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SULMARY

It is shown that the non-steady expension which arises at the
diaphragm in a shock tube may be replaced by a steady expansion if a
nozzle is fitted in the tube near the diasphragm. The method is useful
in eliminating the pressure rise at the end of the tube associated with
the arrival of the tail of the unsteady expansion but the increased
pressure ratio across the disphragm which is required moy be a disadvantege.
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1e Introduction

The wave diagram of a simple shock tube with closed ends is
shown in Fig.1 together with the pressure record which would be expected.
The primary shock is reflected from the end wall and meets the contact
surface at A. 4 shock is transmitted through the contact surfuce and
either a shock or an expansion may be reflected from it. For hydrogen-air
operation the nature of the reflected wave has becn discussed in the
literature1'3, and it has been shovm that at shock Mach numbers
Ug1/2s greater than 6.02 the first reflected disturbance is & shock
wave and that subsequent multiple reflections result in a slowly
increasing pressurcs. it shock Mach numbers less than 6.02 the first
reflected disturbance is an expsnsion although subsequent reflections
may be shock waves. The pressure at the end of the tube (for lugq > 6.02)
is increased when the tail of the unstendy expansion arrives after
refraction through the contact surface. It continucs to rise until
the head of the expansion, which has been reflccted from the closed end
of the driver tube, recaches the end of the driven tube; the pressure then
falls rapidly.

In some applications, perticularly in the case of the chock
tunncl, the longths of the driver and driven tube, L' oand L, will be
choscn to give the moximum time t; between the earrival of the shock
and the reflected head.

it low shock Mach numbers the reflected head of the expansion
reaches the end of the driven tube bufore the tail in o tube which has
been designed for optimum operstion at the higher shock lic.ch numbers,
say 6 and greater, and thus there is no need to alter this statc of
affairs. In an optimally designed tube the reflected hcad and the tail
arrive simultaneously at the end of the driven tubed, but since this
condition is satisfied for only one shock lMach number, for a given ratio
of L'/L, Figs1, the tube is generally opcrated in the non—-optimum
condition and the teil mey arrive before the reflected head. It is
desirable to maintain as constant a pressurce as possible at the wozzle
entrance of a shock tunnel, and thus any means of alleviating the
rressure rise due to the teil of the expansion merits attention.

2e Steady Expansion from Disphragm

The possibility of eliminating the unsteady expansion at the
diophragm wos first suggested by Wittliff et al'. The wave diagream for
such a shock tube is shown in Fige2. 4 nozcle designed with an area
ratio apprepriate to the flow Mach number 1Ii; behind the contact
surface is inserted near the diaphragm. Ideally the diaphrogm should
be located at the nozzle throat as showm, but difficulties associated
with the rupturc of’ the diaphragm necessitate an up- or downstrcam
location, Fig.6. The pressure is thus constunt (at 2 value p, = pg)
in the region between the contact surface and the diaphrsgme The
ref'lected shock after passing through the contact surfece is partially
reflected from the nozzle, and the termination of quasi-steady pressure
at the end of the driven tube is determined by the arrival of this
disturbance, or the reflected head of the expansion depending on tube
geometrye

2.1 The nozzle arca ratio

The flow lach number, i, bchind the contauct surface is
given by the expression,
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which is derived in several reports, for instance“, and which is plotted
as a function of Mgq4 in Fige3. The required nozzle area ratio

4/L% may thus be selected for each shock :lach number from tables such
as those of Ref.5 which are also plotted in FigeJ.

2.2 Experinents in a 2in. diameter shock tube

The dimensions of the shock tube in which the experiments were
carried out are shown in ¥ig.l. Curves, showing the computed times of
arrival of the various disturbances at the end of the tube are shown
in Fig.5. The values for the tail and reflected head were computed on
the basis of simple theory neglecting viscous ond real gas eifccts. A
comparison between the inviscid calculation for the contact swface ond
a viscous solution6 is also shown. The viscous theory accounts for
the loss of test gas to the boundary layer, and cxperimentally detcrmined
contact surface positions which are in good agreement with this theory
are shown in Fig.5. 4also plotted are the observed times of arrival of
the reflected head of the expansion, and the agreement with perfect gas
theory is reasonable except at low shock lach numbers. There are
low~temperature real gas effects prescnt in the reflection of the head
of the cxpansion, but apparently these do not scriously affect the
times measured.

It will be scen from Fig.5 thst in the 2 in. diameter shock
tube the tail of the unsteady cxpansion arrives before the reflected
head only for shock Mach numbers greater thon 8, ond this figure sets
a lower limit to the experiments in the tube with its present
geometry.

2,3 Steady expansion ot g4 = 9.75

At a shocl Mach number of 9.75 the flow liach nmurber behind
the contact region, Mz, is 3.65 and the arca ratio required ror the
diophragn nozzle is 7.802. 4 convergent divergent nozzle generated by
circular arcs was fitted to the high pressure side of the main
disphragm as shown in Tge6. It wis found that if the nozzle was placed
downstream of the diaphrogm the petals partially blocked the throat whose
diameter was 00672 ine

A pressure transducer* was mounted in the closed end of the
driven tube and o rocord such cg that in Fig.7 obtained with no
diaphragm nozzle fitteds The position of the rcilected head is clearly
defined although the ratio of the equilibrium pressure®* to the pressure
after the first reflection p,. = 2.21 is somevhat lower than that
predicted by simple theoryd, but in gencral agrecment with experiments
at lower shock Mach numbers. Tests in o 3 ine. diometer shock tunnel
indicated that the equilibrium prossure was higher than predicted,
and there is apperently an effect of tube geometry. [For this rcason
it is not suggested that the predicted position of the tail of the
expansion is seriously in errore.

The nozsle was then fitted to the high pressure scction of
the tube ond pressurc rocords such as that in Figs.8(a), (b) and (c)

were/

%
SIM type PZe6 manufactured by the Swiss Locomotive Works, Winterthur.

**Dofined in Wef.3 as the pressure ot the srrival of the tail of the
expansion, after multiple reflcction of the incident shock between
wall and contact surfaccs
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were obtained at shock Mach numbers of 9.29, 9.79 and 10.3 respectively.
In the case of Fig.8(b), M; = 3.69, the closest that was achieved
to the desired value of 3+65. It will be seen that the pressure does
not in fact continue to rise after the time at which the tail would
normally have arrived. The pressure rises less uniformly in the
initial stages than was the case without the nozzle, but the final value
of Pgq 1s 2.53, approximately the same as that obtained without the
nozzle. The signal continues to fluctuate until the arrival of the
reflected head of the expansion causes a sudden fall in pressure. The
records at shock Mach numbers of 10.3 and 9.29 are smoother than that

at 9,79, but at present this is unexplained.

24 Steady expansion at Moy = 8.8

It will be seen from Fig.5 that, at this shock Mach number,
the tail of the unsteady expansion would be expected to arrive
390 microseconds before the reflected head. The predicted location of
the tail on the pressure record in the sbsence of a nozzle is shown in
Fig.9, end the effect of adding a nozzle is shown in Figs.10(a) and (b)
for shock Mach numbers of 8.73 and 8.98 respectively. There is very
little effect on the pressure duc to the nozzle in this case, possibly
due to there being less time for the pressure to rise between teil and
reflected head thon in the previous cases.

The pressure ratio pgy/Pe With and without the nozzle is
plotted in Fig.11 for the tests at shock Mach numbers of 8¢5 to 10¢3s
The addition of the nozzle is seen on the whole to maintain the
pressure more nearly constant although there is no apprecisble
improvement below g4 = 9.

3 Diophrsgm Pressurc Ratio

One of the disadvantages of using the diaphragm nozzle appears
to be the increased pressure ratio required to produce the some shock
velocity with the nozzle in place. In Fip.12 the theoretical ratio
Pyy is shown together with measured values from the present and
previous experiments without a nozzle in the high pressurc section.

Also shown are the values of p,, required with the nozzles in the
high pressure chamber for both arec ratios. The increase in Py,

is approximately 3.5 times over the range of shock Mach numbers from
8 to 10, and this might prove a difficulty in practice where already
high pressures are employed in the driver section.

Lie Conclusion

From the few measurements made, it may be concluded that the
plocing of a convergent-divergent nozzle at the diaphrogm station does
reduce the rise in pressure which would normally occur through the tail
of an unsteady expansion. It is thus concluded that a steady cxponsion
is in fact occurring but that the initial pressure ratio required for
a givenshock liach number is about 3.5 times that which would be required
without a nozzle.
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Ligt of Symbols
Mg = shock Mach number
Mgq4 = 4incident shock Mach number
shock velocity
= "

a = sound speed

M = flow Mach number

B = y~=1/2y
Pap = Pa/Pb’ pressure ratio
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FIG. 4.
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