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ST ARY

A modified technique for the operation of a gun tunnel is
sugdested based on experinental resultbs. IT the piston mass and the
initial barrel pressure are chosen correctly, then the peak pressures
assoclated with the gun tunnel may be elininated. Under these
conditvions the piston is brought to rest wilh no overswing, Some
neasurcaents of the piston motion using a microwave technique are
reported which confirm this idea.

The wave diagram associated with this mode of operation is
shown, and some calculations of the stagnation pressure are given which
show that Curing the suggested running time, the stagnation pressure
may be considerably greater than the driving pressure if the driving
chamber cross-seclional area is large compared with that of the driven
sections  For a uniform shock tube the stagnation pressure will always
be less than the driviug pressure. The use of air, helium and
hydrogen as driving gascs has been considered.

Daperiments in a gun tunnel arc reported which show that the
equilibriun piston technique cuables steady stagnation pressures to be
achiecved over a time of approximately 15 mS using air as the driving gas.
The expansion caused by the piston acceleration is shown +o interact
with the stationary piston, but this is found to produce only a suall
drop in stagnatlion pressure.
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1. Introduction

Considerable evaluation of the hypersonic gun tunnel as a
device for producing hypersonic flows has taken place’. Darly
calculations based on ideal shock tube performance using real gas
equilibrium properties of the driven gas, predicted temperatures up to
).,000°K using air, and 8,000°K using helium as the driving gases. A
large amount of experimental data has been amassed using alr as the
driving and driven gascs, and this has shown that the final stagnation
temperature is considerably less than predicted. Temperatures slightly
in excess of 1,500°K have becn the maximun measured.

The reduction in performance has becn attributed to several
effects, including piston friction, viscous attenuation of the primary
shock, and loss of temperature due to a high rate of heat transfer from
the heated gas to the cold barrel walls.

Some mcasurements of heat transfer _rate deduced from spark
velocity measurement and calorimeter gaug62>3 have shown this to be of
the order of 10 BTU/f¢® /sec for typical conditions of pg = 2,000 p.s.is
and T, = 1,500°%. 1In terms of tcmperature loss this gives
approximately 10,000°K/sec, i.e., a loss of temperature of 200°K during
s run of 20 mS. This effect will be worse for small facilitics since
a scale factor appears in the analysis.

From these measurcments it would appear essential to restrict
running timecs in order to avoid excessive 1loss of stagnation temperature.

The final temperature attained has also been limited by
piston design. It has so far proved impossible to develop a piston
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that will withstand conditions corresnonding to more than 1, 500°K.

It should be noted that with the mode of operation outlined in Rel. 1

the piston is subjected to pressures and temperatures considerably greatcr
than the steady state values as a consequence of the high peak pressure
developed during the piston overswing. In practice it is found that the
peak conditions do not add appreciably to the final tunnel stagnation
conditions, and should be eliminated if possible. The following method
of operation is suggested to give a hypersonic flow with constant
stagnation conditions for times of order 15 wS using air as the driver gas.

2. Description of Equilibrium Piston Technique and Associated Vave
Diagran

The s -~ t wave diagram of the gun ‘tunnel process is shown in
Fige 1.

When the piston slows at the end of the barrel a coupression
wave C; is Tormed on its rear face. The primary shock & reiflects
several times betwcen the piston facc and the end of the barrel and on
each reflection is weakened by the expansion generated by the retarding
piston; the limiting condition being a weak compression (sound) WaAve.,
The compression C; then moves back towards the diaphragm station from
which it will be rcflected as a rarcfaction Rs because of the area
change (4 > Ay ) at the diaphragm position. During its motion
intcracticns with the expansion waves Ry, and the reflection of Rp
from the cnd of the driver tube, will take place. 1In practice Ry and
Rz are found to be comparatively weak. However, they will be
transnitted through the compression C; and eveniually reach the piston,
thereby communicating a pressure drop to the reservoir region S. The
strongest wave reaching the piston will be the expansion s  which
will cause a large drop in stagnation temperature and pressurc and will
linit the running tiue.

Por a given driving pressure there are two paramcbers which may
be altered, naucly the borrel pressurc p  and the piston mass m.
For certain values of m and m the piston is decelerated in such a
manncer that the pressure behind the wave Ci(pe) is Jjust equal to the
pressure ahcad of the piston (ps). In general this will not be so,
and the peak pressure (P) generated by the piston deceleration will be
greater than the pressure behind the wave Ci. Tor p greater than pyg
there will be a piston overswing and subsequent oscillation.  Thesc two
conditions are illustrated by Fig. 9 (¢) and (a).

Referring to Mig. 1, consider a given driving pressure and
piston mass and let the barrel pressure pr  vary. I a high barrel
pressure is used, the pressure ps 1s larger and hence the piston
experiences a greater retardation at the point «. The expansion
produced by the decelerating piston will be correspondingly stronger, and
hence the subsequent shocks will be weakened. Yor a lowcr value ol 1y
the piston will experiencc a smaller dceccleration at « and a greater
deceleration at 0. Thus as the barrel pressurc . 1s increascd the
charactcristics of thc piston reversal changc. (For higher valucs ot
M the mean piston deceleration will be smaller.) Thus therc should
be a valuc of p  for which the piston comes smoothly to rest. This
condition will be referrcd to as "equilibrium piston" operation of the
tunnel.

In considering the quasi~steady pressure and volume
relationship in the stagnation region and using the rclationship

pvy = conztant

we/



dp dv
we obtain L
P v
dp dv
where -~ and —- are fractional changcs in pressure and volume
P v

respectively. Since the barrel has constant cross-scotional area we
may write

dp as
J— = - y.....
<
d<
where --— is the fractional change in compression length.
&

In Ref, 11 it is inferred that the pressure at entry to the
nozzlc is suitablc if it remains constant to 10,.. In a gun tunncl
this imposes a constriction on the piston perturbation that

do 10

— = E ek T2,

Thus in a typical comjressed length of 9¢0 in. the piston must not
oscillate greater than *0¢65 in. about its equilibrium,

The cxperiments reported were carried out in the University of
Southampton Gun Tunnel,  The principal dimensions arc:i-

Barrcl length 11 in., barrcl diameter 1¢25 in.,
breecch length 60 in., brcech diamcter 3°7 in. The turmel and assoclated
equipment has been fully described in Refs 1.

Tor convenicnce of microwave tracking, the barrel was not
conneceted to the usual nozzle and test section.  The microwave acrial
block (Fig. A(b)) which fitted into the barrcl in place of the nozzle
had a hollow tube of diameter 0+087 in. to simulate an cquivalent nozzle.
5. Prediction of Conditions roquired for Bquilibrium Technique

A simple qualitative analysis may be applicd to predict the
required variation of parameters to give thc equilibrium piston mode of
operation.

The peak pressure generated in a gun tumel is caused by
bringing the piston to rest. Tt depends on the kinetic energy of the
piston and may be written as

. m W
pw.__.,-—— LA (1)
A 2

The experimental measurements of Section 5.2 have been

correlated on a basis of m = -—-- and (1) may be written in terms
P, A
of m such that
P p, P v
S A - eee (2)
Po Py by 2

For/



For a uniform shock tube with Ay = 1, the Mach number s
may be calculated in terms of the driving pressure and the pressure in region (3):=

1 - ., -
TR N A
,[)J}.,yd L —
1
ice. P43 = [1+p4y43-’£5 ]’ ‘40 000(5)

Using equations (4) and (5) together with the relationship

Pe, = Po * D5y eed(6)
then b, Ty be evaluated in terms of' I .
: 1
1 NA - 1
S G R G P S )
Cly [a, / - \ Ya +1 / £} MF /.
()
1
and bl’;s = [‘Cj_ (1+a1 P ))P ] ace (8)

Thus we have expressions for p1 and piz  in terms of the
primary shock liach number M_. Substituting (7) and (8) into
equation (5) and then evaluating (6) we have the required result, p
; o / ; 3 Y e
in terms of M_. By a similar manipulation P, mey be obtained in
terms of either i Or Toi e ’

Le2 Effect on stagnation pressure o’ an arca change at
B AL I A o e e S Ak e R e
diaphragm position

the

-

)
Tt has been shown” that for a given value of 1., stronger
shocks may be generated if the cross-sectional area of the driver
- ! x .
chanbver \A4) is greater than that of the driven chamber (Aq).

The {ollowing caleulations have Leen carried out to show how
such an area change affects the stagnation pressure Py for a given
value of MS. The flow in shock tubes with area change has been studied

o, . . . .
by Alpher and White' " and will be merely outlined in this report. Sone

of the data used has been obtained from charts in Ref, b,

The equations of the flow are found to be

1 .
_ ~ o
Luys 5.1 Pa
g p41 = P21 \‘ 1 - e » Uni (g) ' “t ooo(9)
a‘“:l
1 1
s -
r 1 + ,(:2 Va I“i?7 "'12/”‘ -1+ /_7‘ Ya I‘i* - "J(‘
where g = - | e e . .o e (10)
1+ [ Va4 M?;, _J 1+ 2 Yo Mg
The area change detcrmines the Mach numbers M, and My which
(04
As M* ~ 1 + /JL; VY. ?vl'{’i ,';ZN
sre given by ISR U eae(11)
Iy My L1+ fyaif

Note that if A,y » oo, My = O,
The/
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The function g has been cvaluated for a range of Mi, V2
and Iy in Ref's L.

Now for a uniform shock tube

Ve Tu Ty jary ,
Pea = Pra N ] ! . nao\12)

L— a4t d

Comparing this with equation (9) it may be noted that a shock “ube with
an area ratio Ay, pressure ratio p.s+  and sound speed ratio asz,
will generatc a shock of strength equal to that in a simple constant

If)
g
’

area shock tube with pressure ratioc geps1, sound speed ratio a41(g)
equal ys and equal Vi

The performance may then be determined directly in terms of
that of the equivalent constant areca shock tube. Data may be obtained
to plot curves of py1 vs MS or =i

For the University of Southaupton Gun Tunnel the area ratio

A = 8°78. It may be shown that the theoretical performance for such

an arca ratio is almost identical with that Tor a value of Ayq > o0,

If this is so then My = O and thc pressure ratio across the cxpansion

wave is gilven by the following expression
1

B <1 pes o= (14fyaiB )5 v (13)
1
e 1
/ 1 N 2’3. '[,;:-
5> s = ."“m) (1402 ya 5 Y7o oo (14)
(293 ,./))4 V..

Mso the velocity in region (3) is related to the Mach number
in rcgion (3) by

Us W
.I.\'f.{?.,,.ai.,j: e R v e e e NG e (1 5)
a4 (1 + Day.18 )2
Us 1/ b N
z\fé&&>‘$’1 - = (O»,4 {74 Y/L )Z {l - - ) ° LN (16)
\ .1 -+ [}4 y4 1‘\:3
Now Usse = Usi e Baae oo (17)

The particle vclocity behind the shock and the shock liach
number are given in terms of the shock pressure ratio by

Pra -1

a1 - e it R 500(18)
Vi (01 (capes+1)]Z

1
[ﬁi(1+c<ip'31)]2- o-o(19)

il

By using equations (1&)-(19) P:z  may be evaluated in terms
of Mg. Equations (4), (5) and (6) then give Po in terms of Ri_.
/i 5
Similarly Do, 1Ay be evaluated in terms of pyq

1r/



-8 -

If the piston has recached an equilibrium position and if the
frictional force on the piston is small then the pressure ahead of the
piston is equal to the pressurc Lehind and Pg, = Pg. -

4¢3 Results of calculations

Curves of P, ~vVersus p,, and versus MS are shown in

Figse 2 and 3 for driving and driver gas combinations of air:air,
helium:air and hydrogen:air. The cases of Ass - 0o and A = 1
have been considered.

The results show that if Ay = 1 then the ratio Pe, is

e

always less than unity under normal oporating conditions. However, if
Arg » w0, the ratio Pe. is greater than unity over a certain range of

M_, and the stagnation pressure may be as much as twice the driving
pressure if heliwa is used as the driving gas. ince the {inal
stagnation tempcraturc attained is largely determined by the strength of
the incident shock, Fig. 2 may be intervrcted as a qualitative prediction
of stagnation pressurc ratio versus stagnation temperalure for siven goses.
Using this interprctation it can be seen that air:air operation gives a
higher stagnation pressure for a given tewmperaturce in the range

1 < k_< 2, while helium oi'fers a considerable increase over air and a
small”incrcease over hydrogen in the range 2 < M < L. For MS > L

S
~
]

i
S

hydrogen gives higher ratios of P, * For all cases, a considcrable

increcase of stagnation pressure is obtained by using a brecech of large
cross~scetional area comparcd with the barrcl.

The gun tunnel on which measurencnts have been made has a
value of Ay of $°78. Theoretically this should give a performance
very clozsc to that for a valuc of fAir —» co. Some pressurc measurcments
dcscribed in Section 5.2 show that the stagnation pressure lies between
that given by theory with Aq = o and A4 = 1. The stagnation
temperature will be lower than theory bascd on Ay -» o since it has
been found that the primery shock strength is below that predicted by
theory1.

5. Experimental Investigation

5.1 Description of microwave technigquc for measuremcnts of
piston motion

. .6 . e
A microwave technique which had been devgloped previously in
the University of Southampton hypersonic sun tunncl’/ was used for this
latter set of measurenents.

This simplc form of microwave interferometcr consists
essentlially of a rcflcctor Klystron osclillator, ferroxcube isolator,
waveguide dircetional coupler, matching stub, coaxial transition and
monitoring crystal holdecr connected as shown in Fig. L. A radially
symmetric (Tios ) mode is established in the gun barrcl. The light
piston has a shim metalled {face, and the resultant of the refleceted signal
and inztantancous transmitted signal amplitude undcrgoes a maxiamum to
minimum change in voltage for a change in piston position of A/L
(where N is the wavelength measurcd in the barrel).

1t is convenicent to measure the tiuncs at which maxima, or minima,
occur and to rclatc thesc to succcssive displaccments of /2 made by
the piston. Thore is thercfore o continuous record of piston motion
which is independent of piston velocity. sorlicr nderowave measurcucnts

made,/
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made at R.R.E., Malvern%,on shock wave velocities compared the frequency
of the instantaneous transmilted and reflceted signals and deduced a
Doppler velocity relationship.  Becausc the piston motion in a gun
tunnel has two conditicns of zero velocity at which an accurate
knowledge of position is needed, a displacement measurcuent is to be
preflerred,

The resulting signals were displayed on a Tektronix 535 Oscilloscope
using an external triangular time base, coupled with a "ramp" generator
to provide a raster display having an equal "sweep" and "flyback" period.
The total time for each line was 2 m3, and O°5 mS markers (derived from a
1 me/s crystal standard) were superimposcd as blackout marks on the trace
(Fig. 5)« The total recorded time can be of order 32 mS.

The Klystron oscillator froguency used for these experiments
gave a A/2 in the 1:25 in, internzl diameter of the barrel, of 104 in.
The distance between the aerial face and the diaphragm station (iec., the
starting position of the piston) was 14/*5 in., from which the skirt
length of the piston was subtracted to give the available length for piston
travel.

It is more convenient when drawing the "s - t" diagram to
plot "number of fringes" as the independent variable rather than geometric
distance, and to dimension separately any particular length that is of
interest, such as "reunaining volune of' gas".

With the particular gun bavrrel dimension, and the only
available Klystron, the points at which the piston position are precisely
known Tor any glven btime, are at intervals ol 1°045 in., IDstimatecs can
be made between any successive signal maxima, but the signal amplitude
is not necessarily sinusoidally relatcd”.  Thus at piston revcrsals
some doubt of piston position may cxist il the actual rcversal point ocours
between two maxima, but since the dircction of piston motion can be
positively deduced, the uncertainty of piston position is within Lz
(i.e., in this instance within 0¢5 in, in 1145 in.). Lstimates of crror
in measurcmnent of piston position resulting from change of permittivity
due to presence of shock iraves, sugrest a positional error of 5. at
the conditions used in this investigation.

5.2 Piston trajectory and prossure-tinme history rcsults

Veasurements of stagnation pressure (using an S.L.M. P21k Transducer)
and piston velocity and position (using a microwave technigque) have becn
made to check the proposals of Scetions 2-4.  Barrel pressurcs were
measurcd with o transducer mounted in the side wall of the barrel Jjust
ahcad of the nozzle entrance. From these measurcments the equilibrium
pressure  p, and the ratio of pcak pressure ($)) to equilibrium pressure
were noted,  The piston velocity and position at any instant were oblained
as described in Section 5.1 simultancously wiih the pressure.

Fig. 6 shows an cxperimental s - t diagram of the piston motion
and is correslated with the pressure rccord for the same run. The o - %
dragram shows the piston acceleration, constant speed and deceleratlion.
Tor the run shown the piston comes to rest smoothly and with no overswing.
It then remains steady (except for a small movement impartcd by the
rarcfaction waves Ry and Ry ) for approximatcly 15 m.sco.  After this
time the wave Bs reaches the piston and causcs a large rcarward movemnent
accompanicd by a drop in slagnation precsure.®  Trom the records the mean

pressure/
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“The Tall in sbagnation prossurce uay be clininated by inserting a partial
blockage at the diaphrogm statiou. The compression € then passcs
through without dislurbance and no rellcected waves result.  However, the
partial blockage reduces the strength of the primary shock and the value
of b, ond hence T&, will be smaller Tfor a glven a1 .

. &
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pressure (Pe) during the lirst 20-25 m.scoc has been measured, after the
disturbancc¢ due to piston overswing has docaycd. The magnitude of the
pcak pressure attained during the shocl rclflection proccss has been noted.

A graph of P, V5« Dy is showm in I'ig., 7 and cowparcd with
the theorctically predicted equilibrium pressures calculated in Section k4.
This shows that over the range of p considercd (600 pes.i. < po < 3000 DeSeis),
the equilibrium pressure Pe 1is betieen 1°0 and 1°3 p. over the range
10 < 2 < 100, Comparison with the theorctical curves shows that the
equilibrium pressure p, is greater than that which would be expected
using a constant arca tA41 = 1) shock tube, but less than that for a
configuration with 4,4 - oo The diff:rcnce between theory and
expcriment is thought to be due to a combination of effects such as
imperfect diaphragm opening, shock attenuation and piston friction.

Some of the scatter of results is also probably due to
differcnces in diaphragn rupturing between runs.  An incomplete opening gives
an eflective restriction at the diaphragn station. Some of the
expansion from the driving gas is then duc 1o a steady cxpansion with
consequent loss of performance.

The measurements do show that slightly higher flow stagnation
temperaturcs may be cxpected duc to the higher stagnation pressure,
if the mode of operation outlined in this veport is used. They also
show that some advantage i1s to be gainecd if the ratio A1 is large,
although the incrcase is smaller than would be theoretically predicted.

licasurcments showing the ratio ﬁ/pC are shown in Tig. O.
Ixperiments have been performcd over a range of valucs of n(3°5gm < m < 15gm),
P and p:1. The results are presented showing ﬁ/be plotted against

e iy
o= _v,",) for cach value of £ e The piston mass has been

N\ pda
non-dimensionalized with respcet to p  such that motions with constant
valucs of my should be similar, sincc the deceleration is mainly
dependent on the value of pm .  For dilfcrent valucs of pg  the motions
for a given my will be different and p/pn will conuuquuntlj vary
(lower values of p.s  give hisgher p/pC for constant T =~ sce Scction 3).
Fig. 8 shows that for a given 4, /@ -> as 1y becomes small.
The value of m for which p/pC is lcss thun 105 may be cstimated for
a given valuc of i Ir p/bg is closc to unity then the piston has
been brought to rest smoothly and cquilibrium piston operation has been
achieved,

To achieve the low value of 1wy required for this either m
may be reduced or p  idncreased. A lowcr limit exists for the piston
mass, since sufficient rigidity must be retained to avoid toppling and
distortion. If m is incrcased then p; must also be increased to
maintain the same value of p 1 and hence stagnation temperature.

Thus an increase in driving pressurc affords the best means of achieving a
sufficicently low value of Ty . It mey be noted that a value of mw of
order 107% is required to make 3P/p, less than 1:05.

Some simultaneous piston trajectories and pressure-time records
are given in fig. 9. These are for three values of Wy, giving large
piston overswing to no ;iston overswing. It should be noted that these
diagrams show only the portion of the s =+ and p - + diagran during
and immediately after the shock reflection process.

Some typical records of barrel pressure frow 4-29 nS arc shown
in Fig. 10,  Traccs (a) and (b) arc for valucs of W of 6475 x 107°
and 3°75 x 107*  respcetively.  For thesc values there is a large

piston/
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piston overswing and hence high veak pressures. Traces (c) and (d) are
for the same value of p; (2465 p.s.i.) but (c) has a value of Iy of
0:7h x 100"  giving no piston overswing. TFor this condition the peak
pressure is approximotely equal to the equilibrium pressure.

6.  Concluding Remarks

The investigation reported shows that by choice of piston mass
and barrel pressure it is possible to eliminate the peal pressurc which
occurs using air as the driving gas in the hypersonic gun tunncl. Ir
this mode of operation is used, microwave piston tracking has shown that
the piston is brought smoothly to rest without overswing.

If the peak pressure is eliminated, the stagnation region of
the gun tunncl is subjected to peak condlitions no greater than the steady
stagnation conditions., The problem of considerable overshoot in pressure
and temperature led to the abandonment of the gun tunnel (with piston)’q.
The conditions required to produce high stagnation temperatures and
pressures were such that the pesk conditions generated during the
compression resulted in damage To the stagnation region of the tunnel and
contamination of the test gas. The elimination of overswing conditions
should permit an incrcase in the maximum attainable stagnation conditions.,

Although the equilibrium piston technique imposes less severe
conditions during the piston deceleration, the piston acceleration becomes
greater since lighter pistons are required, Thus the problem of pilston
destruction during deceleration is less severe, but for very light pistons
fallure may occur due to the high initial acccleration loading,

If Ay = 1, then in general the stagnation pressure will
be less than the driving pressure. For A.y large, then calculations
show that inmediately after the piston is brought to rest, the stagnation
pressure may be up to 2p;  if helium is used as the driving gas, and
1°3p,  1f air is used. This considerable increase in stagnation pressure
(which experiment conlirms) should give a slight increase in stagnation
temperature, and thereforc result in a worthwhile overall increase in
performance.

The mechanism of the motion shows that the piston is brouzht to
rest smoothly by the shock reflection process.  The shock caused by the
piston deceleration travels rearwards towards the diaphragm and is
reflected as an cxpansion wave which interacts with the piston and limits
the running time (for the U. of S. tunnel using air as the driving gas
this is approximately 20 ms

The main limitation on running time with A4 > 1 is due to
the interaction of the compression Ci reflected from the diaphragm
station, with the piston. This produccs a large drop in stagnation
pressure. A lurther increase of running time is therefore possible with
a constant area tube (L4 = 1), since only a very weak wave will return
from the diaphragm station as a result of blockage. With no blockage,
no wave will be reflected other than [rom the furthermost end of the
driver chamber,

The expansion waves from the piston acccleration R, and from
the expansion moving into the driving gas "y also interact with the
piston and cause small changes in the stagnation pressure during the
proposed running time.

From Figs. 9(a) and 9(c) it con be seen that somc 3=l mS

of steady stagnation conditions can be gained initially by eliminating the
piston oscillation.

Using/
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Using the mode of operation suggested in this report the flow
in a gun tunnel is a;nost equivalent to that in the equilibrium contact
surface shock tunnel’ Certain advantages arc to be expected using a
piston since this will avoid mixing of hot and cold gas at the interface
and prevent the accelcration of the contact surface. The piston also
prevents contamination of the driving gas and forms a seal which enables an
expensive driving gas to be reclaimed. The shock reflection compression
process is slightly different, in that the reflection of a shock [from a '
solid surface differs from the reflection [rom a contact surface. It
would be expected for the gun tunnel that the equilibrium pressure p
would be achieved more rapidly since the initial shock reflections
would be strongcer.

The measurements so far reported have considered only alr as
a driving gas. This means that possible stagnation temperatures will
not be greater than 2,000°K. Somc recent measurenments? have shown that
for a stagnation tcmpvrature of 1,600°K a fall in temperaturc of
approxinately 200°K is encounﬁered during a run of 25 mS. Maximum
pressures so far uscd have been p = 3,000 p.s.i.

Further experiments are requircd to determine whether the use
of helium or hydrogen rcsult in the higher stanation pressurcs and
temperatures theoretically predicted. It is also uncertain il i+t
will be possible to use the equilibrium piston technique to avoid high
pcak pressures when using different driving ;ascs. Considerable
development ol piston design is required il it is to withstand the
tomperatures which should be encountercd with light driving gases.
Piston strength probleno'gggki;aqggﬁgkz limie thu use ol a gun tunnel ‘o .
air operation only. Ixpcriments arve requircd to investigatc this. At
present very little work has been carried out at pressurcs grcater than
pa = 4,000 pes.i. Ixperiments at higher valucs of p;  would be
xtremely useful.
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7. List of Symbols

a speed of sound | a,., = -~ |
ij /
a.
d
m piston mass
il
— . : . \
My non-dimensional piston mass | = &_“_,)
\ joi Ai
/ m \ :
m, non~dimensional piston mass R

s Ay

y P, .
P static pressure K pi: = ~k
J

./

P peak pressur: generated during shock reflection
i ui\\
u low vclocity u, . = --
R
J

v/



[

e

1}

N

Iy

v piston velocity
A,
A . " . -3 // A 1 \
A cross=scetional arca | AL . = -
Nt A /
Jd
M Mach number
M shock Mach number
2
y+1
ot S
y=1 .
y=1
V? ——— —re
2y
% ratio of specific heats
0 density.

The notation of sufiices is shown in Fig. 1.

[P

Referencas

Author(s) Title, cte.
L. A Zast The performance and opsration of the

University of sSouthampton hypcrsonic
gun tunncl.

U.3.A.A, Report Mo.135.

August, 1960,

Geo L. llerritt Velocity measurcnents in the University
of Southanpton hypersonic gun tunnels.
A NL3.U. Report Noo172.
April, 15061,

iie J. Crocker A study of the rdlc of heat transfer
to the barrcl of the University of
Southampton hypcrsonic gun tunnel.
University of Southampton B.Sc.(Dng.)
Thesis., lay, 1961.

R. A. Alpher Tlow in shock tubcs with arca change at

and the diaphragm scction.

lie Ro White J. Fluid lechanics, Vol.3, Fcbruary, 1958.
——— Handbook of Supersonic Aerodyna.ics.

(Section 10 - shock tubcs)
NAVORD Reoport 1408, Vol.06,
Deccmber, 1959,

L. Pennceleogion A microwave method of determining the
displacencnt and vclocity of a piston
in a hypecrsonic gun tunnel.
Uature {London) 183, 246, 24th January, 1959,

7/



-l -

No.  Author(s) Title, cto.
7 L. Pennelegion Insbrumcntation of the University of

Southampton hypersonic gun tunncl.
University of Southampton Ph.,D. Thesis.
hay, 1959.

8 J. S. Hey, A radio method of determining the
J. T+ Pinson velocity of a shock wave.
and Mature (London) 179, 118k,
P. G. Smith 8th Junc, 1957.
9 G. Fe Cawscy, Obscrvations of detonation in solid
J. L. Farrands explosives by nicrowave interferometry.
and Proc. Roy. Soc., Vol.2,8, 1958,
3. Thomas
10 D. W. Holder Un the flow in a reflcetcd-shock tunncl.
and .[L.PLnC! B.Q ‘{’: 11.3:365.
D. L. Schultz Lusust, 1500,
11 A. J. Lggers Discussion of papcrs by K. N, C. Bray ct al

and R. N, Cox.

Proc. Colston Roscarch Socicty.
University of Bristol.
Butterworth (London) 1959.

— e awan x mred



--r-
>
f
o
E
-
[}
2 4|
=
c
- |
(4 4
5 .
h
P¢ P

A

@
Y

T
\/U

o'®

Distance — s

Sketch of wave diagram showing notation.




3-0 [ |
Av
Al
LY S
Ay
2°0
P¢4
I-0
AN
N\ Air: Air
o L, |
l 2- 3 4 5 6 7 8 9

Shock Mach N2 Ms

Variation of equilibrium pressure with primary shock Mach N9.




3-0
Ay
— e — OO
|
_— f_‘! - |
A
2‘0 /Q\
Pe 4
10
0
i 10 100 1000

10000
Diaphragm pressure ratio p,,

Variation of equilibrium pressure with diaphragm pressure ratio p,,




FIG.4

(o) Electronic equipment connections.

535 :
Tektronix 53 Trigger derived from
et . N
@ diaphragm pricker
Ram
Triangular time base
AN YW | Passive jrv|Square wave
Add T-*{integrator] ] generator
Tuning '
mete NANIN
@ Waveguide bench
Coaxial
— transition
Ferrox i - Tuning
Directional
coupler Part of gun barrel
zcﬂcctor
lystron Delayed
trigqer o —
Tektronix 5
@ R Acrial block Piston
Passive | _[Cintel
° - tilter calibry PZi4
(b) Aerial block
Aerial lead-in ////ﬁ
Perspex
Araldite

Thin walled
cupro-nickel tube /
araldited in position

Arrangement of electronic equipment.




e

[

OSCILLOGRAM

28mS

Time —

2ms — ]

T

EXPLANATION

Backward movement

i

———

e
Stationary

Very slowly torwards

Slowing down
————

Constant velocity

Piston start > —

<« Time ——p

Recorded piston motion trace.




"ol d

50 ' 30
=1275 p.s.
Py p-s.I .
p' = 85 p.s.i
m =074 1o *
201 20—
(]
=4
[
o
v
o
2
E
e
L4
£
- 10}— 10—
1 ! 1 1 i L
0 20 40 60 80 100 . 0-3 A
s = distance (number of u-wave tringes) (1 fringe =1-045) Pressure p/p

Complete piston trajectory and pressure-time diagram for equilibrium piston operation.




FIG.?7

2-0
Thcory(A4/A'—"co)
P¢4
o
o o]
8 A
'I’hcory(A4 IA = l)
Piston
mass
+ | 3-5 gm
X |40 gm
A ]| 535 gm
o] 90 gm
a |i5-0 gm
|
] | ] ] | | 1
0 i 2 3 4 2 35 6 7

P|4 X IO—

Variation of equilibrium pressure with diaphragm pressure
ratio (experiment and theory)




FIG.8

3-0

| <|
o 0<p4l 5
+ 25<p4|<30 J-S5gm<m<I5gm.

x 70<p, <100 A =122 in?

7
+
e x
ol o v -
5 +” x_ 7 x
) ° ‘l"; - Qx -~
’ )
) \ + AV A4
P Q‘/ + 1°/
N - s

.‘Ol'o>

- A
Range of m, required so that p < I'OSp‘

| 1 | i
0 | 2 3 4

Non-dimensional piston mass

: 1l(x 109

P A

!
3
m

Ratio of peak pressure to equilibrium pressure (nriation

with non-dimensional piston mass m., for several wvalues

ot »,,)




FIG.9

7> Piston trajectory s—t diagram. Pressure record p-t diagram.
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