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ABSTRACT

The design of a projectile-mass measuring system is discussed. The primary
mechanism is an inverted thrust table using flat spring flexures with strain gage
readout to measure the momentum transfer from a projectile of unknown mass
but known velocity. A mass range of from 2 to 30 mg with a velocity range of
from 6 to 15 km/s can be accommodated.
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A SYSTEM TO MEASURE THE MASS OF A PROJECTILE
LAUNCHED FROM AN EXPLODING FOIL GUN

by
J. A. Morreal

1.0 SUMMARY

The momentum transfer from a projectile of unknown mass is measured
with a modified ballistic pendulum in the form of an inverted thrust table.
Kinetic energy of the table after impact is stored as elastic potential energy in
the spring system of the thrust table. The distance the table moves is measured
with a strain gage bridge attached to the flat spring flexures. Using the known
constants of table mass, and spring constant the momentum transfer is calcu-
lated. If the projectile velocity is known, then the projectile mass can be
calculated,

Dynamic calibration of the thrust table was obtained by impacting the target
attached to the table with projectiles of known mass and known velocities, The
Avco light gas gun was used to launch projectiles of 5. 8 mg with velocities of
from 6 to 7.5 km/s.

Ten calibration shots were made. Data spread about the mean value was
= 5%,

'The calorimetric method of measuring the kinetic energy of the projectile
as a backup to the ballistic method was dropped early in the program due to
experimental difficulties in minimizing heat loss.



2,0 INTRODUCTION

The probability of damage to spacecraft structures by micrometeorite im-
pacts increases as the periods of flight are extended., Protection from this
hazard is important particularly when manned spacecraft are considered. The
design of armor to neutralize these impacts will require laboratory simulation
of some kind. The launching of projectiles of known velocity up to 7.5 km/s
and shape is an accomplished fact using light gas gun launchers, Since the
shape of the projectile is preserved, the mass of the impacting particle is known.

Exploding foil guns are currently being investigated as a means of launching
flat mylar plates of approximately 10 mg mass at velocities above 7.5 km/s.
The difficulty with the exploding foil gun is that the projectile shape is not pre-
served during launch and most likely changes during flight, The mass is there-
fore unknown and a means must be provided to measure it at impact.

To accomplish the mass measurement, two techniques were initially con-
sidered., A calorimeter was proposed to measure the kinetic energy of the pro-
jectile and a ballistic pendulum was proposed to measure the momentum transfer,
Experimental results showed early in the program that large heat losses and
difficulty in controlling them made the calorimeter approach impractical,

An inverted thrust table using flat spring flexures was proposed as a prac-
tical extension of the simple pendulum for the measurement of the momentum
transfer. The thrust table's relative compactness, large dynamic range, ease’
of electrical readout and ruggedness made it an attractive substitute for the
simple pendulum,




3,0 THEORETICAL CONSIDERATIONS

In the case of the inverted thrust table, the momentum transfer imparts to
the thrust table a certain amount of kinetic energy which is transferred to the
compressed spring rather than going into gravitational potential energy as is
the case of the simple pendulum.

Since momentum is conserved, one can write
mpvy = myv, (1)
Immediately after impact, the table will have a certain kinetic energy as a re-

sult of its motion and if the projectile is completely captured by the target the
following expression can be written:

1
KE = -2— (ml + m2) v22 (2)
If m, >>my, equation (2) can be written with very small error,

- 1
- 2 3
KE = m, vy (3)

Since the kinetic energy is used to compress the spring system, one can write

1
--2—m2‘722 = [ kxdx (4)

where k is the spring constant in N/m and x is the distance the springs are com-
pressed inm, Performing the integration in equation (4),

1 k x2 (5)

—MA V =
2 272 2

and solving for vy,

2\ 172
/kX\ (6)

ey

Substituting this value of v, in equation (1) and solving for m,,

my [} 42 1/2 m%’/z kl’/z x
m = — - - (7)

V1 my Vi




Equation (7) is the basic equation for calculating the mass, mj, if its velocity
is known, The mass, my, can be measured with a balance and the spring con-

stant is determined statically, The distance x is measured electrically by use
of strain gages attached to the springs flexures.

Equation (7) should include two other terms, one to account for rotational
kinetic energy, if there is any, and one to account for the gravitational potential
energy since the table moves up a small amount as well as horizontally,

Rewriting (5) to account for these effects

2
_1_ my v22 _ kx
2 .

+ Kg + K, (8)

Solving for v, and substituting in equation (1),

m /2 (9)
[kx? + 2k, + K]/

ml =

Y1

It was assumed in equation (1) that there was a perfectly inelastic collision,
This is not true and considerable time was expended in arriving at a suitable
target that would capture the projectile and minimize the effects of high-energy
impacts. Ejecta and vaporized material from impacts into open-cone type tar-
gets produced mass readings of up to 50% above that of the known projectile
mass because of the reaction from the high velocity blowoff. Blowoff errors
will be a function of the velocity and material of the projectile, Thickness and
hardness of the target impact plates will have to be matched to the set of condi-
tions that prevail, A measurement of the blowoff mass was not possible in the
time available during the development of this instrument. The error due to
blowoff was assumed to be that which remained after all other sources of error
were accounted for. Equation (9) is modified to include the effect of blowoff,

1/2
lkx? + 2K, + K, - K)11/2

Y1

3.1 Mechanical Design of Thrust Table

Using formula (7), a mass for the table is chosen and by arbitrarily limiting
the travel to one centimeter, a spring constant can be calculated for a given
momentum, The maximum momentum is obtained when

m; = 30mg and vy = 15 km/s

let my = lkg




then

2,2
iV 9 x 1074 x 2.25 x 1012 3
ko= = - 2.03 x 103 N/m

m, x? 103 x 12

For a deflection of 1 cm the force is therefore 20,3 Newtons,

A close approximation for the elastic curve equation for the flat springs is
given by

1 w
- 12_43
y 48 EI Gix )

This is the elastic curve equation from A to B for a beam fixed at both ends and
a concentrated load at the center as shown in figure 1. The maximum deflection,

y, at b is
1 (w3
’ =——<"——) (h)
192 El

Nicholson ground flat stock 0, 795 mm (1/32 inch) thick by 25.4 mm (1 inch)
wide was chosen as the spring material. A length is calculated for a deflection

20.3

2 = 5 Newtons, The moment of inertia of the

of 1 cm with a given force of

crouss section is calculated from

b d3 (12)
- = am? = 1.06 x 10712 nt

The modulus of elasticity of steel is taken as

= 2.07 x 1011
in .m

E = 3x10/

Solving equation (11) for ! and evaluating,
(13)

{192y EI\1/3
- =

3.2 Final Mechanical Design

The final design has the dimensions shown in figure 2. Figure 3 is a photo-
graph of the thrust table and control panel. The flat spring flexures are
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PHOTOGRAPH THRUST TABLE WITH CONTROL PANEL

Figure 3



1
Nicholson ground flat stock 0,079 cm (EE inch> thick by 2.54 cm (1 inch) wide
hardened to Rockwell C. 63-65. The end clamps and base are aluminum. Table
III lists the mass of each part and the total mass for the table top is calculated,

The mass of the spring flexures is approximated by the formula m = "13430 m, |

where m; is the mass per unit length and [ is the length of the spring. This

value is that used for vibrational loading of a cantilever and is considered a
close approximation,

3.3 Multiplate Target

A multiplate target similar to that shown in figure 4 was designed to mini-
mize the effect of blowoff, Venting of the rear of the target partially neutralizes
the effect of escaping vapors through the impact hole in the first plate. For
these tests the plates used were 0. 127-mm thick, soft copper spaced 6.4 mm
apart. The target is constructed so that up to 7 plates can be used. Figures
5a and 5b show a typical set of plates impacted with a 5. 8 mg ball with a velocity
of 6.3 x 103 km/s.

The target is prepared for a shot by alternately loading impact plates and
spacers in the target chamber. Each plate is pierced with a small hole so that
the target chamber obtains ambient pressure when placed in the range vacuum.
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Figure 4b OUTLINE DRAWING, MULTIPLATE TARGET (SPACER)
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Figure 5b IMPACTED TARGET PLATE
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4,0 ELECTRICAL DESIGN

The Wheatstone bridge circuit shown in figure 6 is used to measure the
small resistance changes in the strain gages when they are activated. The ap-
plied dc voltage, E, is supplied by a well regulated transistorized power supply.
The output voltage of the bridge is monitored with a suitable meter having a
resistance represented by R .

A symmetrical, four-active-arm bridge is used with arms 1 and 4 in tension
and 2 and 3 in compression. Nominally R} = R, = Ry = R4 = R_. Under these

conditions, the output voltage, e , is obtained from the following equation:

o’

ARV (14)

(]
RO

Where AR is the change in resistance of one gage. A more accurate expression
would include the meter resistance, R, so that

AR/R, (15)
e, = \" ]
R, AR\ 2
1 + |— 1 -
R, Ro
R

If — << 1, then the expression reduces to equation (14) which is completely

m
linear. What this all means is that if the meter resistance, or any device which
is used for readout, has a high input impedance compared to the bridge output
resistance (4K), then nonlinearity of the bridge circuit would not be a problem.
A Sanborn recorder with an AC-DC plugin (4 megohms) or a Tektronix oscil-
loscope with a preamplifier of one megohm input impedance are typical instru-
ments which can be used for the readout meter.

The power supply that is used is completely floating so that single-ended
readout can be used if necessary, However, better isolation from noise pick-up,
particularly in the exploding foil gun facility, is obtained when a balanced output
is used,

In order to obtain maximum sensitivity, a double bridge is used. The phys-
ical placement of the gages is shown in figure 7. The circuit diagram of the
complete system is shown in figure 8. The strain gages used are SR-4 type
C-14 with a resistance of 2000 ohms,. Resistances Ry, R,, R3 » and Ry comprise'
the bridge zero balance network,

15
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Figure 6 WHEATSTONE BRIDGE
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Figure 7 STRAIN GAGE PLACEMENT
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5.0 CALIBRATION
5.1 Static Calibration

The bridge sensitivity, k; , was determined by measuring the output voltage

as the table was moved fixed known amounts., In order to accomplish this, the
table base was fixed to a rigid structure to which a micrometer was also attached.
(See figure 9). Output voltage was measured with a differential voltmeter. The
results are listed in laboratory data sheet number 1-2. The bridge sensitivity
thus determined is k; = 9.17 v/m. The spring constant, k, , in Newtons/volt

was then measured using the same physical arrangement except a spring scale
was used to deflect the table. The output voltage for full scale deflection is
tabulated on laboratory data sheet number 2-2. The value of k, thus determined

is ky = 2.32 x 102 N/v.

The spring constant, k , in dynes/cm is obtained by combining k; and k, .

k = kjky = 2.12 x 10> N/m

In order to determine if off-center impacts would affect the bridge sensitivity,
static deflections of the thrust table weres made with the point of contact made
in all four quadrants 2.5 ¢cm from the center of the target. No change in bridge
sensitivity was detected,

The gravitational potential energy of the table was determined by statically
measuring the change in height for given horizontal deflections with the result
shown in table II. For these same horizontal deflections the elastic potential

2

energy is calculated from K_ = ka where x is the horizontal deflection and k the
spring constant. From this the percentage of gravitational energy is calculated
and the results are plotted in figure 10 as a function of horizontal displacement,
At deflections less than 0. 127 cm, this correction is approximately 1%. When
reducing the experimental data, therefore, the procedure is to first calculate
the horizontal displacement of the table from the bridge output voltage and the
known bridge sensitivity, k; . The elastic potential energy which is stored in

the compressed springs of the thrust table is then calculated from the measured
value of x and the constant, k., The gravitational potential energy is determined
by taking the appropriate percentage of the elastic potential energy correspond-
ing to the horizontal deflection x, as indicated in figure 10,

The rotation of the table at a static deflection of 10,2 cm was less than the
resolution of the measuring system, At time, t = 37 msec, ¥ is therefore less

19
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than 8 x 10-3 rad/sec. The rotational kinetic energy KE= 1/21 w2is therefore
less than 2,03 x 10-11 N and can be ignored, Equation (10) can therefore be
written as

1/2

m2 (16)

lex? + 2K, - k)2

Y1

5.2 Calibration-Dynamic

The thrust table was dynamically calibrated by launching 5, 80 mg projectiles
into the target at known velocities. Figure 11 is a photograph of the Avco .22
caliber light gas gun facility used to launch the projectile. The blast tanks re-
move most of the gun gases and a one mil- (, 0254 mm) thick mylar diaphragm
placed in the range pipe between the range pipe and the target tank removed any
small amount of debris that followed the projectile.

A sabot was used to launch the projectile so that the mass of the projectile
would be preserved, Figure 12 shows the cross section of the sabot with the
1/16'"-(1.59 mm) diameter ball projectile in place,

The velocity of the projectile is measured by recording the time that the
projectile traverses a known distance. Photographic recording stations are
used to obtain maximum accuracy of the velocity measurement in the following
way: A fiducial wire is placed in the field of each photographic station. Precise
measurements of distance between wires are made and the optical axis of the
station is accurately placed perpendicular to the trajectory. An electronic
counter is used to measure the elapsed time, Start and stop triggering pulses
for the electronic counter are produced by the photographic stations at the in-
stant each picture is taken. A means is provided to trigger the photographic
station when the projectile is in the vicinity of each fiducial wire. A block dia-
gram of a photographic recording station is shown in figure 13,

The photographic recorder is a spark shadowgraph system with a 0, 076 m
field and shuttered by means of an electro-optical Kerr cell shutter, Figure 14
is a shadowgraph picture taken during shot No, 1 which demonstrates the ability
of the system to verify the integrity of the projectile as well as providing a means
of accurately measuring the velocity,

Vibrations generated by the launching of the projectile caused considerable
difficulty in making the mass measurement., These vibrations apparently travel .
through the gun structure and the floor and arrive at the target tank at approxi-
mately the same time as the projectile. A noise pulse is therefore generated
in the thrust table at the same time as the impact pulse., Isolating the range

22
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pipe from the target tank did not reduce the noise pulse significantly, The final
solution to the problem was to suspend the thrust table from a massive base

plate which was in turn suspended from the top of the target tank with long limber
springs. The base plate was loaded with lead blocks until its natural frequency
was approximately 1 Hz, Figure 15 is a drawing of the final system that was
used during the calibration of the thrust table, A number of sabots was launched
without projectiles to test the system for its vibration isolation abilities, No
significant noise was detected,

In solving the vibration problem, however, another problem was generated.
Reaction of the base plate to the impact of the thrust table represents an energy
loss that must be accounted for, Attempts to measure the motion of the base
plate directly were foiled by the noise level in the range facility. It was decided
to analyze the system mathematically and compute the motion of the base plate
during the time it takes the thrust table to reach its first peak.

The Appendix is a discussion of the method used in analyzing the complete
dynamic system used in the calibration of the thrust table on the .22 calibre
light gas gun range,

The computer analysis shows that for the average test conditions obtained
on the .22 calibre light gas gun range, the base plate will have a kinetic energy
of approximately 7 x 10-6 N or 1, 4% of the kinetic energy of the thrust table
at 37 msec after impact.

The elastic potential energy that is stored in the spring system of the thrust
table is therefore reduced by this amount, Equation (16) is accordingly modified
for the purposes of reducing the ballistic range data to include the reaction of
the base plate, K.

W72

(17)

lex? + 2(K, + Ky, - K1/

Vi

This equation is used only in reducing the data obtained in the light gas gun
facility at Avco using the base plate suspension system for vibration isolation.
In reducing data that is obtained from a light gas gun installation with no base
plate suspension system, the term, K_, is deleted from equation (17),

The rotational kinetic energy, K,, is small enough to be ignored and is omitted.

27
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6.0 ERROR ANALYSIS

The experimental and estimated errors of the various terms of equation (17)
are determined and combined to establish the overall system accuracy.

The mass of the table, m,, was measured on a gram balance to an accuracy
of 1 part in 9600. The error in this reading was considered small enough to be
neglected,

The mean value for the bridge sensitivity, k;, was obtained from the 14

data points listed in Laboratory Data Sheet No, 1-1, The standard deviation
was then determined using the formula

n 1/2

o = ! Z:Z.z (18)
n-1 1

i=

The value for k; established was
kl = 9.17 +£0.08 v/m

In a similar manner using the data from Laboratory Data Sheet No, 1-2, the
mean and standard deviation for k, is established.

N
ky = 2.32£0:09, 102

The spring constant is determined by combining k; andk,
and the standard deviation is determined from the approximate formula
5 ak 2 Ik 2 .
£ m—— + —
7 3, ) ok, | 2 (19)
" N —d [ —
The value for k thus determined is

N

m

k = 2.12%0.08 . 103

The standard deviation of x is determined from k; and the output voltage reading,

e A Sanborn recorder with zero suppression was used to obtain the output

s I0d
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voltage data during the dynamic calibration of the thrust table. The voltage is

€
read to an accuracy of 1 part in 80, From the expression x = = , the standard
deviation is obtained using the formula ky

2 (o= 2 dx 2 (20)
x = dk, okl * d, aeo

(o]

A value for x and ¢, is established for conditions obtained when m; = 5.8 x 10-3

Kg and v; = 6 x 103 m/s

o. 0.14 mm

X
x‘ = 0.874i0'014 mm

The value of o, will depend upon the accuracy of the instrumentation used to
record e, and will have to be recalculated each time the instrumentation is

changed,

In measuring the projectile velocity, measurements of time and distance
were made using techniques previously discussed. The distance was 61 cm
and measured to an accuracy of 1,27 x 10-5 m, At velocity of 6 x 103 m/s,
the time was measured to an accuracy of 1 part in 1000, The velocity error is
0.1% and is considered small enough to be neglected. It should be noted that
this measurement is of the average velocity over the distance between light
stations and the velocity measuring station is approximately 2 meters from the
target. It is assumed that the drag on the projectile at the range pressures used
would be negligible,

The gravitational potential energy was determined by measuring the vertical
displacement with a dial indicator while the table was deflected fixed known
amounts horizontally, Table II lists the value for the gravitational potential
energy and the measurement error at five horizontal deflections, The minimum
displacement that could be measured directly was 0, 254 p m which corresponds
to a horizontal deflection of 1,27 mm, At a horizontal deflection of 0,874 mm
which corresponds to the test conditions for the light gas gun shots, the vertical
displacement is estimated to be 1,27 £1,27pm. The gravitational potential
energy is therefore Kg = (980) (962) (1.27) £1.27 x 10-4 = 120 £120 x 10-7 Joules.

The estimated error in the computed value for the kinetic energy of the base
plate using the digital computer is £10%,

The blowoff error is unknown and is estimated from the experimental results

obtained in the light gas gun shots by accounting for all other sources of error
and assigning the remaining positive error to that caused by blowoff,
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A sample calculation is made using the data obtained from shot No. 2: The

output voltage of the bridge circuit is shown in figure 16,

The distortion of the

lower half of the wave train is due to the dc offset, The dc offset is used so
that maximum accuracy can be obtained from the positive portion of the wave-

form. The magnitude of the first peak is 7.8 x 10-3 volts,

The deflection, x, is calculated

m21/2 , "
my = - lkx® + 2(K, + Ky - Kp)l
For shot number 1;
m, = 5.80 x 10-6 kg
vy = 6.264x 103;’%
m, = 31,0x 10°3 kg
k = 2.12% 103 N/m
Kg = 1,20 x 10-5 Joules
Ke = 70 x 1077 Joules
K, = unknown
S g%(;—fag .12 x 106 (8.50 x 1072)2 + 2(120 + 70)] 1/2
= 6,202 %0 x 1076 xg

Table I summarizes the results of the 10 light gas gun shots,

(21)

Figure 17 is

a plot of calculated mass vs, shot number. From this data the mean value for
m; is calculated to be 6.13 x 10-6 kg which is 5.7% high. It is reasonable to

assume after considering all other sources of error, that this positive offset is

caused primarily by the blowoff from the projectile impact since a positive thrust

would resuit from the ejected mass,

If to each data point there is applied a correction factor of -0,33 x 10-¢ kg,
then the deviation of the nominal value about 5,80 x 10-6 kg is within £5. 5%.

31



32

VOLTS x 10-3
O-NUDPAD~N @

D I Speee

) -

| At phaat
o

) aum

I SECOND /| | ) ddd |

86-9095

Figure 16 SANBORN RECORDING OF BRIDGE OUTPUT VOLTAGE, SHOT NO. 1




33

dIGWAN LOHS SNSYIA SSYW QIANSYIW LT a4nbyy

69v8-98
¥3IOWNN LOHS

ol 6 8 L 9 ] |2 3 2 I ¢
v
] a3INNSVIN SSYW -
3LI3rOHd 40 INTYA NYIW == = = = s
(]
l
ONIHINNY 3H0438 SSYW 311123r0Md n
- aN3937 S 2
wn
(7]
L B 9 -
-]
4 i Y A - jod
e T ——_— - — T = 1L p—— ~Sy— L =
3 o

M L




7.0 EXPLODING FOIL GUN

The Avco exploding foil gun was used to test the final instrument in an en-
vironment similar to that for which it was designed, Initially, some difficulty
was encountered from the plasma generated by the exploding foil, Baffles
placed downstream near the target tank effectively eliminated the effect of the
plasma on the thrust-table reading,

During discharge of the capacitor, a mechanical shock was generated in the
structure which produced a large noise pulse in the bridge output. A flexible
copper bellows placed between the target tank and the range pipe eliminated this
source of noise,

The velocity of the projectile was determined photographically by use of a
double pulse Kerr cell shadowgraph system, Two exposures on the same nega-
tive of the in-flight projectile are made at fixed known times, The distance the
projectile moves is determined directly by measuring the spacing of the two
images, The optical gain of the system is a known constant,

Figure 18 is a photograph of the Avco exploding foil gun facility with the
mass measuring system installed. Instrumentation for the readout of the strain
gage bridge is located in the screen room to the left of the capacitor.

A number of shots was made in the exploding foil gun facility with capacitor
voltages of 40 kv, 70 kv and 100 kv, Projectile breakup at voltages of 70 and
100 kv was a problem not overcome during the development of the thrust table,
The results of shot No. 89 are discussed. Charging voltage was 40 kv and pro-
jectile velocity was 4,2 x 103 m/s, The double pulse Kerr cell photograph from
which the velocity is obtained is shown in figure 19. The bright horizontal lines
are caused by the lens effect of the glass range pipe on the collimated light of
the shadowgraph, Figure 20 is a photograph of the impact plate for this shot,
Two large holes and a number of smaller holes suggest that the projectile broke
up after the velocity photographs were obtained,

Using equation (16), the mass of the projectile is calculated. The table
movement, x, is calculated from equation (20) using the output voltage, ¢, = 6.8
mv obtained from figure 21.

6.8 x 1073 -4
X = = 742 x107%m
9.17 x 10~

The elastic potential energy is calculated

2.12 x 100 (7.42 x 1022

ol

]

-

»
~
)

117 x 107! N
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The gravitational potential energy is estimated using figure 10 as 0, 8%

K, = 93x 107° N

A pessimistic estimate of the kinetic energy due to blowoff would be 5% of the
elastic potential energy, this value being that obtained from the light gas gun
data, This is considered overly pessimistic since the blowoff is a direct func-
tion of the impact velocity and the velocity of the exploding foil gun shot was
20% less than the light gas gun shots., A more realistic estimate would be 4%
Ke for this exploding foil gun shot,

K, = 4% K 0.04 (1.17 x 10%)

e

468 x 1073 N

]

Using equation (16), the mass of the projectile, my, is calculated:

31
m = ———— [2.12 x 105 (5.5 x 10™7) + 2 (93 - 468)]1/2

4.2 x 10°

7.7 mg

The projectile was a 0.635-cm diameter, 10-mil (2.54 x 105 m) thick mylar
with an estimated mass of 10 mg., The low reading of the thrust table is probably
due to the fact that some of the projectile particles after breakup were caught
by the baffles before they reached the impact plate.

During testing in the exploding foil gun facility, it became apparent that due
to the relatively long time constant of the thrust table (natural frequency 25 Hz),
range vacuum had to be maintained after the shot. Certain gun designs that disin-
tegrate with the launching of the projectile produces a large pressure pulse
which has a force many times that of the projectile impact. To circumvent this
problem, the Avco exploding foil gun is supplied with the system. This design,
shown in cross section in figure 22, will maintain range vacuum with discharge
voltages of up to 100 kv,
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8.0 OPERATING INSTRUCTIONS

1. Connect control panel to the thrust table and allow 1/2 hour warmup.

2. Measure ''voltage test' after 1/2 hour warmup, This voltage should read
35.0 volts. If it does not, then the bridge sensitivity, k; , should be modified

a proportionate amount., For example, a reading of 34 volts will produce a new
34
35
3. The thrust table should be leveled so that the dc static bridge output voltage
is zero when the bridge balance potentiometer is set at 455.5

bridge sensitivity k{ = ky

4, Install impact plates in the target chamber with a small vent hole in each
plate. Tighten the target cap screw securely. For consistent results, use the
same number of plates and retainers for every shot, Should the projectile
catcher mass m; be changed to mj the factor (mz)l/2 in equation (16) must be
changed accordingly to (mz’) 172,

5. Connect a recorder to the '""Bridge output'' terminals and record the output
voltage, e¢,, when the target is impacted. From the magnitude of the first

peak, read e, and calculate, x , the distance the table moves from equation (20).

o o

X = —=—— =

1 9.17 x 10~2

6. Calculate the elastic potential energy from

K. = kx? = 212 x 16°® £?

€

7. Determine the gravitational potential energy, K,, as a percentage of K, from

figure 10 using the value of x determined in step 5.

8. An estimate is made for K, and is subtracted from Kg .

9. v; is determined from the range instrumentation and m; is calculated from

equation (16),

m,1/2

my = kx? + 2k, - K)I/2
Vl g

k = 2.12 x 10° ml/2 < 310
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The value for m; is valid only when the target supplied with the instrument
is used. If a target of different mass is used, then the value of m, should be
modified accordingly. The range of momentum transfer can be extended by
increasing the mass of the target, It should be noted that the gravitational poten-
tial energy correction would also have to be adjusted accordingly.
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9.0 CONCLUSIONS

A system to measure the mass of a projectile which has been fired from an
exploding foil gun has been fabricated and delivered to NASA Langley. The
primary method used is a modified ballistic pendulum in the form of a thrust
table with strain gage readout. Accuracy of the system, with certain corrections,
is within £5.5%. The system was tested in the , 22 caliber light gas gun range
and the Avco expleding foil gun facility with good results,

The thrust generated by the blowoff from the high energy impact presented
an error which could not be measured directly or completely eliminated in the
time allowed in this program, The design of a muitiplate, chambered target
reduced the blowoff error considerably and it is felt that additional work in this
area could reduce the blowoff error further.

The system will not function with a gun design that does not maintain range
vacuum after projectile launch, An Avco gun which maintains range vacuum
when operated up to 100 kv is supplied with the system,

The calorimetric method for determining the mass by measuring the kinetic

energy of a projectile of known velocity was investigated and found to be imprac-
tical due to the difficulty in controlling the heat losses.
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10.0 RECOMMENDATIONS

Techniques to reduce the effects due to blowoff should be investigated fur-
ther in order to realize the full potential of the thrust table, A refinement of
the multiplate target is suggested with emphasis placed on capturing more of
the energy in the vaporized material generated at impact.
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TABLE 1

LIGHT GAS GUN CALIBRATION SHOTS

Shot Projectile Output Projectile |Calculated
No. Velocity Voltage, ¢, , Mass Mass % Error
(m/sec x 103) |(volts x 10-3) (mg) (kg)
1 6.329 8,2 5.80 6.44 +11
2 6.264 7.8 5. 80 6.20 +7
3 7.124 8.6 5. 80 5.98 +3
4 7.170 8.4 5.80 5.81 +0,2
5 7.278 8.6 5.80 5. 86 +1
6 7.327 8.6 5.80 5.82 +0.3
7 7.286 9.2 5,80 6.26 +8
8 5.910 7.4 5,80 6.26 +8
9 5.814 7.5 5,80 6.41 +10
10 5.871 7.4 5, 80 6.30 +9
TABLE II
GRAVITATIONAL POTENTIAL ENERGY
Horizontal Vertical % Elastic
Displacement Displacement Kg Fotential Energy
(mm) {prmj {JToules)
1,27 2,54 +2,54 |2.4x 105 1.4
2.54 20,2 2,54 (1,9 x 10-4 2.8
4,08 71,2 £2.54 |6,7 x 1074 2.4
7.62 173 +2, 54 1.5 x 10-3 2.4
8.16 279 £2,54 2.6 x 10-3 2.4
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TABLE III

THRUST TABLE MASS

Part Mass Total Mass

{grams) {grams)

End plate 132,6

End plate 129.5

Base (box beam) 295,6

Hardware (nuts and bolts) 36.0

Clamped portion of flexure 32.4

Total table top 626.1

Vibrational load flexures 33.5

Target 295,5

Total mass, m, , without 955.1

impact plates

Copper impact plates (6) 6.6

Total mass, m, 961, 7




APPENDIX

DYNAMIC ANALYSIS OF BASE PLATE - THRUST TABLE SYSTEM

by

R. H. Coco
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APPENDIX

SUMMARY

The dynamic analysis described in this release was requested in order to
determine the displacement, velocity and acceleration of the base plate due to
impact of the projectile with the target. These quantities were necessary to
account for the amount of energy loss due to motion of the suspension table.
Direct laboratory measurement of these quantities could not be easily accom-
plished. The results of the analysis are presented in figures A4 through Al5
as displacement, velocity and acceleration time histories for both the thrust
table and the base plate. -

The analytical results for the case w, = 5,8, mg, = 6, 096 m/s, (figure

P p
A4) has been compared with experimental results and show correlation to with-
in 10% of the measured results., The results from future ground test will also

be compared with the analytical results predicted here.

Method of Analysis

The desired time histories were found by first reducing the system of figure
A2 to an equivalent mathematical dynamic model using the lumped parameter
technique. The equations of motion written from this equivalent system were
then solved on the IBM 7094 digital computer to yield the desired displacements,

Figure A3 shows the dynamic model for the system of figure A2. The
numerical values for the masses, inertias, and spring rates of the model are

listed in table AII,

The stiffness values of table AIl were provided by test; the inertia values
were calculated using known dimensions and material densities,

TABLE Al

CASE STUDIED

v_Velocity Projectile *p Weight Projectile
km/s Case I
6, 096 a. 5.8 mg
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In deriving these equations the following assumptions were made:
1) Small displacements theory is valid

2) The suspension table support springs, K, , offer no lateral restraint to
motion of the suspension table.

The differential equations (1) were then solved using Avco digital Program 1520G
for the desired dynamic responses. The values calculated were then automati-
cally plotted on the SC-4020 plotter and are presented in figures A4 through Al5
of this release,

Forcing Function
The forcing function was derived using linear momentum theory. In determining

the forcing function the following assumptions were made:

1) The force-time history of the forcing function can be represented as a
step function of finite duration time,r ., (See figure Al)

2} The duration time, r, is equal to the time required for the projectile to
travel a distance equal to one diameter of its length, The diameter of the
projectile, 1,59 mm, was measured in the laboratory,

3) All of the energy of impact is transferred to the thrust table without loss.

4) The weight of the particle is very much smaller than the weight of the
thrust table,

With these assumptions considered, the equation of motion for the particle of
mass m, in the x-direction is:

p
Fy = mydv/de (2)
Since m, is constant, equation (2) can be wri£ten
F = d/dt (m,v) (3)
or
Fdt = d (mpv) (4)

On integrating (4) for the limits 0 <t < and 0<v < vpr We have

Fro=mpv (5)

52




then

F = mPvP/T

where o~ velocity of the particle ~m/s
m, ~ mass of the particle ~ kg
7 ~ duration of pulse ~sec

The duration of the pulse, r , is simply

r = 1/16/VP

Substituting (7) into (6) yields:

_ 2
F = 16mpvP

(6)

(7)

(8)

For the case listed in table AI the force, F, was calculated from equation (8)

and is given in table AIII

Figure A1 ASSUMED FORCE-TIME HISTORY
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TABLE AIl

PHYSICAL PARAMETERS OF THE DYNAMIC MODEL

Coordinate Mass or Inertia Stiffness
x) 1.64 kg K, = 5.24 x 102 (N/m per strut)
6, 2,0 n-m-s? K = 1.59x 104 (N/m per strut)
x, 47.3 kg
9, 6.45 ncm-s2 K= 0.335 (N/m per spring)

The equations of motion written directly from figure A2 are:

mix;  + 4K, (x; - xp) = F (t)

L6+ 4Kd2(6-6)) < e |F(®]

myxy + 4Kp (xy—x)) = 0

Lo, + 4Kd2(8, - 6;) + 4K, L 2(6y) = 0 (1)

(x terms not shown)

where: x = translation coordinate
6 = rotation coordinate
m; = mass of thrust table kg
I, = inertia of thrust table N-m-~s2
m, = mass of suspension table (kg)
L = inertia of suspension table (N-m-s2)

K, = bending stiffness of struts (N/m)
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]
n

tension stiffness of struts (N/m)

ol
1]

stiffness of suspension table support (N/m)

1]
n

eccentricity of forcing function from c, g. of m; (m)

TABLE AIIl

FORCE CALCULATIONS FOR CASE 1

Case 1

Velocity, Vp s ft/sec F, N, (5.8 mg)

6, 096 m/s 4.4 x 3.053 x 104

Results

The results of the analysis, presented as plots of displacement x, , 0,
x5 , 0, , velocities: xp, 0,,x, 0, , and accelerations: x;» 0, xp , 05, versus

time for the cases considered are presented in figures A4 through AlS.
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Figure A12 TRANSIENT RESPONSE CASE 2.1 MEMO 1303.0 COORDINATE ~5é2
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Figure A13 TRANSIENT RESPONSE CASE 2.1 MEMO 1303.0 COORDINATE ~0y
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Figure A14 TRANSIENT RESPONSE CASE 2.1 MEMO 1303.0 COORDINATE ~62
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