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DECELERATION OF PROJECTILES

IN SNOW

Donald G. Albert and Paul W. Richmond Il

INTRODUCTION

Snow greatly reduces the effectiveness of impact-
fuzed projectiles. In order to obtain maximum effec-
tiveness on a winter battlefield, to design new fuzes
and to evaluate current equipment, detailed knowl-
edge of the snow penetration process is required.
Fuze performance under various impact conditions
can be studied by both direct and reverse ballistic
test procedures {Lascher et al. 1975). The direct
test subjects the fuzed projectile to realistic launch
accelerations, but has the problem of accurately lo-
cating the point of impact and requires telemetry to
obtain data from on-board transducers. The reverse
ballistic technique, where the target is fired into a
stationary projectile, has the advantage of allowing
instrumentation in the projectile to be directly wired
to recording equipment. However, this technique is
difficult to use with snow because of its compres-
sibility (Todisco et al. 1980).

The centrifugal launch method used here to test
impact-fuzed projectiles is unique in that it provides
advantages normally found in both of the above tech-
niques. Sensors in the projectile are directly wired
to recording equipment, and the target is not accel-
erated as in the reverse ballistic technique. The point
of impact is also easily controlled using this method.

These tests provided measurements of the decel-
eration of a projectile when it hits a snow target.
The deceleration data were smoothed by using a
low pass digital filter and integrated to obtain depth
of penetration. The data were then compared with
a modified hydrodynamic drag equation (Kornhauser
1969) that has been used to describe fuze impact

into both snow and mud. Kovacs (1971) and Davis
(1975} also used similar equations to analyze fuze
performance.

TEST PROCEDURE

The centrifuge facility used for these tests (Fig. 1)
is located at the Sandia Laboratories in Albuguerque,
New Mexico. Otts (1973) described the centrifuge
and gave an example of its use as an impact testing
machine. It has a 10.7-m radius and is capable of
subjecting a test item to tangential velocities up to
164 m/s.

An inert M374 81-mm projectile with an M524
fuze was used in these tests. The fuze was instrumented
by replacing the striker and explosive train with a
piezoresistive accelerometer mounted on an aluminum
plug (Fig. 2). The instrumentation lead was run
through the projectile body and out of the tail section.
The mass of the projectile was 6.2 kg.

Targets made from snow, nylon shavings ( a candi-
date material to simulate snow), and Styrofoam pan-
els were used in these tests, The snow targets were
prepared by sifting snow through a 6-mm mesh screen
into 610-mm square by 150-mm deep boxes con-
structed of 50-mm thick Styrofoam (Fig. 3). These
targets were then aged at least 24 hours to allow the
snow to sinter. Snow densities of about 400 kg/m3
were obtained. The nylon targets were prepared by
pouring 10-mm long nylon shavings into the 150-mm
deep Styrofoam boxes. A piece of cheesecloth was
placed over the surface of the shavings to keep them
in place when the box was turned on its side for the




Figure 1, View of the 10.7-m centrifuge at Sandia Laboratories, Albuquerque,
New Mexico.

Figure 2. Close-up view of instrumented M524 fuze and M374 81-mm projectile.




Figure 4. Snow target, with aluminum foil windscreen in place,
positioned in stand prior to test.
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Figure 5. Close-up view of test projectile mounted on centrifuge arm. Note

steel cable holding projectile to arm and explosive cable-cutter used to release

projectile.

test. Three 50-mm thick panels of Styrofoam were
placed in the target boxes for a third series of tests.
The Styrofoam targets were used to check the opera-
tion of the measuring equipment.

The target box was placed in a rigid stand located
on a tangent to the arc made by the centrifuge arm
and positioned to ensure a near normal impact (Fig.
4). An aluminum foil wind screen was placed 150
mm in front of the snow target to protect the snow
surface from wind damage. Alternating layers of
Styrofoam and plywood were placed behind the tar-
get to stop the projectile,

The instrumented projectile was mounted on the
centrifuge as shown in Figure 5. When the centrifuge
achieved the desired velocity, the projectile was re-
leased so that it hit the target. The accelerometer
output was amplified and recorded on an analog tape
recorder, The frequency response of this system was
flat to 5 kHz. Data were obtained for impact veloci-
ties ranging from 15 to 90 m/s {50 to 300 ft/s). Pre-
liminary results from this experiment have been pre-
sented by Fulton (1979) and by Aitken et al. (1980).

DATA REDUCTION

The test data were digitized for computer analysis

using a sampling rate of 40 kHz. Input signals of known

acceleration values were used to calibrate the system.

A typical acceleration vs time signal for a snow
impact at 30 m/s is shown in Figure 6. Projectile
impacts with the wind screen, the snow surface, and
the barrier behind the snow target are identified in
the figure. The travel times between these impacts
were used to verify the identifications given in the
figure.

The signal was passed through a zero phase low
pass digital filter with a cutoff frequency of 5 kHz,
corresponding to the bandwidth of the analog re-
cording equipment. The filter removes any high fre-
quency noise produced by the digitizing process
(Otnes and Enochson 1978) without introducing
time shifts to the signal. This latter property of the
filter is quite important. Computer programs to
apply digital Butterworth filters to signals are readily
available (Stearns 1975); however, these filters will
introduce a frequency-dependent phase shift, which
causes the output signal to be delayed in time by an
amount proportional to the frequency of each com-
ponent. To remove the phase shift, the filter was
first applied to the signal, obtaining a phase-shifted,
filtered output. The filter output was then reversed
and the signal passed through the filter again. This
procedure has two effects: 1) the final output will
not be phase (or time) shifted, since the phase shift
caused by the second pass will be the negative of the
phase shift caused by the first pass, and 2) the final
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Figure 6. Acceleration vs time for 30-m/s impact of
projectife into 390-kg/m3 density snow target.

amplitude response of the filter will be the square

of the amplitude response of a singfe fifter operation.
After filtering, however, sume high frequency noise
superimposed on the snow impact signal was still
visible. This noise cannot be attributed to the digi-
tizing process and therefore must have some physical
cause.

A possible source of this high frequency noise is
resanant vibration of the projectile. A test was con-
ducted to ascertain whether or not the resonant fre-
quency of the projectile was of the same order as
the high frequency noise on the data traces. The
projectile was suspended from a string attached to
its tail and then tapped with a hammer. The output
from the accelerometer was then digitized and is
shown in Figure 7. The amplitude vs frequency plot
obtained from the Fourier transform of this signal
is shown in Figure 8. The peak amplitude is around
1.5 kHz, with a significant amount of power focated
at frequencies up to about 3.5 kHz, suggesting that
resonant vibration of the projectile could be the
cause of the noise on the data traces. In most cases,
it was found that a low pass filter with a cutoff fre-
quency of around 1 kHz was sufficient to remove
this high frequency noise. For the higher impact
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Figure 7. Acceleration vs time response of projectile,
suspended by a string, to hammer tap.
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in Figure 7.




velocities, however, the low pass fiftering procedure
did not give usable results even if a lower cutoff fre-
quency was used.

The poorer quality of the data at higher impact
velocities is due to two factors. First, as the impact
velocity increases, the amplitude of the resonant
vibrations increases, thereby decreasing the signal-
to-noise ratio, This effect is analogous to increasing
the force of the hammer blow in the experiment dis-
cussed above. Second, the data are degraded because
the impacting time interval decreases significantly.
For a given impact velocity V,, the number of sig-
nificant data points N obtained during an impact
with a target of thickness d is limited by the band-
width of the recording instrument B and is given by

N = Vi B. (1)

[¢]

For this experiment 8= 5 kHzand 7= 0.15m. For
arelatively fow impact velocity of 30 m/s, N is 25,
but for a high velocity of 90 m/s the number of data
points is reduced to only eight. It is difficult to
accurately define the deceleration of the projectile
with only eight data points available for the event.
With noise superimposed on the signal, accurate
measurement of the deceleration with this limited
number of data points becomes impossible.

After filtering to remove the noise, the decelera-
tion data were integrated to obtain curves of depth
of penetration as a function of time. The penetra-
tion vs time data and the original deceleration vs
time data were then used to construct deceleration
vs penetration curves at velocities from 15 to 46 m/s.

RESULTS

Test parameters for the projectile impacts into
snow are listed in Table 1. Acceleration vs penetration
graphs are shown in Figure A1, and the measured
values are given in Appendix B. All of the graphs
show a nearly linear relationship between the decel-
eration and the penetration, with larger deceleration
values at a given penetration for higher initial impact
velocities, The variation between the individual
tests shown in the graphs can be used to estimate
the accuracy of the deceleration measurements at
about + 50 m/s2(or £5g’s). The slight variations in
the initial conditions did not show a consistent re-
lationship with the measured deceleration values.

At an initial velocity of 61 m/s (200 ft/s), the
shape of the curve (Fig. Ale) becomes much different
from the curves for lower velocity tests. The signal
processing techniques used to reduce the data were

Table 1. Impacts into snow.

Filter
Impact velocity  Density frequency
Jest no. (m]/s) (ft/s) (kg/m®} Notes (Hz}

79-09 15 49 380 - 500
79-10 16 51 390 - 500
79-12 16 51 410 ~ 500
79-15 23 75 410 -~ 700
79-16 23 74 420 - 700
79-17 24 79 430 - 700
79-06 30 99 410 - 750
79-08 30 99 390 - 750
79-18 30 99 440 - 750
79-21 45 149 430 - 1060
79-24 45 149 410 - 1000
79-22 61 200 410 - 1000
79-25 61 199 420 - 1000
79-26 61 201 400 A 1000
79-23 76 250 420 - 1000
79-27 90 294 400 - 1000
79-28 92 301 420 - 1000

A. Target tipped.

na longer able to remove the effects of the projectile
resonating as it hit the snow target. The bandwidth
of the recording system would have to be increased
to allow higher velocity ddta to be anatyzed.

A graph of the averages of the individual tests is
shown in Figure 9. The deceleration values for a pen-
etration of 0.08 m or greater (after the resonating
caused by the impact with the snow surface has died
down} show 4 monotonic increase with respect to the
initial impact velocity. Note, however, that the decel-
eration curve for an initial velocity of 23 m/s (75
ft/s) is not significantly different from the curve for
31 m/s (100 ft/s) within the estimated accuracy of
the measurements. Thus this experiment can only
resolve differences greater than about 15 m/s (50
ft/s) between the initial impact velocities.

The parameters for the impacts into nylon are
listed in Table 2, and graphs of acceleration vs dis-
tance are given in Figure A2, The projectile exper-
ienced a nearly constant deceleration after impact.

In addition, there was no measurable difference in
deceleration after impacts at 15 and 30 m/s (50 and
100 ft/s). Again, the records of the higher impact
velocity tests are not reliable because of the band-
width limitations. Although both wet and dry nylon
shavings were used, no significant differences between
the two conditions were found.

Table 3 lists the test parameters for impacts of the
projectile into Styrofoam. Graphs of acceleration vs
distance are shown in Figure A3. The values of de-
celeration increased monotonically as a function of




400 . T r ; ' Table 3. impacts into Styrofoam.
° | Impact velocity  Density  Fliter frequency
b Testno. (mfs)  (ftjs} (kg/m®) (Hz)
79-14 15 50 32 1000
0 ] 79-33 pr 93 32 1000
79-Q02 30 100 32 1000
- 79-03 30 100 32 1000
Ky 1 79-04 59 193 32 1000
E 79-05 92 301 32 1000
& -a00 .
o
&
e
< R Figure 10 shows a comparison of the average accel-
eration values measured for all three materials with an
-800 4 initial impact velocity of 31 m/s (100 ft/s). This graph
shows striking differences in the decelerations caused
L by the different materials. Nylon caused much
7 lower values of deceleration when compared with ‘
snow, while Styrofoam caused much larger values. 4
-1200 1 1 ! L . In addition, the deceleration caused by nylon leveled
o] oos 016 0.24 . .
off at a constant value after a penetration of a few
Penetration Depth (m) . . . . .
centimeters, while the decelerations increased with
depth for the other two materials. Nylon has been
Figure 9. Acceleration vs penetration depth into snow. used by the U.S. Air Force to simulate snow for
Average value tor impact velocities of 15 through 46 r
m/!s (50 through 150 tt/s). Three separate impacts
were gveraged to produce these curves, except tor the 400

curve of 46 m/s, which is the dverage of two tests.

Table 2. Impacts into nylon.

-~
Filter
Imeuc! re/uci!z Density frequency
Test no.  /mjs) {ft/s) (kg/m*;  Notes (Hz) &: p
~
7911 s 49 90wet - 500 £
. 79-13 15 49 140 dry - 500 § -a00 i
79-07 30 100 99 dry A 750 g
79-19 30 100 170 wet, A 750 E
frozen & J
79-20 30 98 160 wet B 750
79-29 59 195 180 wet - 1000
79-30 61 201 90 dry - 1000 -800 4
79-31 91 299 90 dry B 1000
79-32 87 287 150 wet A 1000

A. Target stumped.
B. Accelerometer Jamaged during test,

-1200 i i 4 1 i
] 008 o6 0.2¢

Penetration Depth (m)

penetration depth., The measurements at 15 and 31
m/s (5C and 100 ft/s) are the only reliable ones for

the reasons discussed above. For these tests, as with Figure 10. Acceleration vs penetration depth into snow,
nylon, there is very little difference between the nylon, and Styrofoam at an impact velocity of 31 m/s
decelerations caused 4t these two impact velocities. (100 ft/s).
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Figure 11. Acceleration vs penetration depth into
snow—a comparison of measured and theoretical values.

missile nose cone impacts*. These measurements,
however, show that the characteristic shape of the
acceleration vs penetration depth curves as well as
the magnitude of the values for nylen and snow of
this density are markedly different, suggesting that
different processes are involved in causing the decel-
eration.

A hydrodynamic drag force equation has been
used by several investigators (Brennan et al. 1980)
as a basis for determining fuze performance against
water, snow, or mud targets. The equation is

1

F=3 CppVeA, (2)

where F = drag force on projectile
Cp = drag coefficient
p = target density
V, = projectile velocity
A = projectile area.

Kornhauser {1969) claimed that eq 2 produces con-

*Personal communication with H, Rarrick, Sandia Labora-
tories, 1978,

servative estimates of fuze performance, i.e. the cal-
culated force 1s lower than the actual force. However,
no test data for snow targets were available to verify
this hypothesis. When calculating forces on point
detonating devices, the drag coefficient Cpy is 1, so

eq 2 reduces to the equation tor the stagnation pres-
sure for a body traveling in a fluid medium,

Data from impacts into snow are compared with
predictions made using eq 2 in Figure 11, For low
velocities (15-30 m/s), this equation predicts lower
values for deceleration than were measured. At 46
m/s, there is close agreement between the calculated
and the measured deceleration values. The experi-
mental data above this velocity are severely degraded
by noise but were used to estimate deceleration val-
ues. These estimated values are less than values cal-
cuiated using eq 2.

As shown in Figure 11, the predictions made using
cq 2 are not in agreement with the measured data,
and the agreement at 46 m/s must be regarded as
fortuitous. This comparison shows that treating snow
as a simple fluid by eq 2 is invalid and a theory which

more accurately models the behavior of snow is needed.

CONCLUSIONS

These experiments have demonstrated the utility
of the centrifugal launching method for measuring
the deceleration of a projectile caused by impact with
a compressible material. The measurements were
estimated to have an accuracy of £50 m/s2 for initial
impact velocities of 15-46 m/s.

The data show that for a projectile impacting into
snow the deceleration increases as the initial impact
velocity increases, Projectiles launched into targets
prepared from nylon shavings undergo much less de-
celeration than those launched into snow targets. In
addition, the deceleration appears to be independent
of penetration depth for nylon targets. Of all of the
materials tested, Styrofoam targets caused the largest
deceleration of the impacting projectiles. This pene-
tration resistance of the Styrofoam targets is probably
caused by the cohesive forces between the individual
particles of the material.

Past theoretical work on deceleration of projectiles
has treated snow in a very simplified manner. The
data from these experiments do not agree with pre-
dictions made using these simplified theories (see Fig,
11). In addition, these measurements show that nylon
shavings are not suitable as an experimental analog
for snow (sce Fig. 10).




RECOMMENDATIONS FOR FUTURE WORK

Future tests should be conducted with higher
bandwidth instrumentation to provide sutficient
data for anglysis at higher impact velocities. It is
estimated that a recording bandwidth of 40 kHz
would be adequate for impact velocities of up to 240
m/s. Deconvolution and other methods of pulse
compression could also be used to climinate the re-
sonant noise from the ddta once the bandwidth has
been increased.

Future testing should also include deeper targets
so that a steady-state penetration condition can be
dchieved. The use of a simple projectile shape (e.g.,
cvlindrical or conical) would also allow the funda-
mental response of snow to an impact to be evaluated
so that differences between different types of pro-
jectiles could eventually be accounted for. Snow of
different initial densitics should also be investigated
in future tests.
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APPENDIX A. GRAPHS OF MEASURED ACCELERATION VS PENETRATION DEPTH.
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Figure Al. Acceleration vs penetration depth into snow. Each line corresponds to one of the
test impacts listed in Table BI.
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d. Impact velocity 46 m/s (150 ft[s).
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Figure Al (cont'd). Acceleration vs penetration depth into snow. ‘
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test impacts listed in Table Bl.
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APPENDIX B. LISTING OF DATA FOR EACH IMPACT

Table B1. Time (TIME), acceieration (ACCEL), velocity (VEL), and penetration depth (DIST) values are listed

d. For a listing

4

were

for each impact. The data are listed in the same order in which the measur

of these impacts by target material and impact velocity see Tables 1, 2, and 3.
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Table B (cont’d).
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Table B1 (cont'd).
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Table B2. Average values of three tests at listed velocities (50 ft/s = 15 m/s, 75 ft/s = 23 m/s, 100 ft/s = 31 m/s,

150 ft/s = 46 m/s, 200 ft/s = 61 m/s).
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Table B2 (cont’d).
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A facsimile catalog card in Library of Congress MARC
format is reproduced below.

Albert, Donald G.

Deceleration of projectiles in snow / by Donald G.
Albert and Paul W. Richmond III. Hanover, N.H.: U.S.
Cold Regions Research and Engineering Laboratory;
Springfield, Va.: available from National Technical
Information Service, 1982.

iii, 34 p., illus.; 28 cm. ( CRREL Report 82-20. )
Prepared for Office of the Chief of Engineers by
Corps of Engineers, U.S. Army Cold Regions Research
and Engineering Laboratory under DA Project 4A762730

AT42.

Bibliography: p. 9.
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