IJI.4 14.4
b. .18 3., .21 -. 2 jo.v 2.1?2 1 0 9.3 1I.3 14.S
6. .18 J.6 .2s -. 25 36.9 2.86 .44 9.9 I51.2 14.%
1. .77 3.6 .2# -.IS 36.9 3.1m .57 10.1 I .1 14.S
8. .17 3.6 034 -. 15 36.9 3.,4 .01 I2.vI 2,0n. 14.S
9. .17 3.6 438 -. I1 36:9 4.:13 :1n 213 21. 14.5

In. ,11 3.7 ,42 -. 25 36.9 4.43 l I2. o h11. 24.5

NOTE: (Ml - 0.53, K2 - 2.19, U1 - 3.4, and
U2 - 36.9)
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The cavity volumes at the beginning of the drag for the wood
and aluminum mitigators were 1.3 and 0.7 times larger than the volume
4.92 in. 3 (79.5 cm3). If one assumes an initial cavity air pressure of
20 psi (0.14 MPa), table II(B) gives the drag induced Al(T) for
incompressible frictionless flow with LO values of 1.3 in. (3.3 cm) and
0.7 in. (2 cm) (corresponding values of LO for tue above volumes) and
for A7 equal to 0.117 and 1.068 in. 2 (0.755 and 6.890 cm2 ). The effect
of initial cavity volume on Al is approximately the same as that found
above for initial cavity pressure.

In the following comparison between the predicted and experi-
mental drag acceleration data (fig. 9 to 16), the initial cavity air
pressure and volume were taken as 20 psi (0.14 MPa) and 4.92 in.3

(79.5 cm3 ). The calculated values (solid lines) are given for
frictional and frictionless (C = 0.5 and C = 1.0) incompressible air
flow into the cavity. In every figure, the calculated drag for the
frictional flow (denoted by *) is larger than the comparable
frictionless flow (denoted by +), because friction slows the flow into
the cavity. In turn, this decrease reduces cavity pressure (and
thereby increases drag) because of the cavity volume increase arising
from the motion of the MEM relative to the bird. Similarly, reduced A7
yields larger drag.

For all values of A7 arn for both wood and aluminum mitigators
at the termination of the setback (that is, when the force acting on the
bird due to the mitigator was relaxed to zero), the cavity pressure
exceeded that of the ambient atmosphere, and the aerodynamic drag force
was in the same direction as that for a setback. However, the expansion
of the cavity volume very quickly led to reduced cavity pressure, and
the drag force changed direction. As shown in figures 9 to 16 and
table II, the experimental data (individual shot numbers are denoted by
the prescript letter T) and the calculated data (denoted by the
prescript letter C) show that a state of steady drag occurred within
about 4 ms. Drag accelerations up to 30 g were obtained. For equal
values of A7, the wood mitigators yielded larger drags than that for
aluminum because of the higher elasticity of wood mitigators and the
resulting larger relative speeds between the MEM and the bird.

If one allows for the previously noted measurement precision,
the experimental data are in good agreement with the predicted data for
a frictional incompressible flow with values of C in the range of
0.5 < C < 1.0. For each mitigator, the experimental data indicate that
the value of C is nearly 1 for the larger A7 and reduces with decreasing
A7. This reduction would agree with the higher flow velocities through
a smaller gap and thereby higher shear streses associated with the
smaller leakage rates.
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4.3 Safety and Arming Device Tests

A carrent AL~y requirement is that a fuze shall not become
functional (am) until subjected to two distinct, unique environmental
forces peculiar in the use of the fuze. One such double signature is
provided by a safety and arming mechanism (S&A) that requires a
successive setback and drag, in that order, during which time the S&A
goes through three states: safe, to fail-safe, to fully armed, The
setback S&A is required to be insensitive to a setback of 2500 g. An
excessive setback of about 40,000 g can result in structural damage and
malfunction. The fail-safe condition results when the S&A has
experienced an adequate setback signature and the drag signature is
inadequate or does not occur in the proper time sequence with respect to
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the setback signature. For arming to occur, the simulation of
aerodynamic drag (minimum amplitude of 3 g) must be initiated within
about 5 ms following the termination of the setback, and the drag pulse
must endure for a minimum time. The minimum pulse time decreases with
increasing drag and amounts to 20 ms for a 3-g drag pulse. Moreover,
the fuze must not arm at accelerations below 1 g regardless of pulse
duration. Either an arm or a fail-safe condition results for drags
between these limits.

As a demonstration of the feasibility of the simulator as a
tester, a hollow bird was prepared to accommodate two S&A's (fig. 3).
The total weight of the bird including two of the devices was brought up
to the 0.53-kg weight of the bird in the tests previously described.
The MEM's, washers, and mitigators were used so that the setbacks
attained are assumed to be the same as those shown in figures 6 and 7.*
However, the diameter of the new bird was slightly smaller, so that the
A7 value associated with each washer was slightly larger. Drags up to
9 g were obtained. The shapes of the drag pulses are shown in figures 9
to 16. Streak photograph data were available for a total time of 20 ms
for each test, including setback. The calculated drag pulse duration
(corresponding to the MEM speed and the time required for the washer to
exit from the catch tube) was 21 ms for the wood mitigator and 91 ms for
the aluminum mitigator.

Table III summarizes the test results on the S&A. In all
tests, the setbacks shown in figures 6 and 7 caused the device to
proceed from a safe to a fail-safe position. Tests (not presented here)
showed that the device would remain in the safe position when the bird
impact speed was reduced to 95 ft/s (29 m/s) and the mitigator was
aluminum. For this speed, the pulse duration or magnitude of the
setback or both were insufficient to cause the S&A to proceed to the
fail-safe position, which condition agrees with the above-noted design
requirement for the S&A. Except in 1 out of 52 tests (wood mitigator
with A7 = 0.48 in. 2 [3.1 cm2 ]), the test data of table III indicate that
the S&A performed as expected. Otherwise, with proper setback, the S&A
armed as required when the drag was larger than 3 g and remained in the
fail-safe position for a drag not exceeding 1 g.

*In the chronological order of this work, the simulator tests on the
S&A were performed prior to the previously described measurements, and
streak photograph data were not obtained. However, on the basis of the
precision and repeatability of the data shown in figures 6 to 16, the
setback data can be assumed to be the same as those shown in figures 6
and 7, and the predicted frictionless drag data (C - 1) should
adequately represent test data.
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TABLE III. TEST RECORD OF PERFORMANCE OF FUZE
SAFETY AND ARMING DEVICE

Mitig9ator ests (No.) Cavity leakage area Flf i Armed Drag range
A7 (in.2) a A__e- (g)

Aluminum 16 0.15 0 16 9 to 3
2 0.20 0 2 4 to 2
6 0.30 5 1 2
1 0.39 j 0 1
2 0.48 2 0 0.9
6 0.67 6 0 0.4

Wood 4 0.30 0 4 7 to 5
8 0.48 a 7 4 to 3

3 0.67 l 2 2
4 1.49 4 0 0.3

5. SUMMARY AND CONCLUSIONS

The setback and the drag were combined into a single laborator.
tester to simulate, in the proper time frame, the sequential setback and
the aerodynamic drag experienced by Army ordnance projectiles. In the
present tests, the maximum setback was about 5000 g, and a steady-state
drag commenced within 4 ms of the completion of the setback. An
aerodynamic drag up to 30 g was simulated for 20 ms and u}, to 1 g for
90 Ms.

Differences among test-to-test setback acceleration data for both
wood and aluminum mitigators are generally within about 10 percent -f
the instantaneous average value.

Finally, tests were performed on several units of an S&A to lemon-
strate the feasibility of the simulator as a tester. The results of the
simulator tests were found to be in good aqreement with known de-i'n
characteristics.



SYMBOLS

A Instantaneous mitigator crush area (as measured at

projectile ("bird"] interface) (in.2 )

An Acceleration (ft/s 2 )

A7 Cavity leakage area, comprising sum of leakages between catch tube

and momentum exchange mass (MEM) and between catch tube and bird

(in.-)

C Friction coefficient: = 0.5 (frictional), = 1.0 (frictionless)

C1 Mitigator elongation at bird interface, arising from relaxing force
thereon at T = TC (in.)

C2 Mitigator elongation at MEM interface, arising from relaxing force
thereon at T TC (in.)

D7 Air density (= 0.0749 lbm/ft )

F Mitigator dynamic crush force (ib)

FO Mitigator static crush pressure (psi)

LO Length ot cavity at termination of setback (in.)

Mn Mass (gram)

M4 Crushed mitigator mass (lbm)

M5 Uncrushed mitigator mass (lbm)

M7 Mass of air passing into cavity (ibm)

M4 Time rate of mitigator crush (lbm/s)

n=l Bird

n=2 MEM

n=3 Mitigator

P Total air pressure in cavity (psi)

P0 Ambient atmospheric pressure (= 14.7 psi)



P7 Partial pressure in cavity caused by air leakage into or out of

cavity (psi)

R Hydrodynamic crush force f= M4(Ul - U2)] (ib)

R7 Time rate of mass flow into or out of cavity (lbm/s)

S Ratio of crush front travel to depth of bird penetration

T Time (s)

TC rime duration of mitigator crush (s)

Un Velocity (ft/s)

UO Initial bird velocity (ft/s)

U7 Speed of air leakage passing into or out of cavity (referred to area
A7) (ft/'s)

X1 Honeycomb elongation at bird interface (= C1 - Y3 + Y1 > 0) (in.)

X2 Honeycomb elongation at MEM interface (= C2 - Y2 + Y3 > 0) (in.)

Yn Displacement (in.)

Z1 Honeycomb spring constant at bird interface, where Al is
acceleration at T = TC (= -AlMl/Cl) (lb/in.)

Z2 Honeycomb spring constant at MEM interface, where Al is acceleration
at T = TC (= -AlMl/C2) (lb/in.)

P Density of uncrushed mitigator (lbm/ft 3)

Washer diameter (in.)



APPENDIX A.--CODES

Computer codes SETBACK and DRAG were used to compute the sequential

setback and the aerodynamic drag described in the main body of the
report.

CODE 1. SETBACK

0 14r24 J=

4,5 RINZN8 .. I0T NOW" I!;";J
Q'M r 1 It AT M , JO
9, N0.,4 MIT AT b4ND. JO0
100 t~ 11"s V..,
110 G-32000
120 K.1000
130 Tl.5A-6
150 :41.1700/1
160 "2'..2OO/G I
170 .43 ..2 012.56030/1728
1Y0 AO-12.6
200 51.2
210 L).24
240 PRINT "FO-*; VI.; UO.; L.; J-".
250 INPUT r'O.V1,.U.L.J
260 U1,UO

280 UsJ27 0 AI#.e 1111.1 tiIl. 114.11 141.1 1411.14 II 1411.9 111.1 114.1
2440 114.114 II.. III. 1.1414 11.1 eg. g.lee *I*.I *glIl.I

290 PRINT " TIIk -Al Ut Y1 A2 U2 Y2 " 1 A"
320 V.(U1-U2)/UO
330 .45, 43-MA
340 A.AO/LC(Y1-Y)
350 IF A<AO UM 370
360 AAO
370 Fu I.050A/A0( 1V1 V

)

375 F.r&AO
380 H440DA'5(U1-U2)/144
390 4xM4*H4.41T1
400 4.W40(UI-U?)
410 A1,-(i.IO/(1111
415 If J0 4a=1 570
41b AI.,*/(MI45)
570 A2.eI( M12. })
575 IF J.O L'TlU 630
576 A2.(V.I6)/(M244)
630 IF T<NI-4 (M710 670
640 PRINT W3IMG 270,ThlI.I.-A1/G.UI,Yl.A2/G,U2,Y2,V/KH/K.A
650 IF U2.)UI1 001U 700
660 4.N+.5
670 TT*T 1
67' U1.UI.A1TI
672 Y1 .1.120U19T1
673 U2.U2.A2T1
674 Y2s2.126UWT1
680 IV U2 =U T0 320
690 ZAM 6460
700 PRINT
705 N.T
710 PRINT "!;PNIWJ CJNSTANTS CIC 2";

7.'0 INPUT 1,42
740 U1.UI
7TU Zl.-A I*tl/l

770 P01101 " 46t-. -Al U1 Xl A2 U. x Al U
*.'o 0 Tl.y Y12.1

71'1 X1.414 . I
4400 I" X I X) UUTU q110
410 X1.0
80 IV XI1(1I ")4'U 4 A)
e"0 U IOU 4v(I4I.*M 8U 1)/(M"IM3)
1140! X1.0 ;

N100 IF t.lX>O U bRo

H70 X.'.O
4)O IV L.(1 .4 , TU a 170,'l), J 1.U,2. (l1*I.~ V 11 (/ il' .It'

'400 X.,..2
'470 Al.418/IM

1000 A(.4e t2/M2
11041 IV N(h OUR) ?M
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APPENDIX A
CODE 1. SETBACK (Cont'd)

ll1'50 PRINT USING M.7IIL.3.-AlG.UlX.A2.-Gu2X2.A3/U.U3
1200li a. ~i amT~ 1260
1210 ?.m.51-5
1220 7.T.21

122 IJ.U.AI'T1
1222 U2 U2.AOTI
1223 U30U3067
12241 YI:Yl.12*1J1T1
1225 Y2 Y.12U20T1
1226 Y3. Y3-I2OU30T1
1230 If lI.x2)0 LMY~ 790

1 2410 0- 1
12150 am17 1150
1260 UM4

CODE 2. DRAG

100 0.32.2
105 (Me. VG
110 01.11511G

120 ulsI15
1

/gl
130 m2-3W00/l
1410 PI.PO.PZ-111.7
150 TO.530
160 11.53.31
170 s6w311
190 71.IE-1
190 PRINT %0m; P.; A?.; C.";
200 INPUT LO.P.A7.C
210 F6-P
220 Ulai
230 U2815
2410 YeV6L0/1728
250 N6ap64V/W*1441

1

270 D7.P/h/M01441
280 :000. 911.of off.# 99.00 00.00 di. 00.00 0i.08 toi off.# off.$

2W PRINT "TI1W Al Ul 31 £2 U2 Y? R? P? U? P,

291 PRINT USING AM,0.1l#3. A 19O.U 1 Y1,A200, U2, YZ.W 0IWO, P7.U1. P

292 7.7.71
293 N.N~t
300 VI.A60LI/1729
310 vav.vl
320 P6oM66R6T02V/111
325 If PD(P 007 335
330 U~aCC2l(P0-P)*144 32.2/D7)*.5
331007 310

3410 R7.D7UA7/ 1116Tl
350 MmlNY.R
360 P7aN7*T/V/1441
370 PsP6*P7
380 A1.(P0-P)A6/l1
390 A2.(P-P2)(A6-7)/12
4100 U2.UAQ*TI
4110 Y2mY2.4i2*0712
4120 U1.Ui.A1Tll
1130 Yltai.Ull67112
1110 Llo(U2-UI)120T1
4150 If T0@1&.3 00W 490
1160 PRINT UINGII ?OOTlE 3 .A1*00,UIYl.A2OOU2.Y2.N?81000.P?.UI.P
1170 11, we I OV 530
1180 N.Ii~l
1190 T.T.71
500 IV T(1061E-3 00M 300
510 Wei
520 GMI 1160
530 END
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