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SUMMARY

A sabot, utilizing internal gas sxpansion t> seporate irs halves, was developad
for use in the launchirg of hypervalocity orojectiles. Most sabots ara designed so
that aerodynamic forces will sirip the pcrts away from the projectila. Here,
separation was achisved by burning a propallant inside the sabot whils it troveled
down the gun barrel. Upon launch, the high pressure gases imparted latercl
valocity to the halves by expension work.

it was desired to achisve separation velocities of 1.5 x 104 cm/sec. At this
velocify each half of the sabot would ba displaced 10 cm from the trajectory at

6 wmeters from lounch when fired et a valocity of 29,500 faet per second. A total
of 33 experimental firings ware carrlad out from CAL .60 powder and light gas guns.
Both aluminum and fiberglas sabots were used. Tha lighter fibsrglas sabot gave the
desired saparation velocity whan fired at 8570 feet/sacond from the powder gun.
Howe ver, it fracturod when fired from the light gas gun. The aluminum sabot gave
a lateral velocity of 0.8 x 107 cm/sec when firad at 14,000 feet/second from the
light gas gun. The lower than pradicted separation velocities may be a result of
the assumptions used in the calculations. However, the velocities achieved ore
adequate for presant light ges gun work.

Tvio major problems ware high projectile dispersion and scbot mass. in most of the
light gas gun firings ths projectile missed the torget. This was thought to be causad
by the sabot gaon:airy. Llower sabot masses are requirad to permit higher velocity
firings. !mprovamanis in maferials ond design should solve both the mass and
dispersion problams.




INTRODUCTION

A current problem In hyparvelocity projection is the technique of saboting the
projectile. Scbots are necessary for achieving high velocity and for the
acceleration of projectile shopes which are not suited to forming a gas seal
within the laurich tube. Once the acceleration is complete ond the sabct
and projectile cisembly leaves the launch tube of the hypervelocity projector,
the sobot must be separated from the projectile so that It will not interferc
with in=flight and teminal ballistics mecsurements. The most widely used
method of sabot separation at the present time is the opplication of the aero-
dynamic forces encountered in high velocity (even in the svacuated ronges).
Thus the scbots are usually split into two or more pieces which have an undur-
cut angled surface ot the forward end. The alr impinging upon the surface
creatss a lataral force component as well as a longitudinal one, and the sabot
sections are pulled away from the projectile.

Under some circumstances, aerodynamic forces cannct be used to achieve subot
separation. For example, if the sabot must be made of a dense material, it may
not move away from the projactile fost enough, particularly at very high velocities
to prevent it from striking the target along with the projectile. This interfares
with terminal ballistics dato. Other situations would be where the sabot and
projectile and design does not permit the use of aerodynomic separating surfoces.

The objective of this program is to develop a sabot which has an active rather
than a passive means of separction. The method uses a propellant, such as gun-
powder, which is burned in a cavity within the sabot while the scbo! is in the
lounch iube of the hyparvelocity projsctor. When the sabot leaves the launch
tube, so that it is no longer restrained, the high pressure generated in the

cavity will perform PAV work on the two sabot halves, causing them to fly cpart.
The propellont is ignited by a setback initiotor ot the instant the gun is fired.

By adjusting tha type and quantity of the propellant and the volume of the
cavity, the total burning tima can be controlied; thus, knowing the time the
sabot will spend in the launchwbe of any given gun, tha propeliant burn character-
istics can be adjusted to match so that the maximum pressure is developed in the
cavity {at the instant of complste propellant consumption) close to the time that
the sabot laaves the launch tube.

The following criteria were established for this project:

1. The sobot Is to be of aluminum, ond will fit o caliber .60
launch tuba. It will weigh 6 groms or less, exclusive of
the projactile. Materials other than aluminum may be




investigated If they have potentially the somne strength character-
istics, but a lower density, so that the total mass may be reduced.,

Each half of the sabot must be separated by 10 cm from the trajectory
at 6 meters from a gun launch tube when fired ot o velocity of 9
kilometers per second, ond a rangse pressure of 1 mm Hg. The re-
quired velocity of separation of each sabot hclf is therefore

1.5 x 104 cm/sec.

The projectile is to be a 3/8" ditmeter steel sphere weighing 3.5
grams.,

Testing during the development of the sabot will be done with a
high velocity powder gun. [inal tests will be done in a light gas
gun.
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A.

DESIGN

REQUIREMENTS
The requlred kinetic energy of separation can be caiculated simply
from mechanles. Thus, for a separation veloclty of 1.5 x 104 on/sec
ond a maximum mass of 6 grams, the maximum energy required is
2
KE = _.2__""' = 67.5 joules
'

For veloclty rangas of interest, the acceleration time of most light
gas guns is between 400 and 800 microseconds. Idecily, the propellont
would be completely consumed close to the time the sabot emerges from
the gun muzzle. This burning time requirement restricts the propellant
to rifle and pisto! powders.
Calculations were done for the foliowing powders:

1) Bullseye

2) Unique

3) No. 2400

4) Hivel No. 2

5) Herco
All colculations astumed that 10 parcent of the snergy content of the
powder would be converted to kinetic energy of the sabot holves. When
computing the cavity volume for each powder, 10 percent wos aodded for
the initiator.
ENGINEERING CALCULATIONS

1. Calculation of PdV Work, Pressure, and Volume Change

The following procedure wos used to compute the PdV work, pressure,
and volume change requirements for the powders iisted in Section A,
{See Appendix A for detcilad sample colculation.)



a. Uksing heat of explosion and 10 percent convession efficiency,
calculcte mass of powder.

b. From bulk density and result of step a, calculate the volume

the powder will occupy. Add 10 percent for Initiator. This
is propellant cavity volume.

c- Assuming the perfect gas law, p = ."VRL, calculate the pressure

developed in the propellant cavity ot complete consumption of
the powder.

Assuming a reversible cdiabati= expansion ond a perfect gas, one may
derive the foliowing equation from thermodynamic relations:

anT[ ] {1
a

where

odiabatic, Isochoric gas temperature
initial cavily pressure {(maximum developed)

cavity pressure after performance of the
required PdV work

= required kinetic energy of sabot halves
= ratio of specific heats

= moles of powder

= gas constant

':,O_"P—'IWS §<€

d. Using given charocterlstics and results of steps a-c. calculate Py
from Bquatlon (1),

For @ reversible adiabatic expansion, the following equation holds:

B . (v_«_\*
P, \/L/



where

Py = inftial cavity pressure
Py = final cavity pressure
Vy = {nitial cavity volume
Vo = final cavity velume
b’2 = ratlo of specific heats

e. Using the values determined dbove for Py, Py, Vy, and ,
calculate V5 from Equation (2). The values of V) and V2
determined this calculation procedure are input data
for the mechanical design of the sabot propellant cavity.

The values of AP (7 - Py) ond AV(V3 - Vy) found from the
cbove procedure were compared with those obtained g)lrecfly
from Newton's Second Law of mechanies, viz: F a-dT. mv.

The results thus obtained were found to be a reasonable check
of the values calculated from themodynamics.

Calculation of Powder Burn Time

Since the weights of powder, required cavity volumus, ond &V
for the five powders previously listed, wera reasonuble, the next
step was to colculate the buming times. Lising data supplied by
tha monufacturer, and calculated from the procedure described
In Section 1, the buming times for thesa powders were computed
as follows:

a. Using granulation data, calculate the volume of one grain.

b. Using the density and desired weight of powder, calculate
tha number of grains.

¢, Using moles per grain data from manufacturer and result of
step 6, calculate the total number of moles of gas produced
by burning the powder.

Noting that ihe {ength of o grain Is reduced by burning, olong with

the radlus, it is possible to express the volume of a grala as a function
of the rodius. This equation is

V = ‘{Tr"(Zr—K):;Z,‘TTYj—K‘:'TY‘l




where

vV = volume of powaer per grain
r = radius of the grain
2r-k = langth of grain &k = constant depending

on grain dimensions)

Now the number cf moles of gas which can be produced, N', is

N' = mp Vn*
where
m = moles of gas per grain of powder
S = density of powder
n® = number of grains

And the number of moles of gas present in the cavity at any given
grain mdius is

N{) = N-N
where
N = total number of moles of gas produced by

buming all the povder, as found in step c.

N&) = N - mf?n*(zﬁf‘3— KITr2)

Since the pressure in the cavity is P= _RT_ N, it con be

v 1
expressed as a function of radius thusly,
RT

P = ~ N (1)
The burning rcte of o powder grain is a function of the pressure

R = cP” . 8r
gt

3)

L))




C.

Combining Equations (3), (4), ond (5), we have

n

_d_f.=c5r-[-m n* (21y3- KETr2 %)
11 Vi N )o (2mry T )

whose reciprocal is
-1

7
dt = L{RT| Nopron® d..«rAJ 7)
I TV, [N men” (2Ty = K17, }j

d. eing Equation (7), calculate .g,l_ for various values of r
T

WP'“%—.. vi. T,

e. Graphically integrate the curve cbtained in step d. This value
is the burning found to be in the range of interest.

The burning times of the five powdars were calculatzd in this
wmarner 3ad found to be in tho ranga cf inierest.

3. Resvits of Calculations
Results of the calculations wre presented in Teble 1. From this table
it con be seen that propellants (1), (2), and (5) are suitable for uss
in light gas guns. Propellant (4) has a burning time suitable fer tha
standard callber 0,60 powder gun used for some of the oxperiments.

MECHANICAL DESIGN

1. Propellant Cavity and Cup

The accomplishment of PdY work which imparts kinetic snergy to the
sabot halves reauires a discrate change of volume of the prepellant
cavity. Since each half of the sabot corries half of the propellant
cavity, provision must be mode for sealing in the high pressure gas

to permit an adiabatic expansion as the sabot halves start to separate.
If the propellant cavity is ¢ cylinder this can be accomplished by
simply plocing a thin wall sleeve within the cavity. Thus the sabot
halves slide along this sleeve for some small distance which allows

7
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the proper volume exponsion. There is a limit, of course, to
the amount of travel that con be allowed, that is, the required
PdV work would have to be completed when the sabot halves
were some small distonce apart. This separation distance was
selected to be 0.1 inch.

Simply using a sleeve is not enough, however. It Is quite likely
that after separation the sleeve would remain behind the projectile
and strike the target. Thus It is desirable to force the slesve to
ssparate with one of the sabot halves. This Is easlly accomplished
by marely closing one end so that it takes the form of a cup. The
gas pressure works ogalnst the closed end, transmitting the separating
force through it to the sabot half so that the cup must go with that
half.

The two different types of propellant cups used are shown in Figure 1.
In Figure 1a is the propellant cup used with Hivel No. 2 powder.
Ths cavity in which this cup was used hod a volume of 0.169 cubic
cuntimeters. These cups ware fobricated from copper. The conical
bottom is simply the angle of the end of a drill bit so that it fits
properly in o drilled cavity. The cups were fabricated by punch
and die. Figure 1b shows the cup used with 0,22 emS and 0,25 em®
cavities. These cups were machined from 2024-T4 aluminum io
reduce waight. The wall thickness however was made greater

than that of the copper cup. This wos necessary because the copper
cup had o tendency to rupture under the high pressures devel oped

in the cavities.

Sabot Dasign

The scbot configurations used were extersions of previous work. The
three different types, all fabricated from 2024-T4 aluminum, are
shown in cross section Figure 2. Figuro 2a shows the Mark V sabot.
This scbot was used only with the coprer cup which is shown in

Figura 1a. The conical tail is to prevent formation of a shock

wave within the sabot to result from sudden application of tha high
pressure gas of the light gas gun. Flgure 2b shows the Mark Vi

scbot. In order to reduce the weight of the sobot, metal was removed
from the recr so that it was hamispherical instead of conical. It too
used the copper cup of Figure 1a, Figure Zc thawa the Mark VI Mod )
sabot. This sabot was detigned for the aluminum cup of F'guie *k
ond wvas used with the shorter buming time powders which require the
larger cavity.
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One of the problems of designing sabots of this type is to
keep the weight to a minimum. The presence of the cavity
not only increases the required length of the sabot but also
impairs ite structural strength. The Mark VI Mod 1 sabot
was designed to ba made of aluminum. It mass of approxi-
mately 9.85 grems was the minimum that could be obtained
with any degree of sttuctural integrity. In an attempt to
reduce the mass by using o lower density material, on ex-
tensive search was made for plastics which might be strong
snough to withstand the acceleration forces. Only one was
sclected for tasting. This material was GB28E dielectroc
fiberglass~epoxy lamingte. Tle total mass of sabots made
from this materlal was about 8 grams.

The projectilc used in all of the sabots was a 3/8 inch
diameter chrome alloy steel sphere welghing 3.52 grams.
The mass of the sphore I Included in the total moses given
for the sabots. Also included in this total mass Is the
propellcnt ond initiator.

Initiator

Thke initiator compound used to ignite the propellant was lead
styphnate. This was packed into a thin walled glass tube which
was placed in the propellant cavity. The tube was made by
drawing down stondord glass tubing to @ small diameter. After
resolidification of the glass, several initlator tubes could be
cut irom the drawn section,

Two kinds of iube placement were used. These are shown In
rigura 3. During the first part of the experimentation, ilie 1ubes
wera placed as shown in Figura 3a, vesticially in the rear of

the cavity. In the remalning chets the tubes were ploced
shown in Figure 3b, horizontolly and longitudinally in the cavity,
with one end of tho glass tube against the front of the cavity.

This latter arrangement was found to offer greater relicbility.

The eperation of the initiator is as follows. Whan the gun is

fired the sudden accelieration causes the tube to crush under its
own waight. The glass splinters are forced into the lead styphnate.
The resulting friction detonates the styphrate which creates a very
hot flash that ignites the propellant.

12




Acceleration

Figure 3{(a) Vertical Initiator Plocement

Accelerction

Figure 3(b) Horizontal-Longitudinai Initiator Placement

13




This initictor wors culia v
To improve reiiabiti™ -, = 2y souer
styphncie bafoie naczing ialo in2 tube, Abc st one part glass

was usad with threz par s of lecd styphnata . These initiators
proved to b entirels sarisfactan. As an additione! p'efauh'on.
howsaver, zircenium eud peroxido nowder wi's mixed i with the
prooellent greins  Tais compeird i; e mere flane tensitive
than the prepallant nd puin it g horter tlasy than the initiates
Thus it acted 35 0 Soost o batwva: n the initiaior end the prccehcmt
Tan to twele m'l. sams of oo shyp .wm o- ushed glass mixture

’ . . - v.
- A S ST Y potiondle.
{

ware used i nash infizter and ohaut 50 a7l igrams of zirconitza
lead peroxice ZrPL Ty v rovs urad

-~




EXPERIMENTS

Two types of experiments were conducted on this program and a total of
33 shots were fired. The development work was done with a caliber .60
powder gun range at velocities up to 8000 feet/second. This encompassed
the first 27 shots. Final testing was done in the light gos gun range ot the
U S. Naval Rasearch Leboratory at velocities up to 14,000 feet/second .

A.  EXPERIMENTAL FACILITIES

1.

Powder Gun Ronge

A diagrom cof the powder gun range used is shown In Figure 4.
Two smooth bore caliber .60 powder guns served as the high
velocity projectors. One gun hod a five foot long launch tube
and was used for achieving maximum muzzle velocity The
other gun had a 2.5 foot long launch tube and was used for
simulating the time-in-launch-tube of light gos guns so that
the shorter bumning time propellants could bz tested

The sabots vero launched into a 12 foot long, 19 inch diameter
vocuum chembaer in which the separation took place. Inzid= the
chamber were steel baffles spaced 16 inches apart down the full
length. The projectile and sabots passed through 4 inch diameter
holes in the cenier of the baffles. At the end of the tank was a
1/8 inch thick necprene diaphragm 5 inches in diameter. After
sabot sepcration and trocping by the baffles, the projectile passed
through the rupture diashragm into a soand chamber which was
cutside the tank The gun was electiically fired by a 50 voit
pulse fram an elecironic timing generator. This timing generator
was clso used for operation of the instrumentation. Overall
control of the system was accamplished with a remotely operated
sequence timer.

Instrumantaticn

Two types of dicgnostics were used. The sebot and projectile velocity
was measured by time of flight down the length of the range, ond
flash x-ray wos used to investigate sabot separation. In oddirion

the baffle assembly inside the tank was designed to be removed.

Scbot separation velocity could therefore be measured from the
focations of penetiation of the bafflas. A block diagram of the
instrumentation system appeors in Figura 5.

15
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Triggering of the fiash x-ray ond the first time of flight pulse
was received from a switch at ths end of the launch tube. Both
make contact and break contact types were used which were
actuated by the sabots. This switching proved to be the most
troublesame part of the system, The percentoge of reliablility
of proper functioning was much less greater than the desired.

The flash x~ray was a 1 channel, 105 kilovolt system with a 30
noncsacond pulse width. It was triggered by a time delay

generator which was stacted by the switch ot the end of the lounch
tube. The flosh x-ray proved to be extremely valuable and much
inform/ition was obtained. Follure of the triggering switch to
function properly did prevent the acquisition of some cata,
although it was usually still possible to measurs the sabot separation
velocity from the baffie penetration.

The second time-of-flight signal was recelved from foil screens
placed between the end of the vocuum chamber and the sand
chamber which caught the projectiles. The sweep of an oscillo-
scope was started at the same time the firing signal was sent to

the gun. The two pulses, one from the launch tube ond the other
from the time of flight screens, were then displayed on the oscillo-

scope sweep.
Light Gas Gun Facility

The lost 6 experiments were conducted in a caliber .60 light gos
gun ot the U. S, Noval Research Laboratory, Washington, D. C.
This gas gun uses a 40 miilimeter pump tube ond fires into an
evacuated range aopproximately 35 feet in length. This vacuum
range has thick siee! baffles spaced down its entire length. Holes
in the boffles are from 2 = 3 inches in diameter.

The instrumantation on these shots consisted of two high soeed framing
cameras. One of these was stationed ot the target end of the range
end was used to measure the veiocity, The other was at the gun end
of the ranga end was used to mvesflgufe sabot separation. Velocity
measurements were made relichbly, however, much difficulty was.
e:perienced with the sabot seporation comera. This camera was
stationed ubout 40 inches from the end of the launch tube. The gos
sfream from tho leunch tube waos still dense enough at this position

to obszura the projectile and sabot halvas from viaw. The desired

i6




range pressure was 1 millimeter of mercury, However, shots
at 50 and 100 millimeters of mercury were tried In an attempt
to slow down the gas stream. There was no Improvament In
this problem; however, some information wos gothered from
this camera station.

EXPERIMENTAL RESULTS

Table 11 is & summary of the experimental resul}:. This table presents

a cross secilon of the fypes of experiments that viere done. Tha separo~
tion velocities achleved were not quite as high cs desired, but are
entirely odequate for most applications. For exanple: If the sabot can
withstand the high "g" forces, a seporation velocity of 1.0 x 104 cm/sec
would give a total distance between sabot halves of about one feot ot the
#nd of a 35 foot range, for a projectile velocity . ¥ 25,000 feat/second.
Figure & is the flash x-ray photogroph showing sey cration of experiment
5.2-8. Figure 7 is o photogroph of the sabot,

In general, it was found that if complete consumptica of the cavity
propellant (calculated burn time) occurred within 10 microseconds
before sabot exit from the launch tube, the sabot sex ration velocity
was not significantly impaired. If the time differenc: was 200 - 300
microseconds, the reduction in saparation velocity w s serlous. This
indicates that cavity pressure was lost due to cooling »f ti.~ nas,

or possibly leckage. Leakoge seems unlikely because of the su!f-sealing
effect of the gas presture acting on the walls of the prcsellont cu,
The aluminum propellont cups were found to be better tiian the coppe.
cups. The copper had a tendency to rupture from the cavity pressure
as the sabot halves separated.

The flash x-ray photographs showed that the sabots opened from the recr.
This is probably due to the center of pressure being aft of the center of
gravity of each sabot half. This may have induced some of the fracturing
of the copper cups. It also could cause a lower separation velocity
because of drag on the cup. The fibergloss sabots worked well in the

powder gun. The one which was tried In the light gas gun broke up in
the launch tube.

Of the six light gas gun shots, a separation velocity measurement wos
obtained on only one. This was 0.8 x 104 am/sac. This was due to the
difficulty with the instrumentation, as previously stated. Since the recl
test is not so much the separation velocity as it is just whether or not

the sabot material strikes the target, steel and aluminum tergets were used

19
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Figure 6. Flash X-Ray of Shot 5.2-8 Separation

Assembied

Disassembled

Figure 7. Photograph of Mork VI Mod. 1 Sabot




ond examined uiter every shot. The first light gas gun shot fired
wes a dummy scbot, i.€., incrt materiol was in the cup in place
of the propeliant. The intent of this was to look for breakup of
the sabot in the lounch tube. Tha sabot did nct break up; the
projectile struck the farget, and a very few pieces of the sabot did
also. On all of the other shots, however, the projectiles foiled to
hit the target. Some scbot moterial did strike the tarpets on most
of theso shots, however, Since the sabots apparently were not
brecking up in the launch tube, aad since separation vas being
achieved, it oppears that soma force was causing the projectile~
sobot assembly to be knocked off trajectory . This appears to be
substantiated by the foct that in several shots a part of the sabot
struck the torget but no projectile hit was observed. Thus if the
whole assembly were canted out of line and separation was achieved,
ihis result would be expected. The failure of the projectiles to hit
the target in this shot could be attributed to one or more of three
causes:

1 Balloting in the lounch tube. This is quite likely, since the
L/D of the sabot (contact surface) is less than 1. /D of 2

is usually considered bes: .

2  Gas blost. The sabois begin to open immediately after leaving
the Taunch tuba. Since this opening is asymmetrical, the
inside surfaces of the sabot halves are at different angles
relative to the trcjectory; thus a net lateral force could be
applied by the gas stream emerging from the bore immediately
behind the sabot. The force of the strecm is on order of
magnitude greater than from the povder gun .

3 Scbei-half dregj;ing on projectile.  Part way through the
expari-santation |t was noticed that the projectilas in some
of tha remairing sabois had a terdency to stick in one half.
This could causa the sphere to be pulled off trojectory as the
sahot opaned, Correcticn of this tendency to stick did not
producn @ iargz!t impact, howaver. |t should be noted that the
Uinht ors 4un range is guite long, with numerous baffles inside.
Soxne of thinse baffies hava holos only two inches in diometer,
s o seall perturbation can prevent o hit

Comrlate data on all the experisnents conducted is given in Table {11,

pvailadie Gopy
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Sebot Type

Mk V

Mk V

Mk V

Mk VI Mod |
Mk Vi Med |
M ViMod 1
Mk VI Mod !
Mk Vi Mod 1
Mk Vi Mod )
Mk VI Mod 1

Totel Waight

11,02 gm
11,02 gm
11,00 gm
?.95 gm
9.95 gm
9.95 gr
?.95 gm
9.85 gm
9.85 gm

9.85 gm

Mk Vi Mod ) fibergloss B.09 gm

Mk VI Mod | fiberglass 8,09 gm

Mk Vi fiberglass

Mk VI
Mk Vi
Mk Vi
Mk V| Mod 1

Mk Vi Mod | fiberglass

8.09 gm
10.22 gm
10,1 gm
10,16 gm

10.09 gm
8.14 gm

Mk VI Mod | fiberglass 8,10 gm

Mk VI Mod | fiberglass 8.12 gm

Mk ViMed |
Mk VI Mod |
Mk Vi Mod |
Mk VI Mod 1

8.12 gm
?.78 gm
9.74 gm

9.80 gm

initiator Tube

None

Vertical

H

None

Vertical

"

Hori zontal

L]
1]
L]
L]

Initiator Material Powde
PL styph, Hivel
None None
Pb styph. Hivel N
Pb styph, / "
crushed glass
Styph, glass "
ZrPb O

" Bullseye
" Herco
[ 1] u‘iqUe



TABLE Il

EXPERIMENT AL RESULTS

Powder Time in
Powder Type  Powder Weight Burn Time  Launch Tube Velocity Vacuum  Separation Velocity
Hivel No.2 152 mg 1200 4 1300 u s 6°J0 frs 0.8 mm -
" " " 1285 u 3 7000 fps 0.8 mm 0.9 x 104 cm/sec
" " " 1270 4 8 7060 fps 0.4 mm -
" " X 1300 j s 6900 fps 0.8 mm 0.77 x 10* cm/sec
" " " 1380 u s 6500 fps 0.2 mm -
) " 1340 s s 6700 fps 0.15mm 0,74 x 10% cm/sec
" " " 1300 ' s 6930 fps 0,7 mm -
" " " |)50)_“ 7800 fps 0.8 mm 1.1 x 104 cm/sec
" " " |200}4 $ 7500 fps N.8 mm 0.9 x 104 cm/sec
None - - 1180 y s 7600 fps 0.9 mm nil
Hivel No.2 152 mg 1200 3 1150 u s 7800 fps 0.6 mm 1.5 x 104 cm/sec
" " v - - 0.9 mm -
" " " - - 0.9 mm -
g " : 1160 u s 7750 fps 0.9 mm 0.52 x 10% cm/sec
. . " 1160 s 7750 fps 0.9 mm 0.2 x 10% cm/sec
" " " 1180 p s 7650 fps 0.7 mm 0.62 x 10# cm/sec
" ' ] 1160 4 5 7750 fps 0.7 mm 0.04 x 104 cm/sec
I Half
" " " ]120/_. s 8000 fps 0.5 mm 1.1 x 10 cm/sec
" o " - - 0.9 mm -
Bullseye 124 mg 554 s 580 pu 5 7740 fps 0.8 mm -
. " 655 p 3 6850 fps 0.9 mm 1.0 x 10* cm/sec
" " " 675 s 6670 fps 0.7 mm 1.0 % 104 cm/sec
Herco 150 mg o4y s 577 s 567 fps 0.7 mm 0.07 x 19% (n'sec
Unique 124 me 4" 4y s

i

Y e

Ye



TABLE 1l

EXPRIMEP!I‘AL RESULTS

rlocity  Baffle
No

n/sec Yes
No

m,/sec Yes
No

m/sec Yes
No

/sec Yes

/sec -

No

/sec Y s
No

No

/sec Y es
/sec Yes
/sec Yes
/sec Y e
sec Yes
No

No

sec Y as
jec Yes
‘sec No

Powder Time in
igtor Material Powder Type  Powder Welght Bumn Time  Lounch Tube Velocity
b styph. Hivel No.2 152 mg 1200 4 & 1300 4 3 6900 fps
" " " " 1285 s 7000 fps
" " " " 1270 ju s 7060 fps
" " " " 1300 p » 6900 fps
" " " " 1380 i s 6500 fps
" " " " 1340 y s 6700 fps
" " " " 1300 4 s 4930 fps
" " " " 1150 u s 7800 fps
" " " " 1200 u s 7500 fps
‘ne None - - 1180 p s 7600 fps
styph. Hivel No.R 152 mg 1200 s 1150 s 7800 fps
" " " " 1160 u s 7750 fps
styph./ " " " 1160 s 7750 fps
shed glass
" " " " 1180 s 7650 fps
ph. glam " " " 11604 s 7750 fps
02
" " " " 1120 L 8000 fps
" Buliseye 124 mg 354y s 580 p 3 7740 fps
" " " " 655 p 3 6350 fps
" " " " 675 M 6670 fps
" Herco 150 mg 664 s 7S s 6670 fps
" Unique 124 mg 403 s 875 s 6670 fps

\

3



-

Vacuum Separation Velocity Baffle Impac?
0.8 mm - No
0.8mm  0.9x 10 cm/tec  Ye
0.4 mm - No
0.8 mm 0.77 x 10* em/sec Yes
0.2 mm - No
0.15 mm 0.74 x 104 cm/sec Yes
0.7 mm - No
0,8 mm 1.1 x 104 cm/sec Yes
0.8 mm 0.9 x 104 cm/sec -
0.9 mm nil No
0.6 mm 1.5 x 104 cm/sec Yes
0.9 mm - No
0.9 mm - No
3.9 mm 0.52 x 104 em/sec  Yes
).? mm 0.26 x 1% cm/sec Yes
).7 mm 0.62 x 10% cm/sec  Yes
).7 mm 0.04 x 104 cm/sec Yes

I Half
L5 mm 1ol x 104 cm/sec Yei
9 mm - No
.8 mm - No
gmm  1.0x10 cmrec  Yes
.7 mm 1.0 x 10% cm/sec Y es
.7 mm 0.07 x 10% cm/sec No
, 8 mm nil No

Sabot in Torgi

Yes

Little

Yes

No

Yeas

Very little
Yes

No

Very little
Yes

Very little
No

Yes

Very little
No

Some

1 Half
Very little
No

Very little
No

No

Yes

Yes

B8

Remarks

Initiator powder sprinkled in propellant,

X-ray shows sabot opening from the rear
at 3" from launch tube,

Test for aerodynaomic separotion. X-ray
shows sabo! opening from tront,

X=ray shows cup ruptured.
X-ray shows cup intor.t but free of sabot.

X=-ray shows cup ruptured.

Front opening (cerod, namic)
Powder failed to ignite,



1
12
13
14
'$
16

17
18

g 3T 8 ¥§ B B R BN =

L]

1

Mk VI Mod 1 fibergloss 8.09 gm
Mk VI Mod | fiberglass  8.09 gm
Mk VI fiberglass 8.09 gm
Mk VI 10.22 gm
Mk VI 10,1 gm
Mk VI 10,16 gm
Mk VI Mad! ! 10,09 gm

Mk V1 Mod | fiberglass 8. 14 gm

Mk Vi Mod |
Mk VI Mod 1
Mk ViMed |
Mk VI Mod 1
Mk VI Mod |
Mk VI Mod |
Mk Vi Mod |
Mk Vi Mod 1
Mk VI Mod |
Mk Vi Mod !
Mk VI Mod 1
Mk VI Mad |
Mk VI Mod 1
Mk Vi Mod 1
Mk VI Mod 1

C

fibergloss 8,10 gm

fibergloss 8.12 gm
8.12 gm
9.78 gm
9.74 gm
9.80 gm
9.58 gm
9.83 gm
9.87 gm
10.1 gm
9.91 gm
10.0 gm
9.94 gm
fiberglass 7.97 gm

9.95 gm

Vertical

Hori zontal

L]
(1}
"
"
L1
"
ot
”
"

Pb styph./
crushed glass

Styph. glass
2ZrPb Oy

None



Hivel No.2

Bullseye

Herco
Unique
Bullseye
Herco
Unique
None

Bullseye

192 mq

124 g

(1]

150 mg
124 mg
124 mg
130 mg

124 mg

124 mg

23

”50}48

libO,us
1160 j s
180 p s
HéOlp $
H?OIus
580).:5
655 u's
675}15
575 u's
675)1 s
750};5
675};5

Sps
10 us
SSO,ps
620 s s
680}45

1000 p s

JRON fpe

7750 fps
7750 fps
7650 fp
7750 fps

8000 fps

7740 fps
6850 fps
6670 fps
6670 fps
6670 fps
6000 fps
6670 fps
6670 fps
13156 fps
14133 fps
14000 fps
14000 fps

12037 fps

0.6 mm
0.9 mm
0.9 mm
0.9 mm
0.9 mm
0.7 mm
0.7 mm
0.5 mm
0.9 mm
0.8 mm
0.9 mm
0.7 mm
0.7 mm
0.8 mm
0.8 mm
0.9 mm
0.8 mm
1.0 mm
50.0 mm
50.0 mm
50,0 mm
100,0 mm

1.0 mm

+
1.5 x 10 em/sec

0.52 x 19° cm,’se
0.26 x 10% cm/se
0.62 x 104 cm/se
0.04 x 104 cm/se

1 Half
1.1 x 0% cm/sec

1.0 x 104 cm/sec

1.0 x 10% em/sec

0.07 x 104 cm/se
nil

0.9 x 10% cm/sec
nil

0.9 x 104 cm/sec
Yes
Yes

0.8 x 104 cm/sec

Yes

Yes



o ’
1Y em/sec

x 104 cm,‘sac
« 10 an,/sec
« 104 cm/sec
X IO“ cm/sec

]
104 cm/sec

lO4 cm/sec
104 cm/sec
: 104 cm/sec
]

104 cm/sec

0% cm/sec

Y as

Yes

Yes

Yes

Yes

Yas

Yes

Yes

No

Yes

Yes

Pb styph, /

crushed glass

Styph, glass
ZrPb Oy

"

Hivel No.2

"

152 mg

1"

124 mg

150 mg
124 mg
124 mg
130 mg

124 mg

124 mg

"

]200/‘43

403 M

”‘50}‘ $

1160 u s
1160 u s
1180 u s
1160); s
H?O)as
580 s
655}45
675}15
675 u s
675}15
750);5
675}15
675 p's
P10u s
QSO‘us
620 s
680)45
1000 s

/8

775

775

765

685!

5671

667

6671

600(

667C

667C

13156

14133

14000

14000

12037



7600 tps

7 800 f[’)s

7750 fps
7750 fps
7650 fps
7750 fps

8000 fps

7740 fps
6850 fps
6670 fps
6670 fps
6670 fps
6000 fps
6670 fps
6670 fps
13156 fps
14133 fps
4000 fps
4000 fps

2037 fps

0,9 mm
0.6 mm
2.9 mm
0.9 mm
0,9 mm
0.9 mm
0.7 mm
0.7 mm
0.5 mm
0.9 mm
0.8 mm

0.9 mm

~4

0.7 mm
0.7 mm
0.8 mm
0.3 mm
0.9 mm
0.8 mm
1.0 mm

50,0 mm

50.0 mm

5.9 mm

100.0 mm

1.0 mm

nil

o

.Y % ¢ s

0.52 x 107 cm/sec
0.26 x 10* cm ‘sec
0.62 = T cins'sec
0.04 x 104 cm/sec

| Half
1.1 x 104 cm/sec

1.0 x 10% em/sec

1.0 x 10% em/sec

0.07 x 10% cn/sec
nil

0.9 x 10% cm/sec
nil

0.9 x 10% ¢n “sec
Yes
Yes

0.8 x 10% cm/sec

Yes

No

Y es

Mo

Yes

Yes

Y @

Yes

Y s

No

No

Yes

Yes

No

No

Yes

No

Yes

Y ey

Ver, little
No

Yes

Vary little
No

Some

1 Half
Very little
No

Very little
No

No

Yes

Yes

Very little
Y es

MNo

Tes

1 Half
Very little
1 HHalf
Very little

o

Test for verodynamic separation,
shews sab ot opening from tront,

Y-rern shows cup ruptured.
X-ray shows cup intact but free of so

X-ray shows cup ruptured.

Front opening (oerody namic)
Powder failed to ignite.

Front opening (aerody namic)
Powder failed to ignite,
Sabot break-up test, MNo preak-up,

Projectile missed target,



iV CONCLUSIONS

It can be seen from the experimantal resylts that for velocities up to
14,000 fps this scheme of active sabot separation works, Although
the separation veloclty of the sabot halves was not as high as pre-
dicted by the calculations, it Is nevertheless quite satisfactory for
most applications.

It Is difficult to assess the exact reasons for the separation velocity
belng less than caleulatad; however, the followlng foctors may be
Involved:

1. The calculation assumed a reversible adiabatic expansion
vrhich this process is not, The error due to this Is not
expected to be greater than ten percent, however.

2, The assumed efficiency of energy convarsion was ten per
cent, This is belleved to be a reasonable value, but a
lower efficlency wouid huve caused the slower velocity,

3. The buming time calculations are certainly not exact.
A significant diffarence in the buming time and the time
in launch tube would rasuit In a lower velocity than cal~
culated.

Additlonal experimental work would be required to determine which

one of the abovas Is causing the lower separation velocity. In all
probabilily, It Is some comblnation of the three. This Is somewhat
academic, however, slnca adequate separation performance was achieved.
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RECOMMENDATIONS

Two problems remain which need aodditional attention. The first is the
elimination of the effect which causes the projectiles to miss the targets
in light gas gun ranges; the second is overall sabot weight reduction so
that higher valocities may be achieved.

The two most likely effects which cre causing the projectiles to miss the
target are (1) sabot balloting in the launch tube, and (2) unsymmetrical
opening of the sabot from the rear. The present L/D of the sobot is cbout
0.55. The L/D should ba dbout 1.5 and preferchly 2.0. With the present
overall length of the scbot, on L/D of 1.5 could be achieved. This would
require one of two things, either not iurning o taper and o dome on the

ends of the sabot so that the tabot becomes a cylinder, or the fitting of ¢
hollow steeva about the sabot which would extend the contact surface length
without adding metal to the maln sabot body, The first of these solutions
kas the dravback of adding a fot of welght. It would be however, a much
more rigid structurs. The additicn of a hollow slesve, as in the second
suggesticn, would require some kind of shoulder machined on the sabot to
engoge the sleeve aond the siseve itself would have to be fairly thin, There
is some question whether this latter assembly vrould withstend the acceleration
forces in the gun. Both should be tried, hovever.

The comrection of the unsymmatrical opening of the sabot from the rear should
not be a savere preblem. The sabot tends to open from the rear now beccuse
the center of pressura frcm the cavity is aft of the center of gravity in the
sabot halves. An attempt vras made during this program to move the center
of gravity oft by removing metal from the frent taper of the sabot. This was
unsuccessful, however.

The use of ¢ =avity which is contcured more to the exterior shape of the sabot
would prebably cerrect *his. Such a cavity could be any shape  These sabots
would have to ba made by casiing.  The use of casting would provide a possible
sciution to tha problem of unsymmetsical opening, also. The unsymmaetricel
cpenlns is now coused by the propellant cup going with one half of the sabot.
Thus one nalf hos g higher mass than the other. The use of cesting would
eliminate tive nend for ¢ propellant cup. Interlocking ridges could be cost on
ecen side of tho sabot so that the gas seal is carried integrally with euch half.
it could be designed <o that each half had the same amount of metal In the
seal and thus the seme mass A contoured cavity would also permit o shorter
sabot, raducing the osarail mass




Signiflcant mass reduction can only be accomplished by the use of lower
density materials. At the moment this oppears to be a severe problem,
Many metallic and nonmetallic materials have been tried in various
loboratories with no results so far. One possible solution however lies in
the usa of combinations of materials in a single sabot. For example, if it
were desired to accelerate a high density projectile, the main body of the
sobot cauld be made of a tough low density plastic material, such s Lexan,
with a steel insert for carrying the projectile. The insert would be designed
to distribute the force over @ much larger area of the sabot thon if the
plastic were corrying the projectile directly. A program utilizing both
design analysls and exparimentation would be required to develop a con-
figuration which would give the desired results.
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APPENDIX A

SAMPLE CALCULATION FOR BULLSEYE PISTOL POWDER

i Bullseye pistol powder has the following characteristics:
Solid density - /= 1.6 gm,/c:m3

Bulk density - 0.56 gm/cm3

Ratio of specific heats = 7 =1,21

Moles of gas generatod - m = 0,036 8M moles
gm (powder

Gas temperature (adiabatic, isochaic) - T = 4000° K

Heat of explosion ~ 1306 ol
gm

Granulation - 9.65 x 1072 cm diometer x 8.38 x 1073 em long

Burn rate equation factors ~ n = 1,006
c=6.22 x 104

V. Caleulaiion of PdV “/ork, Pressure, and Volume Change

= Mass of Powder Reguired

M. =10 x 67.5 joules x ___Sal x grom = 124 milligrams

miou]es 1306 cal

o ‘Yolume Required

V = 124 x 1073 grem = 0.222 em® = 13.58 x 1073 {n3

cm _
6.38 gram
add 10% for initiation

Covity wolome: Vi = 1.1 x 0,222 em® = 0.245 em3 = 14 88 x 107 in3
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) c. Cavlty Pressure

Neglect contribution from Initiator. Assume perfect gas law.

P, = nRT _ 124x103gm  0.036 gm-moles 8.2057 x 1072 liter atm _
B X an

V gm gm-moie °K

}

4060" K x .lfla_mg
{ter

P, = 5990 atmospheres = 88 x 10° psi

1

d. Prossure Change
Assume reversible adicbatic expansion. Assume perfect gos

nRT -1 7
we - L [(PZ\T-E!

Y,
1, 21-1 i
&.5 joules = - H1:2N(124 x 1073gm)(0. 036 gm-moles)(8.31 joules)(4000°K)\'P2 “rar,
(1.21-1) gm ole OK
P, \0.1736 -
= 3 +1 = 0,0789
88 x 10
Py !
——3 = (0.9211) 0.T73% 0.622
88 x 103

Py = 54.75 x 103 psi

4P = PPy = 33.25 x 100 pei

20




2,

e. Volume Chonge
For reversible odiabatic expansion

) 1.21
54.75 x 107 _ 0.245»

1
9@2‘42 - (0.622) 1121 = 0.6753
2

V, = 0.363 em3 = 25,2 x 1073 in3

AV = Vpoy, = 0113 amd = 7.3x1073in

Calculation of Powder Burn Time

g. Grain Yolume

2
vt o= frf 4L a1 9.65x 10727 (8.38x1073) —4.13 x 105 cm3
- 7}

b. Mumber of Grains

3
n? = 124x10"3grumx ,cm
.6 grom

. grain, . = 1268
6.13x1077 om

¢ Total Mcles of Gas Produced

3

N = mM=3.¢x102 mmoles . 0 124 gm = 4.46 x 107 gm-moles

gm
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d. Coleulate Burning Rate Vs, Grain Radius

Use reciprocal of buming rate equation

g:— = %- .%_T‘_ [N -mp n* (21'\'1'3 - kﬂ'rz)}}

-n

where k = 2r-f =9.65x10"2 - 0,838 x 1072

= 3,812 x lO"zcm

R = 1.205x 10° _z“f;r'.eg!.k
gm mole

di 1 R 1,205 x 10° x 4 x 103
dr 6.2 x10" .40 x

' -1.006
[4.46 x 1073 =36 x 1072 x 1.6 x 1,268 x 103 (2113 - 8.812 x 10-2ffr2;J}
)

9 61 x10% 11,97 x 107 {445 x 1073 - 2.2¢
dr

x 102 2 (2r - 8.812 x 10‘2)]} -1.008
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From this equation, the following table lists dt and dr for various values of r.

drdt
dt sec dr com
r (cm) dr em dt  sec
0,04823 0
0.04824 0.798 1.252
0.04820 0.529 1.890
0. 04800 0.224 4,460
0.04783 J 0.1128 8.87
0.04741 0.0830 12.05
!L 0.04697 0.0560 17.85
}_,0,046;] 0.0415 24.10 ‘
L 0,04615 0.0326 30,70
0,04573 0.0275 36.39
0.04531 | 0.0233 j 42.95 |
| 0.04489 J 0.0211 47.40
L0 04447 ! 0.01905 52.50
0.04406 { 0.01778 ‘[ 56.30

Moie thet at r = 0.04406, the grain is completely consumed. This is because
the icngih is much iess than the diameter. Figure A is a plot of dt vs r.

dar

Graphically integrating under the curve in Figure A, the buming time is found
tobo 5 54 » 107% saconds.
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