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SUMMARY

This Note describes a systematic investigation of the pressure fields
produced vithin the R.A.E. 6 inch shock tube at low shock speeds. This work
was undertaken to anvestigate the tube's suitabiality as the draver of a cold
high-density hypersonic tunnel. v 15 concluded that the tube 15 suitable
and should produce expanded flows at NMach numbers up to 15. The duration of
steady flow, approximately 3°5 m sec, 1s short and further investigation is
preposed to realise the potential advantages of tailored operation.

Replaces RoA-Ep T‘echv Note NO. Aero 2891‘. - A.R-Co 2’-{-,?22.
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1 INTRODUCTION

The R.A.E, 6 inch diameter shock tube was originally constructed as a
wind tunnel driver with the obgject of supplementing the R.A.E. Hypcrsonic
Tunnel. The latter is a cold (working section conditions near to liquefaction)
high density hypersonic tunnel operating in the Mach number range 5«9 with a
stagnation pressure of 50 atmospheres., The original intention was that the
shock tube driven tunnel should have a Mach number near to 7 but wath
enthalpies equivalent to {light speeds above 10.

The tube was constructed from 6 inch internal diesmeter tubes throughout.
The driver section was 30 f't long and had a designed working pressure of 1000
atmospheres. The channel was 120 ft long. Hydrogen was the driver gas.

The origiral intention was to operate the tunnel on the straight through
principle and a nozzle, bye-pass system, working section and dump tank were
built. These were subsequently converted for reflected operation.

Firing with a cold hydrogen driver at just below 200 atmospheres pressure
revealed, what 1s now well known, that at shock speeds in the interesting
range above MS = 7 the duration of hot flow was too short for successful

gxpansion in the nozzle by the straisght through method.

Attention was therefore turned to alternative modes of operation and uses
for the shock tube. This Note is ccncerned with the exploration, at low shock
speeds, of the pressure fields in the channel when initially filled with
nitrogen, with a view to the possible use of the tube as the driver of a cold
high density hypersonic tunnel. To be useful such & tunnel would have to offer
substantinl advantages over the existing long duration R.A.E. Hypersonic Tunnel.
Thesc would most probably be an increase in stagnation pressure and an increase
in Mach number.

2 INSTRUMENTATTON

Throughout theso experiments the following gquantities were measured:-
Driver pressure at the time of diaphragm burst; initial channel pressure;
shock speed at various stations along the channel; wall pressurc after passage
of the shock at various positions along the tube; the pressure after shock
reflection with different channel lengths and the pitot pressure on the centre
line of the channel at varaious positions along the channel.

241 Driver pressure

The draiver pressure was measured with a Bourden tube operated transducer

coupled to a remote dynamometer instrument. Pressurcs could be read to within
i“?\;l

2.2 Initial channel pressure

The channcl was evacuated to o pressure of about 3 m.m., Hg absolute and
then filled with nitrogen to the required pressure. The pressure was measured
with a mercury manomcter.



2.3 Shock speed

The shock speed was measured using thin film wall thermometer gauges
installed two feet apart at each measuring station. The measuring stations
were at 20 feet intervals. The pulses from the thin film gauges were passed
through an amplifier and pulse shaper and used to start and stop microsecond
counter-chronometers. Thus the time interval over 2 feet was measured and
the shock speed determined. The basic accuracy of timing was * one micro-
second giving an accuracy in speed of better than 1%. However difficulty
was experienced at low shock speeds and further errors were introduced due
to the weak signals produced in the gauges. At a shock speed of MS = 35

the error may e as big as 05 in Ms.

2.4 Wall pressures

The wall pressures were measured witn piezo-electric transducers.
These were the S.L.M. PZ6 type. Pressures were recorded on a Tektronix
oscilloscope Type 535 through a piezo-head amplifier. Records were obtained
using a Polaroid camera. The transducers were calibrated statically with a
dead weight calibrator. The overall accuracy of calibration and recording
was about *5%, however in operation additional errors may be introduced due
to vibration and thermal effects.

2.5 Pressure after shock reflection

These were measured and recorded using the same equipment as for the
well pressurss with the trensducer adgjacent to the reflecting face. The
reflecting face was cither that just upstream of the nczzle throat or a
steel plate mounted between pipe flanges. Fig.l.

2,6 Pitot pressure measurements

A ring with a thin web across the diameter wos used to measure pitot
pressurc. Fig.1. This was inserted between pipe flanges where required.
A P26 transducer wos fitted into the centre of the web, The calibration and
recording was as for the other pressures.

3 EXPERIMENTAL RESULTS

Throughout all the work reporied here the driver gas was hydrogen
and the test gas nitrogen. No special precautions were tsken regarding gas
purity. The driver pressures varied, due %o changes in diaphragm strength,
between 140 and 200 atmospheres. During each test series the variation was
smaller and a nominal value is given on the figure appropriate to each test
series. The actual values were within *15 atmospheres of the nominal.

On the figures giving the test results are the exact distances from the
diaphragm at which the noasurements were made. However in the following text
for convenience these distances are referred to in round numbers.

e.g, 62 £t - 9 in. from the diaphragm is referred to as 60 ft.



301 The increase of initial channel pressurc above atmospheric

The first tests were exploratory, performed for largely mechanical reasons,
and yielded results of pressure behind the reflected shock at 120 £t over a
range of initial channel pressures. ¥Fig.2.

These tunnel stagnation pressure records, purposely taken at a slow
recording speed of 2 m sec/square in order to obtain a broad picture of events,
show that as the shock speed falls the pressure during say the first 10 m sec
becomes more steady and of course the general pressure level increases.

These results were cncouraging but diffaiculty was experiencaed in measuring
shock speeds below M = 3 so the very bottom end of the speed range has yet to
be explored. "

The decision was taken to concentrate on exploring the tube performance
ot one value of initial channel pressure, 2+2 atmospheres.

3.2 Measurement of wall ond pitot pressures along the channel

The second series of tests involved repetitive firings with an initial
channel pressure of 2°2 atmospheres and the measurement of wall and pitot
pressures. Due to a lack of instrumentation all the wall pressures could not
be recorded on one run. In addition the pitot pressure mount interfered with
the flow so no wall pressures were taken behind it, nor in front when a long
time base was being used, because reflections from the dovn stream ond were
then recorded. The results are shown in Fig.3.

Consider first the results wath the slowest time base, 10 m sec/square.
If the shocks in each record are plotted on a distance time diagram, as in
Fig.l, it becomes quite easy to connect up the points. However each record
indicatos elapsed time from the arrival of tho shock at the particular station
in the tube so it wes first necessary to draw in the incident shock wave., This
was done by plotting a shock specd-distance curve and then porforming a graphi-
cal integralicn to derive the shock time-distance curve.

It will be seen that the reflected shock can be traced back to the
diaphragm station where it is partially reflccted, that part which 1s trans-
mitted subsequently reflecting from the end face of the high pressurc chamber.
That a partial reflection should occur at the diaphragm is not unreasonable as
it is found that on removal the diaphragm petals are bent upstream with
reflected type oporation,

Consider next the records taken at 2 m sec/square. Here smrll incon-
sistencies from run to run become apparent. However it 1s clear that the farst
pealk 1n pressure after the initial shock represents the head of the reflected
rarefaction and this has been plotted in Fig.4. The record taken at 100 f't
shows the incident shock, the reflected head of the rarefaction and the
reflected shoek in that order. However at 120 ft the order is changed, the
incident shock is followed by the reflected shock and then by the reflected
head of the rarcfaction. There 1s also an indacation from these records that
the pressure behind the incident shock increases with time at short tube
laongths, but at great tube lengths it docrcases. The decrease 1s clearly seen
in the record token ai 120 f4.



The records taken at 500 p sec/square confirm this trend although at
both speeds the record at 60 ft is inconsistent having an initial dccrecase
followed by an increase. The two records at 60 £t were taken on separate
rung. The fastest records clearly show that close to the diaphragm there is
considerable unsteadiness behind the shock and although this 1s not obviously

apparent farther from the diaphragm it may account for some of the detail
behaviour.

Finally, in an attempt to locate the hydrogen=nitrogen interface, pitot
pressure records were token. This was a technique which at higher shock
speeds had been very successful. At low speeds it is not so effective and
interpretation cannot be positive. However we know from later tests that
the gauge used can be affected by heat and then momentaraly give a low
reading. It could be that this accounts for the rising pitot pressure
indicated behind the initial shock, the gauge during this period recovering
from the initiel heat flash. If we then assume thot the peak of the pressure
record corresponds to the arrival of some hydrogen it will be seen that at
40 £1 from the diaphragm it takes 2 m sec before a steady pressure 1s reached.
At this time we may assume only hydrogen is passing the gauge and that the
interface region taokes 2 m sec to pass at the centre of the tube. At 60 ft
the time is longer, whilst at 80 ft a steady pressure record is never achieved
due to the arrival of the head of the reflected rarefaction.

3,3 Measurement of pressures behind the reflected shock at various channel

lengths

The third series of tests involved repetitive firings again with en
initial channel pressure of 2¢2 atmospheres but this time with a reflection
plate containing a dummy nozzle throat inserted at different positions along
the channel. The pressure behind the reflected shock was measured with a
transducer mounted in the wall of the pipe just ndjacent to the face of the
Plate. A second transducer was mounted in the reflecting plate to rccord
the pressure on the reflecting face. These two gouges produced identical
records and only those obtained at the wall are shown in Fig.5.

Looking first at the records takon at 500 u sec/square, that at 20 ft
from the diaphragm shows a steady pressure behind the reflected shock lasting
for about 1 m see. This is followed by a fall in pressure for the next
1+5 m sec. This is certainly the rarefaction fan produced where the reflected
shock meets the interface. The pressure then remains steady for the remainder
of the record. The remaining rocords taken at this spced show how the
duration of steady pressure increases with channel length. However with
increased channel length the pressure immediately behind the reflected shock
is less, due to the slower incident shock and a tendency for the pressure to
inerease slowly with time is evident. This is in contrast to the wall
pressure behind an incident shock which tends to fall with increasing time
nt large channel lengths (para 3.2).

The records, Fig.5, at 2 m soc/square show how events are effected by
the reflected rarefaction. The record obtained at 20 ft shows the short
plateau of pressure behind the reflected shock, the fall in pressure produced
by the interaction of the reflected shock and interface and then a small rise
in pressure. This rise probably results from the sccond reflection at the
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interfaco i.e. the expansion reflects at the end wall and returns from the
interface as pressure waves. OSubsequent reflections are too small to be
significant. However at 13 m sec after the incident shock the head of the
reflected rarefaction arrives and the pressure falls rapidly. The rccords
obtained at 40 £t and 60 ft are similar except that the initial platecux

arc longer and the head of the reflected rarefaction appears ecarlier and
earlier until at 80 ft the reflected head merges with the expansion coming
from the intersecction of the interface and reflected shock. The record at
100 £t is similar to that at 80 ft but at this position thers 1s a very sub-
stantial incresse in pressurc after 2 m sec probably due to viscous effects.
Finally at 120 £t this increase is swallowed up by the reflected rarefaction.

These results indicated that at a low shock Mach number little would be
lost in the duration of steady pressure behind the reflected shock if the
channel were shortened to 60 ft and that there would be a gain in stagnation
pressure if the initial conditions were unaltered. In fact the temperature
produced is really the controlling factor and hence due to shock attenuation
a given stagnation temperaturc can be produced at 60 ft with a higher initial
channel pressure then at 120 ft (assuming the driver unaltered). Thus a
double gain in stagnation pressure can be achieved by shortening the channel.
This 18 further discussed in para 4.2.

3.4 Measurement of pressures behind the reflceted shock with a 60 ft
channel at various shock spoeds

For the final series of tests reported herc, the reflection plate was
located at 60 ft from the diaphragm and the effect of changing the shock speed
explored. Again prossures were measured on the wall nand on the face of the
plate with identical results. Only the wall pressures are shown in Fig.6. The
shock speed varied from M, = 3+60 to M, = 6+62.

Consider first the records taken at 2 m sec/square. That atl Ms = 3+60 is

identical to that described in para 3.3. There is a good plateau of steady
pressure behind the reflected shock, this is followed by a fall due to the
rarefaction arising from the shock wave interface interaction, then by a small

rise and lastly by a large fall when the head of the reflected rarefaction
arrives.

As the shock speed is progressively increased, the time between the
arrival of the shock wave and the head of the reflected rarefaction becomes
longer. This is to be expected because the motion of the rarefaction head is
unaffected by the shock spoced until the former is back into the channel after
traversing the draver length twice.

At MS = 4+2 the record is very similar to that at MS = 5+6 except that

the fall in pressure after the initial plateau is smaller, as 1s the subsequent
rise beforce the head of the reflected rarefaction. Again this is to be expected.
However at MS = 47 the initial plateau becomes disturbed, a f2ll and rise of

pressure being recorded, followed consecutively by the fall and rise seen ot
lower shock speeds and the head of the reflected rarefaction. As the shock
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speed is still further increased the disturbance of the expected plateau
becomes more and more marked. In addation the pressure after about L m sec
rises consaiderably until at MS = 6+62 1t reaches a value of 1+6 times that

behaind the reflected shock before the head of the reflected rarefaction arrives.

The reason for the disturbance of the expected plateau behind the
reflected shock at MS > 42 is not known. A similar result has been reported

by Henshall1 and there is a possibility that 1t 1s a spuriocus signal produced
by heat affecting the pressure gauge. The latter 1s to be investigated
further.

Of far greater interest 1s the absence of any recorded shock wave,
other than the initial one, at the higher shock speeds., Simple theory indi-
cates that at MS > 6 the interaction of the reflected shock with the interface

w21l produce a shock wave., However, although shocks are normally the most
easily recorded phencomenz, they are not seen. This andicates that in this
tube the simple one damenslional theory may he inadequate to even qualitatively
explain the reflection process at higher shock speeds.

Finally 1t 1s worth noting two things from the records taken at
500 p sec/square. Fairstly the great penalty in stagnation pressure incurred
by inereasing the shock speed and secondly how deceptive records taken at
high speed can be. These records are in fact identical tec those shown beside
them whach are from the same gauge and amplifier. At first sight they might
be thought to be satisfactory for tumnel driving, Closer inspection will
reveal that the indicated stagnation pressure at Ms = 6+25 varies by *1%%

during the first m sec and by *12 between 2 to 4 m sec after shock arrival.

b DISCUSSION OF RESULTS

i Position of hydrogen-nitrogen interface

From the experimenter's point of view one of the disappeinting features
of this work 1s the lack of direct information obtained regarding the position
of the hydrogen-nitrogen interface on the tube centre line. The attempt to
determine its position by measuring pitot pressures yielded very inconclusive
results as described in para 3.2, However further information can be obtained
from Fig.b.

Fig.7 shows diagrammatically the events occurring at the end wall of the
channel where the incident wave is reflected, Different regions are numbered
for easy reference. With a draver pressurc of approxamately 180 atmospheres
and an 1nitial channel pressure of 2¢2 atmospheres the shock speed varies from
M = 389 to 3:25 between the 20 £t and 120 £t stations. Within thas range of
shock speeds the interaction of the reflected shock with the interface should
produce an cxpansion fan as shown and it 1s this which produces the drop of
pressure after the inmitial plateau recorded at 20 f't, 40 ft, and 60 £t and
displayed in Fig.5. As explained in para 3.3 and illustrated in PFig.)L the
records at 80 £t and above (Fig.5) do not clearly indicate the time of arrival
of this expansion fan because it becemes coincident with the head of the
ref'lected rarefaction,



Consider the conditions as shown in Fig.5 at 20 ft. We know conditions
in region (1) and have measured the shock speed just upstream of the reflecting
wall. We can therefore calculate conditions in region (2) provided we neglect
attenuation effects. Similarly we can calculate the speed of the reflected
shock and conditions in region (5). The calculotions were done assuming ideal
nitrogen with an initial temperature in region (1) of 288°K.

IP t1 and t2 are the times and d the distance defined in Fig.7 then we
have

1 s 275 (1)

where U is the velocity of the reflected shock and a5 is the velocity of

sound in region (5). In addition we can measure from Fig.H the time (t1+-t2).

Hence t1, t2 and d can be derived.

This was done for the results at 20 £t, 40 £t and 60 ft, Fig.5, and the
position of the interface plotted in Fig.4. The curve thus obtained was
extended to the far end of the channel.

It should be noted that tho interface intersects with the head of the
reflected rarefaction at about 100 £t and that the latter, at this point,
suffers an appreciable roduction in spsed. This is to be expected because the
reflected hoad travels at o speed in the hydrogen of (u34-a3§ and in the
nitrogen (u24-a2) where u, = u, but a3 > age [The approximate valucs of
(u3-+a3) and (u2-+a2) arc 6500 ft/sec and 5000 ft/sec respectively.]

The above analysis indicates that the inteorface lags behind the shock by
2, 3 end 4 m sec at 40 £t, 60 £t and 80 ft. If these values are compared with
the pitot records in Fig.3 it will be seen that they indicate that the front of
the interface comes af'ter tho peak pitot pressure wes recerded and where the
rccorded pitot pressure starts to fall gquickly. There is still an appreciasble
interval thercafter befere a steady pitot pressure is recorded possibly indi-
cating a thick interface as discussed in para 3.2,

L.2 Suitability of the tube as a driver for a cold high donsity
hypersonic tunnel

As dascussed in para I.3 there would be a considerable gain in stagnation
pressure if the channel were shortened to 60 ft from its present length of
120 £t., This will shortly be done and the following is concerned only with the
performance with the shortencd channel.,

Fig.6 shows the stagnation pressure records obtained at 60 £t at various
shock Mach numbers. It will be seen that at low shock speeds there is a good
steady platleau of pressure existing between the arrival of the incident shock
and the time of arrival of the expansion produced at the reflected shock
interface intersection. At higher shock spceds the plateau appears to be
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disturbed and the best operating time 1s af'ter approximately 1:5 m sec. The
lowest shock speed investigated, Ms = 36, gives the steadiest pressure, the

variation being less than 2% over a pericd of 3*5 m sec.

At higher shock specds the performance is spoilt by the dip in the pressure
record immediately after the reflected shock. A4s discussed in para 3.4 the
reason for this 1s not understood. If this is a true pressure change it is
particularly unfortunate that i1t should be present at MS = 5:86 because near

this shock speed tailoring2 should occur wath a cold hydrogen driver. The
successful use of the tailored form of operation would appear to be the only
way of cbtaining longer running times with this tube and this must be explored
further.

A shock Mach nupber of 3+6 should produce & stagnation {emperature after
reflection of 1?04°K-5. Inspection of Fig.8 rcveals that this 1s a suitable
temperature for a cold high density hypersonic tunnel with a working section
Mach number of about 15. The stagnation pressure recorded in Fig.6 at
M_ = 36 is gbout 163 aimospheres. This will give a working section static
pressure of just above 2 x 10™4 atmospheres which is only jJust above the low
limit of pressure for Schlierer operation and i1deally should be ancreased by
up to one order of magnitude for really geood results. VWhen shortening the
chamnel to 60 £t we wi1ll replace the existing diaphragm section with one
suitable for operation at LOO atmospheres thereby permitting an increase in
pressure by a factor of 2-4, This will then produce a tunnel stagnation
pressure approaching 400 atmospheres. Further increases can be obtained by
running at lower shock speeds.

L.3 Further developments

The flow produced in the working section after expansion tec high Mach
numbers should be investigated. At the time of writing this has almost been
completed with a channel length of 120 £t and will be reported soon.

The shock reflection process should be studied theoretlcallyh and
experimentally and further checks made upon the present instrumentation with
& view to resclving the discrepancies between measured and predicted pressures
near to tailoring shock speeds.

5 CONMCLUSTONS

The R.A.E. 6 inch diameter shock tube is suitable for use as the driver
of a cold high-density hypersonic tunncl. However 1t wall be greatly improved
if the channel length is reduced to 60 ft and the driver pressure increased to
about 400 atmospheres. It should then be possible to operate the tunnel with
a stagnation pressure of about 400 atmospheres and a stagnation temperature
near 1700°K, Under these conditions the stagnation pressure should remain
constant within *2% over a pericd of 3+5 m sec.

Further investigation should be made of the tube bchaviour in an effort
to realise the theoretical increase in running time at tailored shock speeds.

- 10 -
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FIG2 PRESSURE BEHIND REFLECTED SHOCK AT 124 - 2*
FROM DIAPHRAGM AT VARICUS SHOCK SPEEDS
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FIG3 WALL AND PITOT PRESSURE MEASURED AT VARIOUS STATIONS ALONG CHANNEL
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FIG3 contd WALL AND PITOT PRESSURE MEASURED AT VARIOUS STATIONS ALONG CHANNEL

NOMINAL DRIVER PRESSURE 190 ATS
INITIAL CHANNEL PRESSURE 2 2 ATS
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proposed Lo realise the potentlal advantages of tallored operation.
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THE PRESSURE CALIBRATICN OF THE R.A.E. 6 INCH DIAMETER SHOCK TUBE WITH
A VIEW TO ITS USE AS THE DRIVER OF A COLD HIGH~DENSITY HYPERSONIC TUNNEL.
Cox, 8. G., Pallant, R. J, and Shaw, J. H, April, 1963.

This Note describes a systematic investigation of the pressure fields
produced within the R.A.E. 6 inch shock tube at low shock speeds. This work
was undertaken to Investigate the tube!s suitabllity as the driver of a cold
high~density hypersenic tunnel, It 1s ceoncluded that the tube is suitable
and should produce expanded flows at Mach numbers up to 15 The duration of
steady flow, approximately 3.5 m sec, is short and further investigation 1s
proposed to reallise the potentlal advantages of tallored operation.
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THE PRESSURE CALIBRATION OF THE R.A.E. 6 INCH DIAMETER SHOCK TURE WITH
AVIEW TQO ITS IBE AS THE DRIVER OF A COLD HIGH-DENSITY HYPERSONIC TUNNEL.
Cox, 8, G,, Pallant, R, J., and Shaw, J, M. April, 1963,

This Note deseribes a systematic investigation of the pressure flelds
produced within the R,4.E. 6 inch shock tube at low shock speeds, This work
was undertaken to Investigate the tube's suitability as the driver of a cold
high-density hypersonic tunnel., It 1s concluded that the tube is suitable
and should preoduce expanded flows at Mach mmpers up to 15, The duration of
ateady flow, approximately 3,5 m sec, 18 short and further investigation is
proposed to reglise the potentlial advanteges of tallored operation,
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