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Optimum Operating Technique of Two-Stage
Hypersonic Gun Tunnel

Takeyoshi Kimura,* Chiaki Kuwata,t and Yoshikazu Nadaii
Kobe University, Nada, Kobe, Japan

An operating technique of a two-stage hypersonic gun tunnel is presented. The two-stage gun tunnel differs
from a conventional gun tunnel in that a free-piston compressor is used as a high-pressure source. Although the
free-piston technique has previously been applied successfully to ballistic ranges, shock tubes, and shock tun-
nels, it has been difficult to adapt it to operate a gun tunnel. In this paper, an optimum operating condition of
the two-stage gun tunnel is obtained by matching the gun tunnel diaphragm rupture with the position of the
heavy piston in the compressor. It is concluded that the stagnation pressure and temperature become higher by
60% and 10%, respectively, than those of a conventional gun tunnel.

Nomenclature

A =cross-sectional area

i =initial position of heavy piston

k =(p, —p,) V,8/ WU:

M,  =Mach number at end of pump tube

D =driver gas pressure )

Dy =pressure at rear face of heavy piston

Do =initial barrel pressure

Dy =initial pump tube pressure

D, =driver gas pressure at diaphragm rupture
Pr =initial reservoir pressure

r = position of heavy piston at diaphragm rupture
u =flow velocity of driver gas into gun tunnel
U =heavy piston velocity

|4 =volume

v, =driver gas volume at diaphragm rupture
w =heavy piston weight

X =coordinate of heavy piston

Xp =pump tube length

Xg =equivalent reservoir length= 1V, /A,

z =nondimensional time=A4,U,t/V,

o =factor of piston striking at end of pump tube
8 =time factor required to drive light piston
T =duration time of gun tunnel

Subscripts

A =end of pump tube

b =conditions at rear face of heavy piston
conv - =values of conventional gun tunnel

0 =initial conditions in barrel

D =initial conditions in pump tube
r =conditions at diaphragm rupture

R =initial conditions in reservoir

T =conditons in driver gas when U=u,

I. Introduction

HE light-gas gun tunnel has been reported by many in-
vestigators.'? Generally, the conventional gun tunnel has
a single-stage gun barrel, in which the nozzle supply pressure
is compressed by a light piston. In the single-stage gun tunnel,
higher stagnation pressures have been generated by using
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hydrogen as the driver gas* or helium preheated by an electric
heater.® Longshot tunnels,®® using a heavy piston and a
system of check valves in the barrel, have been developed at
VKI and Republic Aviation, and the stagnation pressure of
60,000-200,000 psi is obtained there. These techniques are
applicable to the single-stage gun tunnel in which a con-
ventional compressor is used as a pressure supply.

The two-stage type of hypervelocity facility has been
developed, in which a free-piston compressor is used as a
pressure supply instead of a conventional compressor. That
is, the free-piston technique has previously been used suc-
cessfully in ballistic ranges,”'0 shock tubes,'" and shock
tunnels.!? Since the free-piston compressor produces unsteady
peak pressure in the pump tube, a special technique must be
required to adapt it to the gun tunnel. In this paper, the
technique is discussed theoretically, and the optimum
operating condition is researched experimentally.

II. Theory of Free-Piston Compressor

A schematic diagram of a two-stage hypersonic gun tunnel
is shown in Fig. la. Initial pressures are p, at the reservoir, p,,
at the pump tube, and p, at the barrel. A heavy piston, which
is initially at position /, is driven down the tube by rupturing
the first diaphragm. When the piston reaches position r, the
second diaphragm ruptures and the light piston is driven
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Fig. 1 Operation diagram of piston driven gun tunnel. a) Initial
conditions, b) Conditions after diaphragm rupture, ¢) Wave diagram.
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down the barrel. The notation of the flow parameters and the
x—t wave diagram are shown in Figs. 1b and Ic.
" The motion of double pistons in the two-stage gun barrel
was investigated by Carter et al.® In their paper, the piston
trajectories and the flow parameters are solved numerically
by a computer. Since the purpose of our paper is to obtain
experimental data on the optimum operating conditions of the
two-stage gun tunnel, a functional relation on the gun tunnel
flow is needed rather than the numerical solution. Therefore,
an approximation to the two-stage gun barrel is considered as
follows.

The motion of heavy piston before diaphragm rupture is
obtained from the relation of steady, adiabatic compression.

U _ [ 2 A,
ag -1 wd}

Y R

x\/z+x—’* Pr —(1+ —x—)'_”ﬁ & _ (;— i)m
Xp Pp . Xr Pp Xp Xp

ey

where A, and x, indicate the cross-sectional area and the
length of pump tube, respectively, and x is the equivalent
length of reservoir, i.e., xg = Vg /A4,.

The pressure in the pump tube, p, is given by

Zo(i-2)7 @
Dp Xp
The piston velocity U,, the pressure in pump tube p,, and the
driver gas volume V, at diaphragm rupture are calculated by
putting x =x, into Eqs. (1) and (2).

The variation of pressure in the pump tube after diaphragm

rupture was given by Stalker.!? The approximate equation of
piston motion is assumed as (W/A,g)dU/dt=— (p, —p,),
where the pressures at the front and rear face of the piston, p,
and p, are nearly constant. Then the pressure in the pump
tube is given by

1’; [(1 zZ+ ;Zz)”exp{—-—\/ﬂ—
x(tan— WHan W)}]'“ )

where k= (p, —p,)V,g/WU?, Z=A,U,t/v, and it is kept
nearly constant, i.e., u equals approximately «,.

When U=u,, the maximum pressure is obtained and a
subscript 7T is used to indicate the driver gas conditions.
Putting (pr—p,) Vy=aWul/g, if «>1 in case that U, >u,,
then the heavy piston will not strike the end of the pump tube.
On the contrary, if a <1, the piston will strike the end of the
pump tube.

Assuming the end of the pump tube (i.e., the diaphragm
section) as a convergent nozzle with the entrance area A, and
exit area A,, u, can be calculated from the theory of steady
nozzle flow. That is, M, =u,/a, is obtained from A, and
A,. Moreover, the following equation is given

1 (y=1)/2
Lol ()
as v—1l\p, y—1

where the subscript A4 indicates conditions at the entrance of
the nozzle.

Figure 2 shows theoretical results of the variation of the
driver gas pressure p/p, in case that «=0.6. When « is
smaller than unity, the driver gas pressure becomes greater
compared with the case that o> 1, although it is dangerous
for the equipment because the piston strikes the end of the
pump tube.
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Fig. 2 Variation of driver gas pressure, y=14, (pr—
PV r=aWul/g, a=0.6.

HI. Optimum Operating Condition

In the two-stage gun tunnel, the pressure in the pump tube
which varies with time is used for driving the light piston in
the barrel. Approximately constant driver pressure must be
used in order to obtain steady stagnation values in this tunnel.
In this paper, we assume that the driver gas pressure can be
regarded as nearly constant if the variation of driver gas
pressure is less than 10%. Then, as shown in Fig. 2, the
pressure curve where k=0.526 and U,/u,=1.325 can be
considered approximately steady within Z=0~0.801. When
this pressure curve is used as the driver condition, we regard it
as the optimum operating condition. On the other hand, the
other pressure curves cannot be considered as the optimum
operating condition because the duration time of steady state
is much shorter than the optimum one. Figure 3 shows ex-
periments about the optimum operation of a gun tunnel,
under the conditions that pp /p, = 16/3 and W =4 kg. In these
experiments, stagnation pressure at the end of the barrel and
pitot pressures in the test chamber were measured. Figure 3b
shows an example of the optimum operation, where the piston
position at diaphragm rupture x, is 1.63 m and the operating
condition corresponds to the curve of U,/u, =1.325 in Fig. 2.
In the photograph, a steady stagnation pressure obviously
exists.

Figures 3a and 3¢ show that there is not steady state because
of fast diaphragm rupture (x, =0.95 m) and late diaphragm
rupture (x, =1.9 m), respectively, and these operating con-
ditions correspond to the curves of U, /u, =1.4 and 1.0.

The driver pressure in the pump tube is propagated toward
the end of the barrel along positive characteristics .
dx/dt=u+a. Therefore, the duration time of a gun tunnel 7
must be calculated graphically by networks of the charac-
teristics, as shown in Refs. 8 and 9. In this paper, however,
considering that the steady driver pressure contributes not
only the duration time 7 but also the time required to drive the
light piston including multiple shock reflections Br, the
duration of the steady driver gas pressure (e.g. Z=0.801 in
Fig. 2) is expressed by (1 + )7, where 8 should be evaluated
by experiments.

Theoretical optimum operating conditions are obtained by
Egs. (1-4). An example of the results is shown by solid lines in
Fig. 4, where p, =16 atm, W=1.5 kg, a=0.6, and 8=1. An
optimum operating condition is shown by x, /x,. This means
that it can be obtained by rupturing the second diaphragm
when the heavy piston reaches the position x,. The stagnation
pressure p,/p,.n, and the duration time 7/7,,, are also
shown in this figure, where the subscript conv means the
values obtained by a conventional gun tunnel. At present,
Dicony =19.5 atm and 7., =15 ms. Theoretical stagnation
pressure p, is given by Winter et al.>!?
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Fig. 3 Stagnation pressure and pitot pressure pR/pp =16/3, W=4
kg. a) Fast diaphragm rupture, x, =0.95 m, b) Optimum operation,
x, =1.63 m, ¢) Late diaphragm rupture, x, = 1.90 m.

IV. Equipment

The two-stage hypersonic gun tunnel used in this ex-
periment has a reservoir (diam =0.3 m, length=0.6 m), a
pump tube (diam =8 ¢m, length=2.6 m), a barrel (diam =4
cm, length=3 m), a hypersonic nozzle (angle of apex =20
deg, exit diam =15 c¢m, and nominal Mach number =10), a
test chamber (diam =1.05 m, width=1 m) and a dump tank
(diam =1.05 m, length=2 m). The free-piston compressor
consists of the reservoir and the pump tube, in which a heavy
piston (1.5, 2, 3, and 4 kg in weight) made of duralumin is
inserted. In the barrel is a light piston (10 g in weight) made of
nylon.

According to the theory, the stagnation value becomes
greater as o becomes smaller. Since the heavy piston strikes at
the end of the pump tube when o<1, the shock absorber is
used to protect the pump tube, as shown in Fig. 5.

V. Experimental Results and Discussions

The reservoir pressure p, =16 atm and the barrel pressure
po=1 atm were used in all of the experiments. The other
conditions were as follows: the piston weight W=1.5, 2, 3,
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and 4 kg and the pressure ratio of reservoir vs pump tube
pr/pP,=16/3, 16/4, and 16/5. The optimum operation was
obtained by searching an appropriate position of the heavy
piston x, at diaphragm rupture. The position x, was decided
by changing a thickness of the second diaphragm. Results of
the position at the optimum operation x,/x,, stagnation
pressure p, /D, .ony» and duration time 7/7,, are shown in
Table 1.

From these results, the following are discussed: stagnation
pressure p, becomes greater as pgp/p, is larger and W is
smaller, while the duration time 7 becomes longer as pg /p,, is
smaller and W is heavier. As for the stagnation value, the
result of W=1.5 kg and pg/p,=16/3 is the most excellent
among these results, where p, 1s greater by about 60% than
D convs although 7 is smaller than 7,,. The experimental
results of W=1.5 kg are plotted in Fig. 4, and they agree well
with the theoretical ones. As for stagnation temperatures,
calculating methods are given by Winter et al.>'3 One of the
calculating results is 7,/7, ., = 1.1 in case that W=1.5 kg
and pg/p,=16/3. A Mach number of 9.8 is obtained by the
stagnation pressure and the pitot pressure.

Table1 Results of optimum operating conditons

W, kg
PR
Pp 1.5 2.0 3.0 4.0
X /xp 16/3 0.55 0.62 0.65 0.63
‘ 16/4 0.49 0.56 0.59 0.58
' 16/5 0.45 0.52 0.53 0.53
Pi/Pyconv 16/3 1.59 1.33 1.23 1.02
16/4 1.23 0.97 0.92 0.87
16/5 0.92 0.92 0.92 0.92
T/ Teony 16/3 0.20 0.27 0.33 0.40
16/4 0.40 0.47 0.47 0.67
16/5 0.60 0.67 0.67 0.67
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VI. Conclusion

An operating technique of a two-stage hypersonic gun
tunnel is presented. The two-stage gun tunnel differs from a
conventional gun tunnel in that a free-piston compressor is
used as a pressure source. Although the free-piston technique
has previously been applied successfully to ballistic ranges,
shock tubes, and shock tunnels, it is difficult to adapt it to
operate a conventional gun tunnel.” Thus, the operating
condition was investigated in this paper. The optimum
operating conditions were discovered experimentally by
matching the gun tunnel diaphragm rupture with the position
of the heavy piston. The piston trajectory and the flow
parameters in the gun tunnel were calculated by an ap-
proximate theory, and the results agreed well with the ex-
perimental ones. It was concluded that the stagnation pressure
and temperature became higher by 60% and 10%, respec-
tively, than those of a conventional gun tunnel. It is also
predictable that this technique is applicable not only to
conventional gun tunnels but also to the other single-stage
guns.

References

ICox, R. N., “Recent Hypersonic Research at A.R.D.E.,”
Hypersonic Flow, Butterworths Scientific Publications, London,
1960, pp. 111-152.

2Bray, K.N.C., Pennelegion, L., and East, R. A., “Performance
Studies for the University of Southampton Hypersonic Gun Tunnel,”’
Hypersonic Flow, Butterworths Scientific Publications, London,
1960, pp. 89-110.

AIAA JOURNAL

3Winter, D.E.T., “Multiple Shock Compression Using a Piston of
Finite Weight,”’ Journal of Fluid Mechanics, Vol. 8, Pt. 2, June 1960,
pp. 264-272.

4Glass, I. 1., “Shock Tubes,” Handbook of Supersonic
Aerodynamics, NAVORD Rpt. 1488, Vol. 6, Sec. 18, Dec. 1959, pp.
393-450.

SLam, L. Y. and Clark, K. R., “Electric Internal Heater for the
Lockheed 100-Inch Shock Tunnel,”’ Fifth Hypervelocity Techniques
Symposium, University of Denver, March 1967, pp. 61-79.

6Perry, R. W., “The Longshot Type of High-Reynolds’-Number
Hypersonic Tunnel,”” Third Hypervelocity Techniques Symposium,
University of Denver, March 1964, pp. 396-422.

"Richards, B. E. and Enkenhus, K. R., ‘‘Hypersonic Testing in the
VKI Longshot Free-Piston Tunnel,”’ AIAA Journal, Vol. 8, June
1970, pp. 1020-1025.

8 Humphrey, B. G., Panunzio, S., and Pinkus, O., *‘A Theoretical
and Experimental Investigation of the Free Piston Cycle,”” AFFDL-
TR-66-204, Feb. 1967, pp. 1-115.

9Carter, H. L., Oakes, D. A., Piacesi, R., and Shepard, B. M.,
““The Design and Testing of the Naval Ordnance Laboratory’s 2-in.
Two-Stage Gun,’” NOL-TR 62-112, Sept. 1962.

10gtephenson, W. B. and Anderson, D. E., “Design of a Large,
Two-Stage, Light-Gas Model Launcher,” AEDC-TR-61-6, June
1961.

Gtalker, R. J., “The Free-Piston Shock Tube,”” The Aeronautical
Quarterly, Vol. 17, Nov. 1966, pp. 351-370.

2Gtalker, R. J., “A Study of the Free-Piston Shock Tunnel,”
AIAA Journal, Vol. 3, June 1965, pp. 1170-1171.

BKimura, T., *“Studies on Hypersonic Gun Tunnel,”” Dr. Thesis,
Kyoto University, 1967, pp. 15-21.

From the AIAA Progress in Astronautics and Aeronautics Series . . .

RADIATION ENERGY CONVERSION IN SPACE—v. 61

Edited by Kenneth W. Billman, NASA Ames Research Center, Moffett Field, California

The principal theme of this volume is the analysis of potential methods for the effective utilization of solar energy for the
generation and transmission of large amounts of power from satellite power stations down to Earth for terrestrial purposes.
During the past decade, NASA has been sponsoring a wide variety of studies aimed at this goal, some directed at the physics
of solar energy conversion, some directed at the engineering problems involved, and some directed at the economic values
and side effects relative to other possible solutions to the much-discussed problems of energy supply on Earth. This volume
constitutes a progress report on these and other studies of SPS (space power satellite systems), but more than that the volume
contains a number of important papers that go beyond the concept of using the obvious stream of visible solar energy avail-
able in space. There are other radiations, particle streams, for example, whose energies can be trapped and converted by spe-
cial laser systems. The book contains scientific analyses of the feasibility of using such energy sources for useful power gen-
eration. In addition, there are papers addressed to the problems of developing smaller amounts of power from such radia-
tion sources, by novel means, for use on spacecraft themselves.

Physicists interested in the basic processes of the interaction of space radiations and matter in various forms, engineers
concerned with solutions to the terrestrial energy supply dilemma, spacecraft specialists involved in satellite power systems,
and economists and environmentalists concerned with energy will find in this volume many stimulating concepts deserving
of careful study.

690 pp., 6 X9, illus., $24.00 Mem. $45.00 List

TO ORDER WRITE: Publications Dept., AIAA, 1290 Avenue of the Americas, New York, N. Y. 10019




