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SUMMARY

The problems of piston development and the limitations these impose on
gun tunnel operation are discussed. However, even when it is possible to
operate at higher pressure ratios than hitherto, the expected improvement in
performance is not achieved. Measured temperatures do not exceed 2200K
at a pressure ratio of 1000 without preheating. Factors limiting the maximum
stagnation temperature include inefficient heating during the piston accelera-
tion phase and heat losses to the barrel walls. Departures from normal opera-
tion, including the use of an evacuated acceleration section and a double
piston/double compression technique, aimed at reaching temperatures in
excess of 3000 K, are described.

1. INTRODUCTION

The first gun tunnel was that built at the NASA Ames Laboratory. A
powder charge was employed to drive a light piston at high velocity along a
barrel, heating the enclosed gas by means of the shock generated by the piston
and by successive shock reflections between the end of the barrel and the
piston. Stagnation temperatures at the end of the shock compression process,
when the piston came to rest, were about 1200K. Efforts to reach even
higher temperatures were abandoned, according to Eggers" ), due to diffi-
culties in containing the peak pressure generated by the piston as it overshot
its equilibrium position. This lead to damage of the nozzle and the end of the
barrel and contamination of the working gas.

In 1955 Cox at A.R.D.E. took up the development of the gun tunnel,
replacing the powder charge by a high pressure air or helium driver. Nearly
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average temperature for the first 5 millisec of the run, when a steady pressure
level in the stagnation chamber had been reached. The accuracy of the thin-

film measurements was impaired due to erosion from piston material in the
test gas and only the results obtained using the calorimeters are presented
here.

The other investigation concentrated on a modified sodium-line reversal
method, using a two-beam optical pyrometer, developed at ONERA in

France, which compares the emission from the hot gas alone with the
emission from the hot gas seen against a calibrated background source(5).
With this method the temperature could be monitored throughout a run
(— 50 msec) with a response time less than 1 msec. Difficulties due to vibra-
tional relaxation were overcome by means of a 'relaxation tube'   a flat-

sided glass tube, with a restriction at the downstream end, mounted along
the axis of the working section. A detached shock is formed at the mouth of
the tube and the vibrational temperature of the gas in the tube can be

measured at various distances, up to 10 cm, behind the shock. This is necessary
since it is assumed the sodium atoms follow the vibrational temperature of the
air which may differ considerably from the equilibrium temperature immedi-
ately behind the shock. Because of low emission at temperature below
1800"K measurements could not be carried out at pressure ratios below 600 in

the F.F.A. gun tunnel.
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the first reflected shock respectively,  U  is the maximum piston velocity,  L  the
length of the barrel and  A  the cross-sectional area. For a given facility  L,
A  and the maximum driving pressure, P4, are fixed. In addition  P,  must be as
low as possible (high compression ratio) and  U  as high as possible (strong
shock heating) if high temperatures are to be reached. Thus P, can only be
reduced by reducing ni. If the piston is too heavy the peak pressure may not
only destroy the piston but also the end of the barrel"' 7). Since the piston
must be designed to withstand the starting load, P4, it is sufficient to reduce
the mass to the point where the differential pressure  Pm—Ps=P4 • Ps,  the
pressure behind the piston as it is brought to rest, is in theory l'89P4 and in
practice more like l-1 to 1.5P4, depending on the dimensions of the barrel.
Consequently we can accept a peak pressure of about 2.5P4 without damage
to the piston. Lemcke, using a more refined theory, has calculated the
optimum piston mass necessary to contain the peak pressure in the F.F.A.
tunnel (Fig. 2). Figure 3 shows pistons made from Makrolon and aluminium.
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FIG. 2 — Optimum piston mass as function of  P,IP,

The Makrolon pistons are injection moulded and holes drilled in the fins to
reduce their mass to about 8 gm. These may be used up to pressure ratios of
1400 in the F.F.A. tunnel and driving pressures of 300 atm. (These same
pistons are also supplied to Johns I-fopkins University where they are run at
driving pressures of 1000 atm). Makrolon was chosen because of its high
strength to density ratio and good elasticity. Although mechanically very
satisfactory, as the pressure ratio and consequently the temperature is
increased pitting and burning of the Makrolon occurs. Figure 3 shows this
clearly. Particles from the piston damage models, particularly thin film
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Hartunian, Russo and Marrone) have made side wall heat transfer

measurements in a shock tube, over a wide range of shock Mach numbers,
and find that for a turbulent boundary layer

(St) (Re)1/5 = k = 3.7 x 10-2 (8)

in good agreement with the theory of Mirels(9),where we define

p2Upx
(Re) = — (9)

P2

p2denoting the viscosity behind the shock,

(x
(St) = - I )

P2UOr— h„,)

and where the recovery enthalpyh, is defined by

hr = 112+1u p2(For )°.39-0.023U,RUA Up)i

h„,denoting the enthalpy at the wall.
If we assume, therefore, that the same conditions hold in a gun tunnel,

except for a small region ahead of the piston, where the boundary layer is
swept up by the piston instead of continuing through the contact surface, as
in the case of a shock tube, then combining equations (4), (5), (6), (7) and (8)
we get

A T2 =  25 (k)[ R2 iiirpl)415 (hir-11".)T2 mean 18 r p2(U,—U T2Cp

In Fig. 4 AT2/T2 meanhas been evaluated as a function of shock Mach

number U, for various initial pressure levels p,, taking r=2 cm and L=6 m.
We notice that AT2/T2 increases almost linearly with shock speed. Also, to

attain higher shock speeds and hence higher temperatures, for a fixed driving
pressure 13.4,it is necessary to reduce P,, which increases still further AT2/T2.
The broken curve is that applicable to the F.F.A. gun tunnel based on

measured P, and U,. We should expect therefore, if this simple physical
picture is true, a reduction in stagnation temperature varying from 21 at a

pressure ratio of 150 rising to 42 at a pressure ratio of 1000. The observed
values are 15 and 26 respectively.

An objection to the above analysis was raised by Stalker(1°) who maintained

that the boundary layer would be re-activated by the piston and that the
temperature of the gas would be restored to its original level. Resolving this
objection is not straightforward. Certainly part of the boundary layer will be

scooped up by the piston before the reflected shock passes back over it.
Moreover, if the temperature and velocity are restored to the levels immedia-

tely behind the shock then an increase in the heat transfer rate immediately

(10)

(12)
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record. Note that the wall temperature is essentially constant during the run
and that the decrease in heat transfer with time, as t-1/2, is consistent with
conduction losses from a stagnant gas. The measured rise in wall temperature
is also in good agreement with theoretical predictions considering conduction
losses only. Consequently no significant decay in Ts during a 50 m sec run is
to be expected in the F.F.A. tunnel which is in accordance with experiment.

6. REDUCTION IN SHOCK HEATING DUE TO

FINITE PISTON ACCELERATION

In a shock tube the shock forms almost instantaneously and the shock
strength is essentially constant along the barrel, ignoring attenuation due to
viscous effects. In a gun tunnel, however, the piston has some finite mass and
therefore there is some finite length of the barrel over which the piston is
accelerating. Indeed, if the piston is too heavy or the barrel too short, the
piston will not attain its maximum steady velocity before reaching the end of
the barrel. Consequently the shock will increase in strength along the barrel
and, since the temperature and entropy rise through the shock increases with
increasing shock strength, the air immediately ahead of the piston will be
heated less than the air at the end of the barrel. if no mixing occurred this
would be seen as a decay in the stagnation temperature from some level,
Tmax, the temperature calculated using the maximum shock strength measured
at the far end of the barrel, to some level, T,„,n, which is essentially the tem-
perature resulting from an isentropic compression to the same final pressure.
Since mixing occurs the net effect will be a lowered stagnation temperature,
Tav,  given approximately by:

TavTina x( Tmax Tm i n )
2L




where  Lacc  is the distance for the piston to reach its maximum velocity and  L
the total length of the barrel. Lemcke(3) has calculated the limits Trnin and
Tmax for the F.F.A. gun tunnel based on pressure measurements at the end of
the barrel, ignoring heat losses ( Fig. 1). Micro-wave measurements of the
piston motion  (see  for example the lower curve in Fig. 9) indicate that

Lac,: — O. 2L in the F.F.A. gun and so Tas will lie nearer to Tmax.Therefore no
serious loss in performance is expected on this account. 1-towever, in other
tunnels, where Lac,.  L,  a marked loss in performance can be anticipated.

A measure of the efficiency of a gun tunnel is the non-dimensional barrel
length  L  defined by

P4nr2L- -
a24 in
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estimates the net heat loss. Also, no pressure measurements were made in the

R.A.R.D.E. facility and consequently it is not known what effects piston

friction or poor diaphragm opening, which effectively lowers P, and the

pressure ratio P4IP1,could have had.

7. METHODS TO IMPROVE GUN TUNNEL PERFORMANCE

The acceleration section

We have seen that the performance of a gun tunnel is limited by heat losses

and by the non-uniform shock heating, due to the finite acceleration of the

piston. Suppose, then, that a tunnel is designed to reduce the heat losses to a

minimum by using a short barrel and large bore. This means that L will be
small, resulting in a loss of performance, since the acceleration phase is very
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FIG. 8 — (x, t) diagrams for normal and modilied operations
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ted piston into the evacuated section. The primary piston then strikes the
secondary piston, which is constrained by a shear ring, coalescing to form
one piston, which continues along the barrel, compressing the working gas
again. In this way something like a two-fold temperature increase over
conventional operation is possible.

Initial tests in the F.F.A. tunnel using air as a working gas resulted in very
high temperatures —29002K at a pressure ratio of 150. 1-Cowever, similar
tests using nitrogen as a working gas produced temperatures of about
1800- K, although even in this case the piston was charred and there were
signs of melting (Fig. 10). The high temperatures produced using air was
shown to be due to total combustion of the oxygen together with Makrolon
from the pistons and Kodatrace. In Fig. 11 the heat transfer rates, measured

100% N,
Upper trace: P,  50 atm cm
Lower trace: T,.„,, -  12-5 C. ern

Sweep rate: 5 msec./cm

50"„ N2
50"„ Air

MP'

100% Air

FIG. I - Stagnation-point heat transfer,  M 10,  demonstrating

Makrolon /0, combustion. Double piston.  P.,= 150 atm.  P, =0.5 atm.












