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PREFACE

This report was prepared by the McDonnell Douglas Astronautics
Company--Western Division, under NASA Contract NAS 9-9312,
The investigation was initiated by the Manned Spacecraft Center
of NASA, Houston, to evaluate a light-gas gun hypervelocity
augmentation technique. This work was administered under the
direction of the Meteoroid Science Branch, B. C. Cour-Palais,

Project Manager.

The report covers the complete work period from 24 March 1969
through 23 May 1970, It is submitted in partial fulfillment of
Contract NAS 9-9312 and is cataloged by McDonnell Douglas as
MDC G0596,

At McDonnell Douglas, Dr. J. L. Waisman, Director of Research
and Development, and Dr. H. H. Dixon, Chief Engineer of the
Advance Structures and Mechanical Department provided technical
direction; G. L. Roark acted as program manager, and R, N, Teng

was study director.

At the Douglas Aerophysics Laboratory, M. Hahner directed the
light-gas gun operation and R, C. Curtis supervised the

instrumentation.

The analysis of the constant base-pressure launch-cycle was the

contribution of Dr. R. S. Hickman.
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ABSTRACT

An analysis of the interior ballistics of a constant base-pressure (CBP) gun
is made, relating the muzzle velocity to pertinent initial conditions in the gun.
The specific chamber volume history required for the CBP launch cycle and
the method of approximating the chamber volume are presented. Fifty-two
runs have been made with the light-gas gun at the Douglas Aerophysic
Laboratory to verify the theory and to identify the important parameters
which may affect its performance. The departure of the CBP theory from

the experimental results has been identified as the friction between the

piston and the high pressure section walls. Four types of collapsible pistons
have been developed to meet the requirements of the CBP launch cycle. The
collapsible-piston designs have been demonstrated to be particularly effective

in damping out sharp pressure peaks during maximum performance runs.
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NOMENCLATURE

Non-dimensional sound speed, C/Cg

Area

Sound speed

Constant of integration

Length of piston collapse

Mach number or measure of sabot

Pressure

Gas constant

Entropy

Non-dimensional time Pg Ag t/Mg Cg, or temperature
Dimensional time

Dimensional velocity

Non-dimensional velocity U/Cg, or chamber volume
Chamber volume

Specific volume

Mass of gas

Mass, rate of flow

P A
Non-dimensional distance = __sﬁs x
M _C
s 8

Dimensional distance

T2 y-1

= =X, or =5 V always a dummy variable
sin-1 z

Mass density

T/Tg, temperature ratio

P/Pg

Specific heat ratio




Subscripts

i Initial loading conditions
) Original chamber conditions

Initial sabot conditions

/]

Ly}

Recession of collapsing piston

Barrel entrance

P characteristic, or piston velocity

Chamber

Local position of gas which first became sonic

Q characteristic

Required for constant base pressure operations
Gas

Required times for constant base pressure

E ®m % 0 o o

Superscripts

Sonic conditions

1 Intermediate stations
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Section 1
INTRODUCTION

Laboratory simulation of high velocity meteoroid impact against spacecraft
plays an important role in the design of space hardware. The combination
of a light-gas gun and a ballistic range provides an excellent facility for
intpact dat: acquisition. Unfortunately, the maximum projectile velocity
obtainable from such a facility falls far short of that of a real meteoroid in
space. For this reason, considerable attention has been paid to the develop-

ment of the light-gas gun to achieve higher velocity.

A light-gas gun usually consists of a pump tube containing a piston, a taper
section, and a launch tube holding a model cradled in a sabot (Figure 1-1),
Gun powder is used to accelerate the piston which in turn compresses and
heats the pump-tube gas (usually hydrogen). When the desired pressure is
achieved in the taper section, a diaphragm at the launch-tube entrance breaks
and the sabot is sent down the launch tube. After the sabot leaves the muzzle
it is separated from the model by various stripping techniques and the model

continues into the impact area.

To obtain maximum velocity the model should be subjected either to the
maximum pressure (or acceleration) tolerable for structural integrity of the
sabot and model, or the taper-section pressure should be held at its maximum
allowable value, In the case in which the model base pressure must be limited,
it is clear that for a given barrel length a maximum velocity will be obtained
when the base pressure is held constant at its maximum value. The gun cycle
which accomplishes this has been given the name constant base pressure

cycle (CBP). (References 1, 2, and 3.)

If the breech pressure is limiting instead of the base pressure it is equally
clear that maximum velocity will be achieved by holding breech pressure
constant. This will result in an unsteady model-base pressure and a variable

acceleration.
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Figure 1-1. Hypervelocity Light-Gas Gun

Probably the most important and practical cycle is that in which the model
pressure and the breech pressure must be held within specified limits so
that during the early portion of the cycle the base pressure is held constant

and later the breech pressure is constant.

[ This report describes a method of approximating the constant base pressure :
launch cycle by various piston designs.

"
i

For the purpose of simplifying discussion, the pump tube and the taper
section will be designated as chamber. The launch tube will be represented
by the barrel.
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Section ¢
THEORY OF CONSTANT BASE-PRESSURE GUN

2.1 SIMIILLARITY SOLUTION

2.1, 1 Similarity Barrel Flow

The first launch cycle to be presented (References 1 and 2) is one in which
the gas in the barrel moves exactly in step with the piston, and gaseous ele-
ments dc not undergo any change in pressure or temperature. This cycle is
called the similarity solution {Reference 3). Since the velocity is assumed to
be only a function of time and since the base pressure is required to be

constant, for the salot or for any gas particle

V=rT (2-1)

V = U/Cg and
T = PAt/IMC
ss' 8’8

The sabot positinn in the barrel is

X = TZ/Z

(2-2)

Now, in orde: that no compression or expansion waves change the base
pressure (in fact, compression waves do reach the s.h:ut, but are continuously
cancelled by the expansion fan emanating fro.m it), the entire column of gas

in the ‘barrel must experience the same velocity given by Equation (2-1) and
must experience an acceleration PsAs /M8 . Using this fact, the pressure

distribution in the barrel can be obtained by using either Curtis' argument




{Reference 1) (an analogy with an isentropic atmosphere subjected to an

acceleration of gravity - PsAs/Ms)’ or with the aid of the equation

_1 2 du_ Tefy (2-3)
P 9x dt M_ -
" and the isentropic condition P ~ pY so that
. N
Ps Y PsAs Ps
-(? dP = -————Ms dx (2-4)
¢ ! which yields for any position x.
Y
p\Y -1
(p—) =T o= [1+(Y- )X, - X] (2-5)
s ]
where
T = p/Ps }’
This equation will hold as long as the gas is isentropic. The temperature of
the gas in the barrel is
2 Y-1
0 = o= = S0 - ()Y - 1+ (v-x -Xx (2-6)
T 2 Py s
s Cs

where the sound speed variation is also indicated.

H 2.1.2 Barrel Entrance Conditions

At the barrel entrance, x = 0 so that Equations (2-5) and 2-6) become

T,o= [1+H(Y-1)X (2-7)

s]‘l/‘l—l
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and

0, = —3 = 1+(Y-1) X (2-8)

The velocity here {and everywhere in the barrel) is still given by
Equation (2-1).

We can calculate the Mach number at the barrel entrance using Equations (2-1)
and (2-8) to yield

U T

. (2-9)
e 2
VT, - nX

N s

2.1.3 Sonic Conditions at Barrel Entrance

The time when the flow is first sonic at the entrance is given by Equation (2-9)
with Me = 1, hence

T# = (3_-w7) (2-10)

p
V& = T% = (T%_Y) (2-11)
and the location cf the sabot when sonic flow is achieved is
Xt = —i_ (2-12)
s 3-Y

Finally, the pressure at the barrel entrance is,using Equation (2-7) and (2-12)

R
e = (_3—-'\7) Y- (2-13)

™
Nt

N T T

T




Observe that for large time, Equation (2-9) yields for Y = 7/5

I'I_:imM = \/y-7 = 2.24 (2-14)
—= 0

So that for isentropic flow, the flow at the barrel entrance must eventually
be supersonic. In the case of a fixed- geometry chambered gun this is

impessible with an area decrease since when Me = 1 the flow wiil choke.

2.1.4 Barrel Conditions After Sonic Flow

For similarity flow, after the flow at the barrel entrance becomes sonic, the

flow will choke and sonic conditions will be maintained thereafter. Now the
question is how the gas in the chamber must be processed to maintain the ,
required steady acceleration in the barrel and at the same time produce

sonic flow at the entrance.

The flow between the chamber and the barrel entrance will still be isentropic
so that, once the barrel conditions are found, the chamber conditions will

follow.

For the similarity solution it still is required that the velocity everywhere

be given by Equation (2-1); however, now the barrel entrance temperature

must be
T
- e _ y2
Ge = Ts =V (2-15)

In order that the flow at the entrance be sonic.

Using Equation (2-1) we have i

g = T (2-16)
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Consider a small element of gas which >ntered the barrel at an arbitrary
time, T', where T' > T%* (Figure 2-1). The distance, X', traveled into the

barrel by that element of gas is just

T

o Cp2 g2

X' = Vdt = ——— (2-17)
T! 2

The temperature of the element of gas at X' is given by Equation (2-16) with
T = T'. The temperature of the gas must not change since the flow is
assumed similar and V = V(T) only. If the pressure (hence temperature)

of a gas element were to change because of a compression or expansion wave,
the local acceleration would change and V = V(T,x). Therefore, we can
find the temperature in the gas at the point X'. This is done by observing
that the gas element at X' entered the barrel at T' and the required value of

6 is from Equation (2-16).

o' (X") = T (2-18)

Using Equation (2-17) for T'z, Equation (2-18) becomes

X)) = T? - 2x (2-19)

or
o(X) = 2(X_-X) (2-20)

The pressure gradient along the tube still must produce the required accelera-
tion so that Equation (2-3) still holds, and using the ideal gas law, P = pRT,
Equation (2-3) and the ideal gas law can be combined to yield

P~ Fehs p

daX M_ RT

and then using Equation (2-20) and using nondimensional variables




dr _ Ydx
- = 2——(Xs - %) (2-21)

and we can finally write

%
T X
dr _ Y L gx
f T -3 / O (2-22)
™ Jo 8

where the limits express the fact that only the gas entering the barrel after
T = T* obeys Equation (2-20). The notation X’i indicates that one must
integrate only to the local position of the gas which first became sonic. Note
that if XS were left in the terms of T that Equation {2-22) is independent of T
and the same results would hold. The pressure gradient between fluid
elements is independent of T or Xs. Equation (2-22) is easily integrated to

yield

e Xs
= T g% (2-23)
s e
We know from Equation {2-2) that Xs = T2/2 and from Equation (2-15)

Y/Y=-1

Of course, the position of the gas exhibiting this pressure will move down

the barrel.

Finally, we need X’i.

(NI

T
Xf = [r Vet - (12 - T2 (2-24)
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Then

Xg 12
X, - XE el

Xs _T¢(3-v)
X_ - X, 2

Finally, the pressure at the barrel entrance is obtained by combining

Eduations (2-26), (2-2), (2-15) and (2-23).

2 Y/Y-1 T Y
Te = (3 =Y (ﬁ)

and since V = T
- Y

(L2 \ VT (V.
Te (3 -Y) (v*)
Combining Equations (2-15) and (2-11) we get
= () 2
Be ~ (v*) 3 -V

The entropy of a perfect gas may be written as

= = YY lfne-ﬂnn

hence, using Equations (2-28) and (2-29)

"

S -8 2
Sk N (A2

(2-25)

(2-26)

(2-27)

(2-28)

(2-29)

(2-30)

(2-31)




or

e _y3=Y, VvV
R =Y Y- fn VE (2-32)
Now V > V% and Y %:—Y-) > 0, hence, the specific entropy at the barrel
entrance and, hence, in the chamber, must increase in time after V = V=

for the similarity cycle. Thus, for a chambered gun it is impossible to
construct a constant base-pressure similarity cycle unless the entropy in
the chamber grows in time after sonic flow is first achieved at the barrel

entrance.

If, instead of maintaining a constant entrance barrel area, the area of the

barrel at its entrance is decreased by some mechanical means, it is con-
eivable that the isentropic condition could be maintained, especially in

light of the fact that the isentropic barrel entrance Mach number exhibits a

limit of 2.24. (Even though the Mach number exhibits a limit, both the

velocity and the chamber temperature increase without limit). The required

entropy behavior was first pointed out in Reference 3.
2.2 SIMILARITY-UNSTEADY SOLUTION

2.2.1 Barrel Conditions for Isentropic Constant Base-Pressure Flow

As was shown in Section 2. 1. 4, the specific entropy of the gas entering the
barrel after sonic flow is achieved must increase if a similarity solution is
to be followed. If the entropy is specified to be constant the similarity solu-
tion must be abandoned and the properties of fluid elements must be allowed
to change after entry into the barrel. Figure 2-1 is an X, t, plot for a con-
stant base cycle. The sabot curve is, of course, a parabola. As the sabot
moves to the right in the barrel it creates expansion waves which travel to
tire left. At the sabot's rear face, compression waves must be arriving in
just the proper fashion to reflect in a way that will maintain constant base-
pressure. In fact, in the similarity solution, any element of gas has passing
through it infinite trains of right running and left running waves which
accelerate it unsteadily without changing the fluid elements, temperature,

or pressure.
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Figure 2-1. Relationship between Sabot and Gaseous Elements After Choking Occurs

It is possible to achieve constant base-pressure at the sabot if the flow field

is governed by the similarity solution until sonic flow is achieved, and if the

sonic entrance condition is coupled to a critical characteristic by an unsteady E

expansion in which fluid elements do not experience constant acceleration or
pressure. We will choose to maintain the flow between the sabot and the
Q characteristic which passes through the sonic point on the X-T diagram

and which bounds an unsteady expansion thereafter.
For a Q characteristic we nave

AX |

Al = v-a (2-33)
aT |
q

and along the limiting characteristic we know that

V=rT (2-34)

e A0
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since the flow to the right is in the similarity zone, and the nondimensional

sound speed is

1
T2 :

a = 1+(Y-1)(—2'-X) (2-35)

hence,
1
2 2
ax| _ (z )
dTl -T-[l+(y-l)2-x (2-36)
q
Now, if
2
= L
Z = > - X

dZ T dX

dT -~ -~ - 4dr

dZ 2

%= (ro-ng @2
which integrates readily to

2 (Tz ) 1/2

Y—_-1-1+(\(-1)—Z—-Xq = T+G (2-38)
where G is a constant of integration,
For the Q characteristic passing through X = 0 when sonic flow begins, we

have T = (3 -Z-Y) 1/2 and Equation 2-38) can be arranged to yield the equation

for the critical characteristic

—\2 2
o1 Y-1 tl) T4
X, = vo1 [1-( > T+\/ 5 ]+ 5 (2-39)

This characteristic is plotted in Figure 2-2.

12
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Figure 2-2, X-T Diagram of Sabot Launched with Similarity-Unsteady Cycle

The flow in the region between this limiting characteristic and the origin

LA A T LS M R

must be obtained using unsteady characteristics. The characteristic soluticn
need be solved only once since X and T are nondimensionalized to include
PsAs/Ms. The characteristic field in the unsteady zone of Figure 2-1 has
be2n computed on an IBM 1620. The desired result is the barrel entrance

o velocity (or sound speed, since the flow is choked) as a function of time.

This, coupled to the similarity solution for the subsonic flow, provides a

M G

time history of entrance velocity which will provide constant sabot

base-pressure.

The details of the unsteady flow computations are quite straightforward.

Suitable increments in time are chosen, and the Riemann invariants for

left waves (P wave) are computed along the critical Q characteristic separat-
ing the similarity and unsteady zones. The first point on the sonic entrance
is computed by averaging the physical slope of the first P wave from the
first point on the Q characteristic computed at the Q wave, and at the origin.

Since the common value of P is known, and since at the entrance V = a, the

i St R R e T

slope of a P wave at that point is easily computed. Once the first sonic

il
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point is known, a Q wave is generated in the unsteady region. The first
point on this Q wave to the right of the origin will give the values at X = 0
for the next time calculated as above. This procedure is followed until a

sufficient history of the flow at X = 0 is known,

Figure 2-3 is a plot of the entrance conditions as a function of time. For

T < T* the flow is governed by similarity equations. After T > T* the
unsteady-characteristics solution holds. As can be seen in Figure 2-3,

the unsteady effect requires slightly higher sound 3peed, and coasiderably
lower velocity at the inlet. The gas entering after T* accelerates unsteadily

in the barrel.

2.2.2 Barrel Entrance Conditions for the Coupled Similarity - Unsteady
Cycle
For T < T#* the barrel 2ntrance velocity is given by Eyuation (2-1) and the

entrance sound speed by Eguation (2-8). For T > T* the entrance velocity

is given from the numerical solution shown in Figure 2-2.

The reguired entrance conditions are shown in Figure 2-3.

3
Vd
’
’
’
’
/
/
2 g
[+ 4
«
g A
1
———— UNCHOKED SIMILARITY
= == = CHOKED SIMILARITY
% 1 2 3 /
re 8%
Mg Cg

Figure 2-3. Required Barrel Entrance Conditions for Fixed-Geometry Chambered-Gun
Constant Base-Pressure Launch Cycles
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2.2.3 Mass Flow Into the Barrel (T < T_ . )
—2onic

The mass flow rate into the barrel is

w =p UA (2-40)

and the total mass flow into the barrel is

t
w =£ wdt

which, using Equations (2-1) and (2-5) with X = 0, becomes

]
T (71
'r\l,:”‘ =[ v[1+%—1-'r2} T dT (2-41)
8
0o
or
I
LA 1+_Y;lT2Y'1 1 (2-42)
M - 3 - -

Note that this can be written using Equation (2-7) as
W
v; = Pe/P. -1

2.2.4 Mass Flow Into the Barrel for Similarity - Unsteady Cycle
(T>T )
—_— 8001

Equation (2-40) still holds for mass flow into the barrel after T = T%,

However, the quadrature

W = w dt (2-43)

cannot be solved in closed form since Ue = Ue(t) is not in closed form. We

can relate Pe, Py to V since, in this cycle, the flow is still isentropic and
2

. Y-1
Pe/p' is equaltoa '~ .

15
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Then, using the fact that Ve = a,

T Yl
W W= v-1
Vel vl Yf v, aT (2-44)
8 s T

where Ve is obtained from Figure 2-3. Figure 2-4 is a plot of the mass

required for the similarity-unsteady composite cycle assuming that all the

ForY = 17/5, z—ﬂ is 6, so that -M‘L grows rapidly

gas is in the barrel at T. 1
8

with V
e

It is of interest to note that even though the entrance velocity after sonic
conditions is lower for the composite cycle, the density is higher, and the

required mass for a given time of constant base pressure will be higher than

for the similarity cycle.

The time of disturbance arrival at the sabot can be calculated by considering

the path of a P wave in the similarity region. In this region

dX
d

at+Vv
1

2 -
T + [1 F(Y-1) (IZ— - x)] 2 (2-45)

or, again letting Z = TZ/Z - x and performing the required integrations for

a P wave,

2 1
Tp + 3o [1+ (v- 1)(%-):)]2 = G, (2-46)

where G_ is a constant for any P wave and Equation (2-46) describes the

trajectory on the X-T plane of a P wave.

We can find G_ from the equation for the Q wave bounding the similarity

region from the unsteady region. Using Equation (2-39)

i e o BT
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Figure 2.4. Gas Required to Provide Constant Base Pressure
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2
T —
14 (Y- 1)(_2_ - xq> - Y%‘ T, + ‘VBT-Y (2-47)

and upon substitution into Equation (£-45) and using the observation that at
the sabot% T2 = X , we have
su p
- 2 /3=
Tp = 2 Tq + v 1[ >— - 1} (2-48)

This equation allows one to relate the time of constant pressure behavior Tp’
to the time that matched inlet conditions are required. In other words, to
maintain constant base for TP time, Equation (2-48) provides the value of

T which then can be found from the numerical solutions. The time required

b ‘.!if!wv‘rmm’5"{!‘-!!!1”!i,l”i!";fj’m!w?mmmmmmm{mﬂ!mﬂmﬂImtm(ﬂ!l(‘1!|~ll!r"ﬂm:«gu";.vw,, g e

to maintain the entrance conditions to achieve a time Tp of constant base-

pressure is shown in Figure 2-5,

5 3
=
: d
=
%% 2 v
g 2 Te, = TIME REQUIRED AT ENTRANCE
= - Ts, = TIME OF STEADY CONDITIONS AT
% SABOT
NOTE: TO OBTAIN A NONDIMENSIONAL SPEED
OF 4 (L.E., 40,000 fps IF C. = 10,000 fps),
T, =4AND Te =2.1 ARE REQUIRED
('}
R
]
0 2 4 8 8 10
Ts

Figure 2-5. Constant Base Pressure Durstion Vs Duration of Required Entrance Conditions
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2.2.5 Chamber Conditions

2.2.5.,1 Chamber Temperature and Pressure (T < T¥%)

It is assumed that the flow between the chamber and the barrel is isentropic

o vmigaig T

and quasi steady with Ac > > As' Then the steady energy equation yields
_ 1
Cp Tc = Cp Te t3 Ue (2-49)

Note that this equation covers both the similarity and similarity - unsteady

cycles. E

Now divide Equation (2-49) by Cst and limit the discussion to isentropic

barrel flow (T < T*%, X < X . ) and
s s sonic :
_ Y-1, 2
8, = 6, t 5 V'e (2-50) 3

and from Equation (2-8) and the fact that X = VZ/Z,

6 = 1+(Y-1) v (2-51)

(o

or

D
]

1+2(Y-1) X (2-52)

Using the isentropic condition,

no= [re2v- XS]WY -1 (2-53)
The gas within the chamber is assumed to behave isentropically. Then

p vY = pst (2-54)
where vy is the specific volume in the chamber when the sabot is released.

Let the initial charge of gas in the chamber be Wo' Then Vo = \—I'O/Wo,
v =V /w, and
c c ¢




M

w W t
M c m—"‘-f Wit (2-33)
8 8 (o)

where the last term on the right is given by Equation (2-41). Then we see

that

T Y v \Y t Y
Pe . (Yo M v M w
w =5 (¥ W ='vq'l-woﬁdt (2-56)
8 c o C 0 8
or, using Equations (2-42) and (2-53)
1
v-1
v [1 +(Y-1) Tzl
el (2-57)
¢ M V!'I
1-=E[1+X1 TZ) 1
-W > -

2.2.5.2 Chamber Volume Behavior (T > Tx)

For the combined cycle the flow at the entrance is sonic and

T
c _ Y+1
5= = (2-58)
e
and
P P Y/y-1
c 8 _ [Y+1
‘p—'ﬁ“( 2 ) (2-59)
8 e
or
Y/Y-1
_ Y+ 1
e T "e( 2 ) (2-60)
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The velocity at the entrance is given by Figure 2-3 and is equal to the sound

speed hence we write Equation (2-60) as

r Y/Y =1
+
e = %% Y.z 1] (2-61)
Y _
i ¥-1
Y
e [ e-s2)

. t
since a2 = V2 = Oe. The term[ w -I%t- is obtained from Figure 2-4.
8

M

It should be noted at this point that the ratio '—Wi appears as a free parameier
o

and may be varied. Note that Yzj 1 for Y = 7/5 is 7 and the chamber pressure

grows rapidly with Ve. The behavior of V is then for T > T*

T T
1 Ms w dt _his_ _w dt
W M T W M
v o Jpx s 0 Jo 8
¥ - (2-63)
o 2 1
v =
It is also of interest to compute the rate of chamber volume decrease. Then
from Equation (2-56)
7£> , _l _l d P_c ¢
(o) Pc Y Ms w 1 1:)c Y Ps & w
WM. CYWP.) At |'°W M 9| (2-64)
dT ps o Mg Y 8. o J, s
and for T < T*

PC 2
B 1+(vy-1)T




The variations of Pc/Ps is plotted in Figure 2-6.

Then

P

d==

/ 8 _ - 2-66
- 3T = 2YT|1+(y-1)T ( )

hence, for T < T*

AP
d 1
I v -=—= M .
‘o _ _[ i 2] V-1 s W
aT - 1+(Yy-1)T WMu
_ 2-Y
v z Y-l
-2'1‘79[1+(Y-1)T ] (2-67)
o
Equation (2-67) indicates that the rate of volume decrease must begin at zero
and increase thereafter. This behavior also is apparent in Figure 2-7 which
is a volume time history for two cases of Wo/Ms = o and 7.5. The curves
differ little except that the finite mass case terminates. Equation (2-67)
holds for T < T*. The complete similarity - unsteady cycle volume behavior ;
| must be obtained from Equation (2-63) for T > T#*, The fact that the rate

of volume decrease begins at zero indicates a fundamental difficulty
encountered in real two-stage light-gas guns, if these guns achieve their
initial pressure, Ps’ by compressing initially cold gas with a moving piston.
For true constant base-pressure operation, this piston must follow the
curves in Figure 2-7 by coming to a halt, then reaccelerating and finally
slowing during the final stage. For a fixed geometry piston the volume
history curve must be approximated by a single line starting at VC/VO =1
and decreasing in an approximately linear fashion, This behavior is shown
in Figure 2-8. Although no. specifically mentioned by early authors, the
tapered chamber to barrel transition section probably allows the rate of

volurne decrease to change at the end of the stroke. If the piston can be
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constructed so that its forward face recedes for a nondimensional time T of
about 0, 15 and then stops collapsing and proceeds at a constant Vc/VoldT of

0. 589 until the taper is encuuntered at T of 1,5, a close approximation of the
constant base-pressure cycle car be achieved, As yet, we have not pre-
scribed the initial piston velocity. This can be obtained and the initial gas

loading is known,

The base pressure, Ps’ and temperature, Ts' are determined by structural
limitations on the sabot. If a maximum value of Ts and Ps are selected as
well as the final sabot velocity, the initial chamber conditions can be
determined. If the gas in the chamber is compressed isentropically from

rcom temperature we have

- Y/Y-1
Pi = P8 (Ti/Ts) (2-68)

The minimum mass of gas in the chamber can be obtained from Figure 2-4

for a given V (V = T) and using the ideal gas law
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pi vi = WR 'ri (2-69)

Then we have

WRT,
i

v, - (2-70)
1

The chamber volume at the release of the sabot is

ELY-I
v - vi(T ) (2-71)

The required piston velocity is obtained from the requirement that d Vi/\-lo/dT
be -0.589. Then, since

ch

- = 'UpAc (2-72)
or

dV /v U A M C

—ar— = -/ (2-73)

d(V_/V )/dT is -0. 589.

All terms except Up are known. When Up is found, the distance of front face
recession is

L = Up . tr (2-74)
where
Ms
te =T & (2-75)
s s
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and
T ~ 0.15
T

Table 2-1 contains some typical calculations.

Table 2-1
2 IN. PUMP TUBE, 5/16 IN, BARREL
Terminal Velocity (fps)

35,000 40, 000 45, 000 50, 000
Base Pressure (Ps) 8, 000 8, 000 8, 000 8, 000
Base Temperaiure (°R) 2,870 2,870 2,870 2,870
Initial Temperature (°R) 540 540 540 540 .
Model Mass (gm) 0.2 0.2 0.2 0.2
Gas Mass, W (gm) 1.25 1. 90 2.56 3. 56
Pump Tube '.ength (ft) 5.9 23.9 31.8 44,3
Diaphragm Burst Length (in.) 2.82 4,33 5. 76 g.03
Crush Length {in.) 0.252 0. 382 0.515 0.719
Nontaper Length (in.) 2.26 3.84 4.62 6. 44
Initial Pump Gas Pressure (psi) 23.2 23.2 23,2 23.2
Barrel Length (ft) 13.5 17. 7 - -
Pump Piston Speed (ft/sec) 625 961 1,280 1,780
Maximum Pump Pressure (psi) 170,000 | 256,000 | 384,000 | 576,000
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Section 3
DESCRIP1ION OF EXPERIMENTAL APPARATUS

3.1 BALLISTIC RANGE A

The DAY Ballistic Range A is a two-stage light-gas gun coupled to a blast
receiver, an instrument section, and an impact chamber. A discussion of
each component of the A range follows, beginning with the powder chamber

and ending down range at the impact chamber. Figure 3-1 shows the general

arrangement of the DAL Ballistic Range A.

3.1.1 Powder Chamber
The A-Gun powder chamber is a thick-walled cylindrical high-pressure
vessel with an inside diameter of 4.25 in. and 11.5-in. long. This gives an

internal volume of approximately 163 cu in. A central rcd supports the

powder bag, a muslin container for the gun-powder and the initiating squibs.
Electrical connectors pass through the breech plug providing a trigger circuit

to fire the gun.

3.1.2 Pump Tube

Two interchangeable pump tubes are available with the A-Range. These tubes

are identical except for inside diameter. The larger of the two has a 2-in.

ID, the other a 1. 5-in. 1D, Becth tubes are heavy-wall high-pressure tubes

20-ft long. At the upstream end these tubes have provision for installing a
Lexan diaphragm to separate the powder chamber from the pump tube. The :
strength of the diaphragm helps control the powder chamber combustion

pressure. There is a provision in both pump tubes for measuring the piston

velocity by using a shorting pin technique. Both pump tubes share a common

purge and gas-fill system. Connector flanges are common to both pump

tubes.
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3.1.3 Taper Scction
Two interchangeable high-pressure taper sections are available for A-gun use,

These taper sections match the corresponding 1.5- and 2-in., ID pump tubes.

The larger 2-in. ID taper section is made of two individual pieces. The two-

piece feature facilitates piston removal after a shot, Both taper sections

have a liner insert in the high pressure region. When the interior of the

high pressure region erodes beyond use, the liner insert is machined out and

a new one installed. This liner-insert feature eliminates replacement of the
Both taper sections have a

entire taper section as the erosion progresses.
The apex or the converging

converging conical ID in the high pressure region.
There is provision at the downstream

cone terminates at an ID of . 375 in.
The bursting strength

end of the taper section for a high pressure diaphragm.

of this diaphragm is the major control on model acceleration.

3.1.4 Launch Tube
The DAL A-Gun uses a split-clamp-and-liner configured launch tube. New

liners may be installed by unbolting the halves of the split clamp. This

provides a relatively easy way to change launch tube ¢ .meter and also to
The launch tube ID can be varied from .2 in.

replace eroded launch tubes.
to . 375 in. depending upon which liner is used. Nominal launch tube length

is 12 ft.

3. 1.5 Blast Receiver
The A-Range blast receiver is made of 12-in. nominal diameter standard
Access to the inside of

Instrumenta-

One station is

pipe. The blast receiver is approximately 9 ft long.
the blast receiver is through three 12-in. dia hinged closureas.
tion ports are provided at two stations in the blast receiver.

nominally used for flash X-ray and the other is used for a phototube pickup..

3. 1.6 Instrumentation Section

The instrumentation section is fabricated from 12 in. nominal diameter

The instrumentation section is approximately 9 ft long. There
These stations will

standard pipe.

are six instrumentation
accommodate 3 X-ray stations, 3 photo-tube model detector stations, and

All instrumentation ports are fabricated from

stations within this section,

2 shadowgraph stations.
standard pipe flanges.
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3.1.7 Impact Chamber

The impact chamber is an octagonal tank of approximately 18 in. dia and

35 in. long. Windows are fitted to each of the flats of the impact chamber
wall, The windows are used for X-ray or optical study of target impact. The
impact tank is connected to the instrument section with a quick-disconnect
coupling. This coupling and a hinged closure at the downstream end of the
impact chamber allow easy access to the target. Vacuum connections on the
impact chamber provide a means of evacuating the impact chamber, instrument
section, and blast receiver. A thick removable catcher is fitted to the down-

stream end of the impact chamber to stop the model flight,

3.2 RANGE "A" INSTRUMENTATION

3.2.1 Model Detection System

The range '""A" instrument section contains three model detection stations

spaced at intervals of 3,5 ft. A set of 6-in. dia windows immediately down-
stream from each model detection station provide access to the flight corridor
for optical or radiographic instrumentation. For this particular test, flash
X-ray was positioned at stations one and three to provide accurate velocity

measurement and model integrity information.

The model detectors are elcctro optical devices that sense light from the
luminous gas cap, when present, or from reflected light supplied by an
auxiliary light screen. A photomultiplier views the model corridor through
an optical system that limits sensitivity to a region 1/4-in. thick across the
flight path. As the projectile crosses this 1/4-in. screen, light from the
projectile reaches the photomultiplier, generating an electrical pulse, This
pulse passes through a wideband line-matching amplifier and then on to the
control room. Position accuracy of the system is £1/4-in., and the rise
time of the electronics is 50 nanoseconds. Figure 3-2 shows a typical record

o1 the outputs of the model detecticn system

3.2.2 Flash X-ray System

Radiographs at stations one and three are accomplished with field-emission

type flash X-ray equipment operating at 105 kv with a duration of 70 ns.

Film casettes are placed against the window on one side of the instrument
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RUN NO. B42-23

SWEEP SPEED 50 SEC/CM

DETECTOR SPACING 3.5 FT
PROJECTILE VELOCITY = 27,500 FT/SEC

Figure 3-2. Oscilloscope Record of Model Detection System

section, with an X-ray head at the center of the window opposite, and spaced
away two feet. A reference line on the X-ray film serves as a position

reference (Figure 3-3 shows typical X-ray record),

X-ray triggering is accomplished by the pulse from the adjacent model
detector via a delay unit which delays the triggering signal the proper number
of microseconds to allow the projectile to travel from the model detector to
the center of the X-ray viewing window (about 10 inches). The X-ray flash
records on film the exact position of the projectile while an electronic time
interval meter records the exact tin e of the flash (to #0. 1 psec). The dura-
tion of the flash is sufficiently shrrt to stop the motion of the projectile which,
at a speed of 30,000 fps, moves approximately .020 inches during the 70 nano-

second exposure,

- ——
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I'he velocity of the projectile is determined by dividing the distance traveled
(established from the X-ray films) by the elapsed time between the two
exposures. The accuracy of these measurements is such that velocity is

determined to +£0, 2%.

3. 2.3 Superducer

Progress in improving the performance of a light-gas gun would be enhanced
if it were possible to measure the breech pressure during the complete launch
cycle. To this end DAL designed and built a Superducer capable of linear
response to 290, 000 psi without damage. The device is basically a high-
pressure tapered-seal fitting with two coaxial stems housing the quartz
pressure sensing elements at the tip. This transducer was completed late in
the program and installed on the gun for run No. 14. Pressures were higher
than anticipated (above 300, 000 psi) and the transducer failed internally during

the launch. Within its intended range the device worked well.

Figure 3-3. Typical X-Ray Record
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Section 4
DISCUSSION OF EXPERIMENTAL PROGRAM

4.1 GENERAL DISCUSSION

In the conventional two-stage light-gas gun, the gas driving the projectile is
brought to its final high pressure and high temperature through the use of a
single moving piston. This piston travels down a pump tube containing a low-
molecular-weight driver gas, such as hydrogen or helium, initially at low
pressure. The piston compresses the gas raising both its temperature and
pressure. Attached to the downstream end of the pump tube is a launch tube

containing the projectile which is subsequently driven by this compressed gas.

Once the projectile moves down the launch tube, the pressure behind it will
remain at a near constant level only if the pressure of the gas in the pump
tube continues to increase at a certain rate. The rate must be properly
adjusted for a given gun and projectile, otherwise, either the pressure behind
the projectile will decrease, resulting in failure to achieve desired velocity,
or the pressure may become too high, resulting in model and/or gun structural
failure. Obviously, when the projectile is still near the breech, the pressure
of the pump tube must rise slowly. Later, when the projectile is farther along
the launch tube and is moving faster, the pressure must rise more rapidly.
For a given piston kinetic energy, a light piston moves at a relatively high
speed, such that the projectile will experience too high a pressure at the
beginning of the launch cycle. This can be corrected somewhat by decreasing
piston velocity and increasing piston mass, but then, although the model feels
the correct pressure at the beginning, the piston will be stopped too quickly

and the pressure behind the model will be too low at the far end of the barrel.

In the theory developed in Section 2, constant base-pressure launch cycle may
be approximated if the chamber volume history can be produced as required
by Figure 2-8. The requirement dictates the movement of the front end of

the piston.

35




At the beginning of the launch cycle (immediately after the diaphragm rupture)
the piston should have zero velocity. After the projectile is set into motion,
the piston is required to travel at a given near-constant speed for a period as
indicated in Figure 2-8. The history of piston deceleration on prejectile

velccity after the constant speed period is very small,

' Figure 4-1 depicts a piston satisfying the above requirements. The operating
] principle is as follows: in place of the conventional, single, heavy piston
used in two-stage light-gas gun operation, a variable-speed piston assembly

is used., As the piston assembly travels down the pump tube, the gas pressure

in front of the piston assembly continues to rise until the diaphragm at the

breech ruptures and launching of the projectile commences. The shear disc
assembly which pushes against the front section of the piston will then fail at

a designed stress level along a controlled failure area. The failure of the

PR

shear disc temporarily disconnects the front piston from the rear one which
comprises the majority of the total piston weight. A short timr later, the

rear piston catches up with the front piston to further compress the driving

|
|
!

gas. Thus, the ideal piston time-position relationship can be approached.

N/

TSI EIT

SHEAR-DISC ASSEMBLY

oM 1 e

Figure 4-1. Piston Assembly With Typical Coliapsible Mechanism
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To illustrate the concept of a collapsible piston further, a family of hypothetical

chamber pressure histories is shown in Figure 4-2, It can be shown for a

fI e
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given light-gas gun, projectile, and propellant the obtainable muzzle velocity
is a function of the projectile base-pressure (which is directly related to the
chamber pressure)., The values identified in Figure 4-2 are believed to be

typical in a two-stage light-gas gun operation.

Line 1 represents the reservoir pressure history of a constant projectile
base pressure (12,000 psi) launch cycle. The muzzle velocity achieved is
23,000 fps. Line 2 isthe pressure history of a non-constant base-pressure
solid-piston shot. The peak pressure experienced by the projectile is

30,000 psi and the muzzle velocity is 31,000 fps, Line 3 represents a
potentially maximum velocity solid-piston launch cycle of 40, 000 fps. Char-
acteristically, a sharp pressure spike occurs at the early part of this type of
launch cycle. This spike can permanently damage the gun components as well

as fracture the projectile.

P
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= 3 50K
W
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PROSECTILE LIMIT —]
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//
1

Figure 4-2. Chamber Pressure Vs Time




To minimize the pressure spike and yet retain a sufficiently high pressure of
long duration in the chamber so that a high muzzle velocity can be achieved
without damaging the gun, lines 4 and 5 must be followed. The level
portions of the lines 4 and 5 show the effects of using a collapsing mecha-
nism in the piston assemblies (Figure 4-1), In the above case the collapsing
mechanism portions are made of aluminum glass-reinforced epoxy (Scotchply)
and steel with the respective collapsing pressures at 24, 000 psi, 20,000 psi,
and 50,000 psi. Line 4 yields a muzzle velocity of 26, 000 fps, line (5)
yields 32,000 fps.

'The dashed lines 3% and 4% in Figure 4-2 represent families of pressure

histories for which various collapsing times are incorporated, The collapsing

! times decrease toward the left while the muzzle velocities increase toward

, 40, 000 and 31, 000 fps respectively,

The expersimental program described in the following sections was specifically
designed to verify the constant base-pressure launch-cycle and the cycles as
indicated in Figure 4-2,

4.2 PISTON VELOCITY CALIBRATION

In order to control the experiment, piston velocities must be held within a
close tolerance (45 percent). Runs No. 1 through 8 (Table 4-1) were fired to
calibrate the piston velocity under various loading conditions. After run No. 4
it was discovered that the piston, ballasted by a lead cylinder (3180 gm) had
rebounded into the purnp tube. This phenomena, coupled with a measured low

muzzle-velocity, caused considerable concern.

In runs 4 through 8, lead slurries (wax plus lead pellets) were substituted
for the lead cylinder. Although the muzzle velocities were still far below
computed velocities, the piston rebounding was comparatively less than in
the first three runs.

4.3 CONSTANT-PRESSURE LAUNCH-CYCLE

To verify the theory developed in Section 2, calculations similar to those
tabulated in Table 2-1 were developed. The desired projectile velocity was
30,000 fps. Other loading parameters can be found in Table 4-1 (runs 9

through 12). The muzzle velocities in this series never exceeled 20, 000 fps.
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SUMMARY OF TEST RESULTS

Pisten Projectile W
Launch} Pump
Run Tube Tube H; [Powder Mm;sl Velocity | Mass Lenath { Dia [Velocity
No. Nate ID (in{ID (in, t{ipsig)] txram) J(gram) lesign tfpst  Heram) | Material tin,} | tin.) (fps) ‘est Objective Coumnusnts
——
1 |i0-8-69 0.517 2.00 50 150 454 Z :Z 2, 100 C.85 |Po'vethyvlene | 0.259 |0.517 24,000 (e T+ shake down the | Frojectile inracr
ﬂ n.ow gun Piston velocity obtained
t e To measure piston
Lead velociry
2 [10-17-69] 0.517] 2,00 50 i50 3,180 ;Same as Run No. . .- 0.85 [Polvethylere | 0,259 |0.5!7} [5,000 le To calibrate pro- |Only projectiie velocity
jectile velocity obtatned
with piston velocity | No piston velocity
e To calibrate piston
velocity against
gun powder
3 [10-21-69}F 0.517] 2.00 50 150 3,180 [Same as Run No. ! 295 5 [Polyethvlene | 0,259 }0.517 | 14,500 |Same as Run No. 2 Obtained all data
4 0-21-69f 0.517 ) 2.00 50 250 3, 1B0 jSame as Run No. | 390 .85 |Polyethylene | 0,259 |0.517 [ 6,700 JSame as Run No. 2 Obtained all data
Piston rebounded
5 110-23-691 0,517 2.00 50 350 3,180 {Same as Run No, 1 390 0,85 Puly sthylene | 0.259 10.517] 21,600 [Same as Run No. 2 Obtained all data
Taper section cracker
near pressure-
transducer niount
6 {16-31-69] 0.517 | 2.00 50 250 3, 180 Lead and Wax 520 3,835 [|Polyathylene ] 0.25% 10.517 | 16,700 |e Same as Run No. 2jObtained all data
1 } J I. ."l [ < ® T resolve the I.~ss piston rehound
LALL] .~ blen of pisten
- rebound by adring
wax to lead hlast
weight
T o(1l-6-09 0.517% 2.00 50 3100 3, 180 |Same as Run No. 6 1,280 0.85 |Polysthylene | 0.259 [0.517 | 19,700 |Same as Run. Nc. & {Obtained xll dara
Pressure-rransducer
mount cracked avain
8 |11-7-69 0.517] 2.00 50 300 3,180 |Same as Rur No. 6 1,225 0.85 [Polyethvlene] 0.259 |0.317 19,300 Je Same as Run No., & JObrained all rara
® To checkou" taper [Taper section in
section integrity after run
after repair
g |11-11-69]| 0.3121 2,00 15 230 3, 180 L] 1,110 0.20 |Polyethylenzy§ 0.312 0.161] 17,300 |To checkout theo- Low velocity sus-
retical constont pected du= to lead
I |°°'°” _<_ hase-prassure nmovenient during purt'p
E"’J launch-cycle. Veloc- |eycle
~ 5 ity objective:
Collapse [)lslance. L = 0.25% in, 30,000 fps
. B
10 [L11-1R-69] 0312 ] 2.00 15 230 3,180 —=| L j= 1,358 0. 195 [Polvethylene | 0.312 |0. 161 | 14,300 [e Same as Run No. % [Piston rehoundad aned
Z E L‘::l D D[:] [3 ® To checkout effec- [siezed in pump tube
tiveness of hra:s
= 0.25% in. ballast-weight
10 qL-21-69) €. 312 2.00 30 230 3,180 "IL ._ 1,180 0.195 {Polyethylene ] 0,312 }0. 16l ) 17,300 Je Same as Run No. | Piston rebounded
— o Lead pieces und Pressure seal
SIcHEmEC <
polvethylen= thin
in. wall tube
12 j11-25-69| 0.312] 2.00 15 230 3,180 jSame as Run No. 11 1,190 0. 195 JPolvethylene | 0. 312 0, 161 -- e Sarce as Run [n. 2 | Piston rebounderd ane
e To derermine seal (ailed again
cause ol piston
rebouned
e lo checkout new
pressure-seal
Aesign
13 [11-26-69] 0,312 ] 2.00 15 180 454 2, 600 0,20 |Folyethylene| 0.319 J0.16) | 26,000 |To vheck wun Taper section cracker,
> 1CXL prformanee with
ayn-constant base-
pressure rriving
mode,  Objective:
28,000 fps
14 [1-14-70 0.3851 2,00 30 200 1,100 ..l 1. I.— 2,300 0. 340 [Polyethylena| 0,385 [0, 190} 27,000 [ To de! rrmine A eta obtained
maximra - Pisscn rehouned
Z::j [g n[] [3 perforriaace launch-
L= 1.0in. cvele linare
15 |1-15-70 | 0.3B5] 2,00 4C 200 1, .,0[Same as Run No. 4 2,400 0. 340 |Polvethylene | 0. 385 |0. 190 | 27,500 [Same as Run All data obtained
L =0.75 in, No. 14 I[.ess pis*on rehourd
h |1-10-70 0,385 2,00 20 240 1,160 Same as Run No. 14 2,600 0. 340 [Polvet.ylenc | 0,385 | 0. 190 | 28,500 Same as Run All 4ara obrained
PO . . N
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- —
Pa14-70 v 30 204 1, 194 _.I 1. I,. 2,307 0,340 [Folvethvlene | 0,383 0. 199 ] 27,000 |To “etrrniine Al rfara obained
man. oun- Piston rebhonnred
> Enmnt < Beriorm wne Liack -
i L o0 cnvrle Himidrs
i 1= b-15-711 0, 38R 2000 40 2nn Lo ]Same as Ran No, b4 2,400 0.3+ [Polveraslene t 9,383 |00 100 27300 [Sar o 15 Rur A g 6 ddnerd
[ I - 9.7% in. No, 14 Less pistor rehousd
16 1i-1y-70 0,385 | 2,00 20 240 1,140 Same as Run Na. 14 £, 600 ¢, 340 [Folveraviera | 00385 {0, 130 | 28,390 |Same as Run A dary ohrained
L = 0.5 in, No, 11 Piston rebounded
17 {1-20-70 0,385 | 2,00 15 180 7t ) Same as Run No, 14 2,800 U, 340 |Polyethylere | 6. 385 [0, 190 ] 31,007 |Swme as Run All data obrained
L o= 0,25 in, No. I3 Pisten rebhonnded
18 |1-28-70 0.385] 2.n0 | & 182 716 |Same as Run No, 14 2,850 0. 340 {Polvethvlena| 0,385 {0. 190§ 31,500 [Samre as Run Al daty chrained
L = 0.25 in. No. I3 Pistcn rehounded
High=pressure seal
bhroke
19 {1-29-70 0.385] 2.0 15 200 400 | Same as Run No, 14 2,700 0,340 [Poly. avlene | 0, 385 |0, 120 - ® Same as Run Model broke in launch
L = 0.25 in. No, 13 “uhe
® To checkour
30,005 pat hreak
diaphragm
20 fj2-13-70 0,385) 2.00 15 180 704 {Same as Run No., 14 2,800 0.340 [Polyethvlene| 0,385 {0,190 31,000 e Same as Rua \il data obtairerd
L = 0.25 in. No. 14 Piston rehourd reduced
® To checkour
collapsible mech-
anisre with
nachined groves
21 |3-6-70 0.318] 1.5 20 140 310 ) Sare as Run No, | -- 0. 190 |Polyethvlene | 6, 320 [0, 150 -- To checkout new Maodel hroke
pump tubes
22 13-7-70 0.3:18)] 1.5 20 140 310 [Same as Run Nc, @ 2,340 0. 19¢ {Polyethylenc | 0. 320 10,150 23,000 |Sanme as Run Cun operated
No. 21 satisfactorily
23 fr-9-70 o.318] 1.5 20 140 325 -] L] 2,370 0.190 [Polvethylen:| 0,320 [0.150] 27,700 |To checkout efiret ALl dats obtained
_; IE [] qz of Scotchplv col- No piston rebouned
- tapsible mechanisin
EERR— S M- R LN
24 [3-10-70 0.323] 1.5 20 180 3253 Sarae -s Run No. 23 2,690 0. 193 |Polyethyle: ~§ 0,323 10,150 27,000 {Sume as Run ALl Aata ebtainernd
No, 23 o rehourd
25 [3-10-20 0,324 1.5 310 180 325 | San: as Run No. 23 2, 680 0. 1493 |Polvethylene | 0,324 [0, 150} 2+.,000 |Sam:» #s Run Al Axra obtainerd
No. &3 N6 piston rebound
Cellapsible moechanism
shar-ered
26 [3-11-70 0.326] t.5 20 180 323 {Same as Run No. ! 2,650 3, 197 [Polyethvlene | 0, 326 31,300 {To attempt higher All flara abt sined
specd limit No pistor rehound
27 (3-12-70 0.3261 1,5 20 200 144 ...l LI - 2,709 0. 193 |Polyethylene | 0.325 10,150} 27,300 I To e aluare slotred ATl rdat: obtained
- ~ aluminum collapsiblefNo piston rehound
L__w::] [E [:][1,:[ EZ rrechanism desigr
e L. - 0.5 in,
28 |3-20-70 0.326 ¢ 1.5 20 200 455 "‘l L I-“ 2,380 0. 193 |Folvethylene | 0. 326 {D. 150 - To evaluate 17-4 FPH Model broke during
collapsible- launch, possibly riue to
Z E @ lz mechanisn design; high diaphragrn
L L= 1/2 in. 312,000 vsidiaphragm [pressure
29 13-23-70 9,326} 1.5 20 200 4535 |Same as Run No. 28 2,420 0. 193 |Polyethylene | 0. 324 10, 150] 27,300 (Sarre as Run All data obtained aiter
No. 28 launch tube honed
39 |3-25-70 0,326 1.5 20 240 453 [Same as Rurz No. 28 2,600 0. 193 {Polyethylune | 0,324 |0, 150 .- Same as Run Model, sea1s of *aper
No, <8 section, and diapharaom
all broke
3k [3-31-70 | 0,302 | L5 20 180 3'0 |Same as Run Ne. ! 2, €40 0.20 |Polyethvlene| 0.312 10.150{ 20,800 [To checkout and low perforirance
calibrate temporary |zor pared with Run
repair of taper sec- |No. 2n due to locat
tion and 20,000 psi enlargement io taper
break diaphragm section
32 §4-1-70 0.312 1 1.5 29 180 310 |Same as Run ! 1 2,540 0.<0 [Polyethviene | 0.312 {0,150 -- Same as Run Model hroke during
No. 31 launch
33 J4-2-70 0,327 1.3 20 180 310 jSamre a8 Run No, | <, B8O 0.20 {Polyethylene| 0.32% 10,150} 27,300 §To vheckout new ALl dara obrained
launch tube Model rorated
34 |4-3-70 0.327 | i.5 20 180 310 {Same as Run No. | 2,670 0.305 |Lexan 0.327 }0.200] 26,300 [To checkout model VIl data obtained
desiegr and effect of
model mass
35 14-3-70 0,327 | 1.5 10 200 455 1Same a8 Run No. 1 2,370 0.23 JLexan 0,327 J0.200} 24,000 }To evaluate pisron A Aara obtained
mass eff-ct
3(; 4-6-70 0.327 | V.5 10 240 4535 |Same as Run No. 28 2,630 0.23 |Lexan 0,327 J0.200} 26,200 }To checkout 17-4 All data obtained
collapsihle- Nodel partially brok:-
o echanism with thin
diaphragm
37 f4-10-7) 0,327 | L5 10 140 230 {Same 3s Run No. i3 2,700 0.23 |Lexan 0,327 §0.200}F 24,600 |To check piston All Aata ebtained
rrass ‘projectile
velocity relationship
38 [4-13-70 0.327 1 L.5 1o 180 3y _.lLl._ 2,700 0.23 |Lexan 0.327 ]0.200}f 26,3500 |To check plastic Al dara otrained
- columin collapyimie
Pd ] @] l < mechanisn
-~ L. = 1.0 in.
39 |4-13-70 0,327 1.5 20 180 310 |Same as Run No. 18 2,670 0.23 |Lexan 0,327 [0.200 - To check Fy and Model tunmibled off
velocitv relationship |"raiectory
. e s e g * -y T A -y - o T¥ oo WYL - s ™y N o r*a T snar ™ W ™ 111 n t=n 20 Ny T
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&7 |3-1é-7)) [ 20 200 344 -.l Ll-- 2,700 0. 193 |FPolyethylene | 0,326 70,150 27,500 | To vvaluate slotted Al dara ohrained
— aluminun: collapsible| Mo piston rebonned
} I I—E [:]E::] I:Z mechaniso desion
—— L 0.5 in,
28 13-20-70 0,326 | 1,5 20 200 455 -' L I'— 2,380 0. 193 [Polyethylene | 0. 326 |0, 150 .- To evaluate 17-4 '"H |NMadel broke during
Y——-_-I = collapsible- Iaunrch, possibly due 1o
- | E @ : z mechanisn design; hiph dlaphravn
. 1. 172 in. 30,000 osidiavhragn |pressure
2% 13-23-70 0,326 1,5 20 L00 455 |[Sime as Run No, 28 2,420 0,143 |[Folyethylene | 0,326 |0,150] 27,500 |Samie as Run All data obtained aroer
No, 28 Janrch "ube noned
34 -45-70 0,326 1.5 20 240 135 |Sare as Run Mo, 28 2, 600 0. 193 |Polyethylene | 0,326 |0, 150 .- Same as Ruy Meelc ], seals ol taper
No. 28 dection, and diaphracn
all broke
31 3-31-70 0,312 1.5 20 180 310 {Same as Run No, | 2, 640 0.20 |Polyethylene| 0.312 10,150 21,800 lo checkout and lLow perforn ance
calibrate temporary {car pared with Run
repair of taper sec- |No. 2o due to lacal
tion and 20,000 psi  [enfarsenwnt in taper
break diaphrapn e tion
32 j4-1-70 0,312 L5 20 180 310 |Same as Run No, 1 2,540 0.20 |[Polvethylene | 0,312 10,150 - Samie as Run Nodeld brobe durine
No. 31 launch
33 ja=d-i0 0. 37 1.o> L0 180 3190 |Same as Run No, 1 <, 680 3.20 |Folyethylene| 0,327 |0, 1301 27,300 | o checkout new All data obtained
launch tube Model rotated
34 14-3-70 0.327 | 20 180 310 [Same as Run No, | 2,670 0.305 |Lexan 0.327 |0.200] 26,300 |To checkout model All data obtained
design and effect of
model mass
35 [4-3-70 0.327 1.5 10 200 455 [ Same as Run No, | 2,370 0.23 [Lexan 0,327 ]0.200{ 29,000 |To evaluate pision All data obtained
mass effect
36 |4-t-70 0,327 1,5 10 240 455 {Same as Run No. 28 2,630 0.23 |Lexan 0.327 ]0.2001 26,200 |To checkout '7-4 All data obtained
collapsible - Model partially brot e
n.rchanism with thin
diaphragm
37 l4-19-70 0.327 1.5 10 140 230 |Same as Run No, 13 2,700 0.23 !Lexan 0,327 10,200 24,600 [To check piston All data ohtained
miass /projectile
velocity relationship
38 [4-13-70 0,327 | 1.5 10 180 310 _.|L|._ 2,700 0.23 |Lexan 0,327 |0,200{ 26,500 [To check plastic All daca obtaired
= column collapsible
> } _4[ < mechantsrn;
e [, = 1,0 in,
39 ,4-15-70 0,327 | L5 20 180 310 [Same as Run No, 38 2,670 0.23 |Lexan 0.327 |0, 200 .- To check Hy and Model tunibled off
velocity relationship |trajectory
40 [4-14-70 0,334 | 1.5 26 200 310 |Same as Run No. 38 2,740 0.23 |Lexan 0,334 ]0,150| 28,000 |To check effect of Model tumbled
Except column length was 0,5 in, 0.5 in, column
41 [4-20-70 0,316 | 1.5 20 180 310 |San:e as Run No, 1! 2, 66u 0,2 Lexan 0,316 Ju, 150§ 27,800 |To checheu new Good launch, leak at
launch tuhe diaphragn: holder
42 [4-21-70 0.316 | 1.5 20 180 310 —|L|~ 2,720 0,2 Lexan 0.316 |0,150| 26,500 |e To fix seal Model tun bled slightly,
® To reduce column |still leaked
> ] l] L < distance to 0,25 in.
L = 0,25 in,
43 [4-21-70C 0.216 1 1,5 HY) 180 310 [Same as Run No, 42 2,620 0.20 |Lexan 0,316 0, 150] 28,000 ITo fix leak Nata obtained
Model slightly tnmbled
44 14-22-70 0.316 } 1,5 10 180 310 [Same as Run No, 42 2,710 0.27 lLexan 0.316 0,150 28,200 |To fix diaphragm Found leak due to
leak uneven pressure against
di iphragm
45 14-23-70 0.316 | 1.5 10 180 310 [Same 2% Run No, 42 2,700 0.27 |Lexan 0.316 10. 150 - To evaluate double- [No leak-instrumens
seal design failed to record
46 |4-24-70 0.317 | 1.5 10 200 310 [Same as Rur No., 38 2,800 0.21 |Lexan 0.317 190,150 29,200 |[To determine powdar |All data obtained
velocit - relationship,
1-in. column length
47 |4-24-70 0.317 ] 1.5 20 200 310 |Same as Run No, 38 2,830 0.21 |Lexan 0.317 [0,1501 20,800 {To detarinine pre- Blast lead punched
charge Hy and through front piston
muzzle velocity
relationship
48 |4-27-70 0,317} 1.5 20 240 455 |Same as Run No. 42 2,660 0.23 |Lexan 0.317 {0.150] 30,500 |To attempt higher All data obtained
velocity
49 [4-28-70 0,317 | 1,5 10 280 455} Sa- .« a8 Run No, 42 2,840 0.23 [Lexan 0.31710,150] 31,000 [To attempt higher All data obrained
velocity
50 |4-~29-70 0121 0 1.G Hy 280 3101 5anme as Run No, 42 3,190 0.23 |Lexan 0.321{0.150| 32,600 [To atternpt higher A1 data obtained
velocity
51 |4-29-70 0.3211 1.5 5 280 250 | Same as kun No, 13 3,580 0.23 |Lexan 0.321 10,150 -- To attempt mavimum [Model brok» -
1 velocity maxinium acceleration
exceeded
52 {4-30-70 6,321 1,8 10 280 250 [ Sarne as Run No. 13 3, 600 Lexan 0.321 10,150 - Same as Run Model broke - taper
No. 51 section cracked
Range pressure for all runs = 11 Torr
lLaunch tube length for all rurs = 12 (t

Diaphragm rupture pressure = 18,000 psi {except Run No. 28)
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The piston rebounding becam e more pronounced than in the calibration runs.
The only difference in piston design was that an aluminum collapsible-
mechanism (0, 25-in, travel, 12,000 psi fail load) similar to the design in

Figure 4-1 was uszd. One of the collapsible mechanisms recovered after

the run is shown in Figure 4-3,

The pistons that rebound into the pump tubes required firing another piston

to shoot it out. The galling was quite severe.

At this point it was realized that the friction between the piston and pumyp
tube wall could not be ignored as assumed in the theory., The friction foc:¢ :
became great early in the launch cycle when the hydrogen pressure buiit

to more than 20,000 psi. Close examination of the inside walls of the i.:n-
pressure components (pump tube and taper section) revealed a thin fi.«

deposit of piston material after each run. This suggested that the wa'. .r z-

tion actually sheared off the outer layer of the pistoa like the molting action

of a snake,

A rough calculation, based on the shear stress of the piston materials, showed

the piston wasted a significant portion of its energy in overcoming the launch-

cycle friction.

A slow, lengthy (large shear-area) and heavy piston, as required by the
constant base-pressure launch-cycle, would prematurely stop, As a result,
the base pressure of the model started at the correct level, but declined very
rapidly as the piston fell off from the theoretical trajectory. The remaining

high-pressure hydrogen in the chamber forced the piston back into the pump

tube.

Since the relationship of piston friction and gun-loading conditions is unknown,
the pursuance of the constant base-pressure cycle was terminated in favor of

the maximum-performance cycle discussed in Section 4.1 and shown in

Figure 4-2,

j Wﬂk5HMIWMWWW&.lelmwmﬁw&iﬁ&mii!iiiium&iﬁuini.;:ﬁllnﬂhﬁmﬁa‘l'ﬁ%iﬁﬂmmf“‘;&'ﬂ‘.ﬁ%‘ufiiliilhﬁlmﬁi&ﬁ‘;ﬁ%i\ ol

T e e e A




o

70 ©51406

av*rwh

Figure 4-3. Plain Collapsing Mechanism Recover-d After Run

b -

4.4 MAXIMUM-PERFORMANCE LAUNCH-CYCLE
Since there was no simple theory to govern the maximum-performance

launch-cycle, a family of empirica® curves based on the available informa-
tion was zenerated. Figure 4-_ presents one of the typical families of

<

curves. 7To verify these curves experimentally, two alternative approaches
can be taken. For example:
A, The gun may be lcaded to follow the curve Z without employing any

first attempt. The subsequent runs

collapsible mechanism on the

will incorporate conllapsible mechanisms of various shear loads

and cullaps2 distances to map out curves

W

On the first attempt the gun may be loaded with a collapsible mecha-

nism of sufficient shear strength and maximum collapse-distance so

as to follow curve 5. The subsequent runs would incorporate identical

loading parameters except for the collapse diztances. This procedure
is particularly preferred for runs near gun-rupture loading conditions.

In this program the A approach was used for runs of moderate loading

conditions, and the B approach for maximum loading conditions.
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4.4.1 Aluminum Coliapsing Mechanism

It was established in the constant base~pressure launch=-cycle tests that the
friction between the plain-aluminum collapsing-mechanism and the walls of
the high-pressure components was so great that the piston always retarded
prematurely. As a result, the aluminum collapsing-mechanisms were modi=-
fied as shown in Figure 4-4, The outer rings sheared off when the friction
on the wall became great, leaving the center core to continue compressing
hydrogen in the chamber at the desired rate. 7075-T6 Aluminum was used
for the collpasing mechonism with the shear disc designed to fail when
chamber hydrogen pressure reached 24,000 psi. Two series of tests were
conducted; the first, runs 14 through 20 (Table 4-1), with a 2-in. ID pump
tube and 0. 385-in. ID launch tube; the second series, runs No. 26 and 27

(Table 4-1), with a 1.50-in. ID pump tube and 0., 326-in. ID launch tube.

4.4.2 Glass-Reinforced Epoxy (Scotchply) Collapsing-Mechanism

Scotchply has good shear strength due to the orientation of its glass filaments.

The friction coefficient is lower than aluminum under high temperature.

Figure 4-4. Modified Aluminum Collapsing-Mechanism,
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Hence, runs No. 23, 24, and 25 were devoted to evaluating the material as a
candidate for the collapsing mechanism (shear disc designed to fail at
20,000 psi) (Figure 4-5). No piston rebound was observed during any of the
three runs, thus verifying the low-friction characteristic assumption.

However, severe material delamination of the mechanisms was noticed.

4,4.3 17-4 PH Stainless-Steel Collapsing~Mechanism

To meet design requirements for the shear disc to fail at 50, 000 psi chamber
pressure, high strength steel must be employed. 17-4 PH stainless steel,
hgat-treated to 900 H, was chosen for its strength. However, the metal was

too hard for the gun components so that ring-groove design similar to the
aluminum collapsing-mechanism was not feasible, To prevent scoring, Lexan
sleeves were threaded over the 17-4 PH stainless steel mechanism (Figure 4-6).
Runs No, 28, 29 and 30 (Table 4-1) were made to evaluate the effectiveness of

this design. It was found that the high-shear design performance approaches

-1at of the piston with no collapsing mechan! sm. This is to be expected.

i

4.4.4 Variable Recessing-Rate Collapsing-Mechanism

Evaluation of performance of the previous piston designs indicated one fault
common to all previous piston designs might exist without detection. It was
the movement of the front polyethylene piston (Figure 4-1) during the period
of disconnecting from the rear assembly through the recessing of the col-
lapsing mechanism. Should the front piston exhaust its energy during this
period, it might reverse its course causing a sudden drop in chamber
preszure. Thus, a variable recessing-rate collapsing-mechanism capable
of retarding the push of the rear piston assembly, but continuously exerting
a mild pressure on the front piston during the period of retardation, was

highly desirable.

Several mechanisms were proposed and statically tested. A simple Lexan
cylinder drilled with a given number of holes along its. longitudinal axis
fitted the requirement. For example, a 2-in, dia cylinder of . 5-in thick
material drilled with 24 evenly spaced 0, 312-in. holes along its longitudinal
axis, started to displace under static axial load equivalent to 5,000 psi at the

ends. The test specimen was contained in a heavy-walled steel pipe while
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Figure 4.6. 17-4PH Stainless Steel Collapsing Mechanism




subjected to this load. The displacement did not stop until the load rose

to a pressure of 30,000 psi on the ends.

Twelve shots have been run to verify the variable-recessing rate collapsing-
mechanisms. The results have been very promising. Figure 4-7 shows a
typical piston of this type. The center piece had been subjected to a static

load equivalent of 20, 000 pei on its ends.

4,5 MISCELLANEOUS RUNS
Many runs were made during the piston design evaluations to establish base
lines and to remove uncertainties such as effects of leaks, component

deformation, and instrumentation failures.

Figure 4-7. Variable Recessing-Rate Collapsing-Mechanism
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Section 5

CONCLUSIONS AND RECOMMENDATIONS

The concept of approximating the constant base-pressure launch-cycle in a
light -gas gun has been demonstrated to be feasible both theoretically and
experimentally, However, during the early portion of the program some
significant discrepancies between the theory and the experiment were found,
Physical evidences such as the phenomena of the piston rebounding into the
pump tube during some of the runs, the difficulties encountered in piston
removal after the runs, and the appearance of the pisto: assembly after

being freed from the pump tube all indicated the dominance of friction, which,
in the theory of the constant base-pressure launch-cycle, was assumed to be
small. A rough calculation using the shear stress value of the piston

material to approximate the friction between the wall of the chamber and the
piston assembly confirmed the conclusion derived from the physical evidences,
The modified piston designs (Figures 4-3 through 4-7), employing the principle
of molting, successfully overcame the problem of friction and yielded much

higher muzzle velocities,

Unfortunately, there is no simple mathematical model for friction that can b~
included in the analysis of the launch cycles. But, it is believed that there
exists a piston whose kinetic energy (correct mass and and velocity com-
bination), together with the collapsing mechanism, is optimum to produce a
near constant base-pressure launch-cycle, This optimu:n piston velocity is
always higher than the theoretical value because of the friction, The smaller
the piston friction the closer the constant base-pressurc lauach-cycle can be

approached,

The collapsible-piston mechanism functioned as expected, For a given
loading condition, the muzzle velocity increases as the collapsing distance

decreases. “ero collapsing distance corresponds to a solid piston, It was

concluded that for an identical life span of the gun components, launch cycles




incorporating the collapsible piston assemblies yielded higher muzzle

velocities than the solid pistons, Also, the maximum muzzle velocity

achievable by a given gun can be extended by incorporating a collapsible

piston of proper design,

In the routine operation of an ordinary two-stage light-gas gun, the piston is
often ballasted by weights to achieve proper mass, The weight housings
usually contain voids which in some ways function similarly to the variable-
recessing rate collapsing-mechanism to effectively damp out the sharp

pressure peaks.

The very high rupture pressure of the launch-tube diaphragm (over 30, 000 psi)
. has an important effect on the gun performance (Figure 4-2), Higher dia-
phragm burst pressure yields higher muzzle velocity, However, ordinary
projectile materials such as Lexan and polyethylene cannot survive extremely
high shock-loading conditions. It is recommended that an experimental
investigation of stronger projectile mater‘als such as magnesium lithium be
conducted, Since friction of the piston has been identified as the main
obstacle to the successful operation of the constant base-pressure light-gas
gun, it is recommended that an experimental program be initiated to develop

a piston with either negligible or predicatable friction,

The sound speed of the hydrogen, an important factor in gun performance,
may be significantly in error with the ideal gas assumption. Hence, it is
further recommended that a real gas mcdel, coupled with the coliapsible
piston concept, be incorporated into the analysis of the constant base-
pressure launch-cycle, This improved theory should yield higher muzzle
velocities and lower peak pressures in the gun than those simplified analyses

employing either an ileal gas with collapsible piston or a real gas with solid

Oiston.
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