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SUMMARY

This note is intended as a bricf report on progress made
with the Southampton University hypersonic gun tunncl dwring the first
six months since it became operational. It inecludes a description of
the mechanical construction of the tunnel and the instrumentation that
has been developed for it, together with some preliminary measurements
designcd to test the steadiness and uniformity of the flow. Specialised
reports dealing with thesc subjects in detail will be issued at a later
date.

1e  Introduction

The "light gas hypersonic gun tunnel" is a devclopment of
the conventional shock tube giving a comparatively long running time for
aeredynamic testing purposes. Its mode of operation has been fully
desoribed by cother authors (Ref.1) and will only be outlincd here. TFig.l
shows the principal componcnts. A vesscl (1) containing gas at high
pressurc is initially separated from the main tube or gun barrcl (2)
at a lower pressurc by a metal diaphragm (3) and 2 light piston ()
When the diaphragm is ruptured the piston is driven down the barrel and
a strong shock Jave forms ahead of it. The shoclk wave is roeflected
several times between the end of the barrcl and the piston bel'ore the
latter is finally brought to rest, and so the slug of air ahead of it
is heated and compressed in a non-iscntropic mamnner, This heatcd air
breaks a second diaphragm (5) and acccleratecs from rest through a
convergent—divergent nozzle (6) into the test scction (7) and finally
passes into a larse evacuated vessel (9) via o diffuser (8).

Calculations of thc performance of a typical gun tunncl have
been reported in Ref.2, in which allowance for rcal gas c{fccts has been
madce These calculations show that hypersonic flows with durations of
several tenths of a sccond and with stagnetion temperaturcs reaching
several thousand degrees Kelvin may be expcctod.

The reason why the running time of the gun tunnel may be many
times greater than that of the shock tube is simply that the usc of a
piston enables the processes of shock compression and expansion through
the nozzle to be effcctively scparstcd. The viston, backed by the gas
in the high pressure vessel, drives all the heated air out through the
nozzle and the running timc mey be incrcascéd simply by rodueing tho
throat size, until a 1init is sct by the melting of the throat. In the
conventional shock tube, on the other hand, the running timc eannot be
greater thon the time between the arrival of the shoecl: wave and the
arrival of the nsontact surface at the nozzle cntrance, however small
the nozzlc is made.
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2 Mechanical Construction

The general arrangenent of the tunnel and associated
equipment is shown in I'ige.2. The high wressure vessel and barrel run
on a light railway for ease of dismantling to replace the piston and
diaphrogms. The railway rests on a concrete plinth which also supports
the working section and the schliercn equipment, while the vacuum vessel
is set in a hole in the floor.

2.1 High pressure vessel (Fig-i)

This is & 5 £4 long section ef a 347 ine gun barrel, One end
is closed with 2 screwed blanking plug, and the other contains an
adaptor which reduces the bore to 1.25 in. and also grips the diaphragne
The diaphragm is burst by means of an electrically eperated "pricker".

2.2 Barrel (Fig.l) '

A 10 ft long gun forging with o smooth bore 1,25 in. in diameter,
the barrel is coupled to the diaphragm cnd of the high pressure vessel by
means of a large nut. A section at the othoer ond of the barrel is
detachable and contains various cntry ports for instrumentation. Another
nut joins this section to tne nozzle.

Made in three sections, this has a conical contraction, a
cylindrical throat 0.040 ine in diameter, a conical expansion with an
over-all expansion angle of L degrees, and an exit diametcr of 2 in.

The +hroat section is made from copper and the other tw: parts are steel.

2.4 Test scetion

e -

The nozzle exhausts into a 14 in. x J in. x % ine. box of welded
o~nstruction from U-section stcel. The removable side plates c*ntain 6 in,
diameter schlieren windows. A diffuser is fitted at the downstrcam end of
the test section through which the hypersonic jet enters the vacuus vesscl.

2¢5 Vacuum vesscl

A 6 ine. dlameter pipe from the test scetion lecads into 2 steel
vesscl of 70 cu £t capecity, which is cvacuated by an Bdwards rotary pump
(Type GKS 27, displaccment 27 ocu f£t/min).

A7

2.6 Gas supply

The tunncl is ot prescnt being run from bottles of commercial
compressad aire A 3500 pes.ie air compressor is being set up for this
purpose, and it is planncd alco Yo run the tuanel from bottled helium or
hydrogen.

3 Measuremcnts Required o Deterrdnc the State of the Test Gas

CiLi

Threce cascs may be considercd:

(1) Isentropic flow, ges in thermodynamic couilibrium. - Here two
moasurcments are surficiont to determine the statc of the gas, and a third
suitable measuremcnt can give its velocity. As the expansion nrocess is
isentropic the two state measuremenis mey be wade cither upstream of the
nozzlc or in the test scction.

1t/
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If the additional assumption is made that the flow properties
are constant throughout the run, then the following measurcments suffice
to determine the Flow:

(a) reservoir pressurc (in the end section of the barrel ahead of
the nozzle);

(b) pitot pressure (in thc test section);
(¢) running time (from pitot pressure).

Knowing the reservoir pressure and the mass of gas heated, the
running time gives a mean reservoir (stagnation) temperature. The pitot
pressure and the shock wave equations then determine the flow Mach number
and the isentropic relations give an eff'ective nozzlc area ratio, so that
the state of the gas in the test section may bc determined,

If onc other measurement can be made, either in the reservoir
ahead of the nozzle or in the test section, then the rather suspeot
ruming time calculation may be checked. This may be denc, for example,
eithcr by direct measurement of the reservoir temperature or by obscrvation
of the gas vclocity.

The above conclusions arc not, of course, altered by equilibrium
real gas effeetss Calculations will be much more tedious if tabulated gas
properties are used instead of the ideal gas equation of state with
y = constant, but the number of measurements required to solve the problem
will be the sanmea

(ii) Non-adisbatic flow, gas in thermedynamic equilibrium.- In this
case measurements in the reservolr are no help as they cannot be related
to test conditions, so all taree requircd quantitizs must be measured in
the test section. For example, the pitot pressure, static pressure and
gas velocity are sufficicnt.

(1ii) Neon~equilibrium flowe - This may occur either as a result of rapid
expansion of the gas through the nozzle, or from rapid compression through
a strong shock wave in rront of a body. In either case one additional
messurement is required in the region of interest {or each molecular degree
of freedom that is out of equilibrium, It appears extremely diffiocult to
make sufficicntly accurate measurements to deduce the state of cquilibrium
of the gas from thcrmodynamic quantities. A more hopeful approach scems
to be to use an absorbtion technigue as a dircet msasure of the density of
the particles in question.

Work is under way or plamned to measure the following quantitics:
(a) reservoir pressure;
(b) reservoir temperaturc;
(c¢) piston velocity (giving reservoir Censity);
(a) pitot pressure;
(e) static pressure;
(f) gas velocitye
These measurcments should be sufficient to check whether the flow

through the nozzle is iscntropic, but they will probably not be accurate
enough to determine the equilibrium state of the gas as well,

ho/



-5 -

Ly Instrumentation for the Tunnel

The policy of instrumcntation has bcen to investigate the main
parameters in the gun tunnel and to record them simultancously where
possible,

We have therefore boen mainly eoncerncd with measuring statio
levels and low frequeney variations, consistent with the freguency response
of the multi~channel photographic recorder®.

Certain parameters have alse been studied individually {or high
frequency behaviour and the results displayed on a large bandwidth
escilloscope.

It was envisaged at the outset that it would be better to
investigate scveral paramcters simultaneously in o simple manner rather
than to devete a lerge amount of research time to measuring one paramcter
accuratcly. This has cnabled us to gain experience in several techmiaucs
which can luter be extonded for more detailsd studics.

l+1 Pressurc transduccrs

All pressurc measurements have been mede with the S.L.M. quartdz
orystal pressurc gaugcse. They hove been found o be satisfactorys. Because
of their high insulation resistance (10" ohms) it is possible to measure
static pressure levels; this, however, can only be donc if an electromcter
valve is used to isolate the gauge charge from the display instrument.

The S5.Lele Plezo—Calibrator Unit serves this function and delivers an
outvut v-ltage of order 0.5 volts at 1% ohus impcdance for connection

to other equipment. It further provides a convenicnt pressure scnsitivity
control, simvly by selection of input capacitor to the electrometer valve.

We have uced the following typos of S.L.d. plezo gauge:i-

Type  Pressurc Range Natural Frequency ; Scnsitivity =~ Dimensions
' peSele gauge cycles/sec, 'puCbe/Peseis (ins.)

% Diams Length

PZ 65 1o - 4,000 . 500 x 1CP 0.6 0,25 0456
PZ 1k . 1 = 2,100 18 x 10° 1D 0,625  2.25

5
+

" PZ 60 © 0,05 -~ 85 ! 7 x 1 . 128 2435 24442
The miniature PZ 635 gauge has been fitted behind a pltot tube
in the working scotion to measure pitot precsurce In the most sensitive
condition of thc Piezn Culibrator unit, th. voltage output is = 0.5 m.V.
£0r ] PeSeie pitot pressurc. This is fed into a D.C. amplificr having a
voltage gain of 400 and an output impcdancc of 209 Q to fecd the moving
coil galvanomcters ol the photographic rcecorder, The F.Z. 60 has also
been uscd for measurcment cf pitot pressurcs and provides 60 m.V. for
1 Peseils pitot pressurc. Unfortunaccly it is large and can only be

connectcd/
* Type =~ Heiland 708 - 2k,
Bricl description ~ 16 chaanel photographie recorder (8 - 150 cycle/scea
galvanometers).
Kindly lcnt by -~ R.A.D., Farnborough, :lants.
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c?nneoted to the pitot tube by a length of capillary tubing. Thus a

hlgher v91tage output is gaincd at the expense of freaquency response,

which, with the capillary tubing, is approximately 200 cycles/sec,
The P.Z. 1L gauge has becn used for barrel pressurcse

4.2 Piston displaccument and velocity measurement by microwaves

We wished to study the effect of piston mass and shape upon
the flow steadiness and length of running time of the gun tunnel, For
this purpose a microwave technique is being developed., This technique
regords the gun barrel as a resonant microwave cavity, and the travelling
piston as a tuning plunger moving in the cavity. A brass face is fixed
to the nylon piston or the purposes of these measurements (see Figeb).
The standing wave field is monitored by a crystal diode detector, and
it is observed that whenever the piston passes through a half-wavelength
station the standing wave field is disturbed in a cyclic manner (Fig.?)-
The crystal diode output voltage is 2 varying D.C. level, the time between
successive crests corresponding to the time taken for the piston te travel
through lg/? (where Kg is the wave-length of the wave system set up in

the barrel). Thus not only displacements can be measured, but also the
average velocity of the piston between any xﬁ/z stations.
O

In the Southampton University gun tunnel the barrel is cnergised
by a low power reflector klystron* operating in the 3 cm. commercial band
(see Appendix I),

A simple hg/h aerial is used at the nozzle end of the barrel,

consisting of a copper ring or cress supported in a nylon pluge Because
of the high pressure involved, coupling the microwave energy into the gun
barrel is very difficult and invelves a considerable loss of power. We have
now develcped a satisfactory coupling which has been tested to 4,500 pesei.

The output voltage from the silicon crystal diode is normally
displayed on a Solartron C.D. 513 oscilloscope and photogravhcd on 35 mm. film,

An oscillogram is shown (Fige7) of the variaticn in crystal
dicde voltage during a typical run. taken 4.0 mSces after the diaphragm
was ruptured. Analysis of this (Fig.8) indicates that the oiston is
increasing in velocity from 1,445 ft/sec to 1,490 £t/scc over a barrel
length of 3402 ine during a time interval of 170u Scos. This reguires an
acceleration of order 265,000 ft/sec® . The maximum piston velocity so far
observed has been 1,700 ft/scc. Velocities and displacements have been
measured throughout the entirc period of the piston motion.

The Tektronix Oscilloscope used in this instance was kindly lent
by Aerodynamics Division, N,F.L.

Since the vrimary measurement is one of piston displacement
along the barrel from starting position, it should be possible to calculate
the stagnation density of the gas at any time during the flow., This may
be done by estimation of the rate of mass [low turough the throat, since
the initial mass contained in the barrcl is kmown.

We are developing a "raster" type of C.R.T. display which will
enable the whole run to be rccordcd, yct have an individual time-~base
sufficiently short in duration to enablc accuratc piston veloecity variations

to be determined.
Le3/

- am W S e e we e ems e e B A e W e e Me e mm e Se e em W e e Gm MM e wm we e e e e e

* Kindly loaned by A.S.R.B., Cosham, Hants,
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Le3 Temperaturc measurcment

) It is intended to mcasurc the temperaturc of the heated gas
in the barrel by an optical mcthod. The mcthod uscd is the sodium line
€evcrs3l technique as applicd to the shock tubce by Gaydon and Glass
Refe3)s

Two quartz windows have been installed in the detachable
scetion of the barrcl (sec Figes). A 13-stage photomultiplicr tube
(type E.M.I. 9502 B) has becen tested in conjunction with a Tungsten
"Point=o—-litce" lamp and transmission filters to isolate a bandwidth of
80 A° in thec rcgion of the sodium D lincs. Absorbtion effects have
becn readily observable through the flame of a Mcca burner,

The mcthod is a null-point ene, and as such meanc that the
measuremcnt obteined is that of the time during the run at which the
temperaturce of the heatcd gas is equal to the temperature of the background
source used. In order to obtain & temperaturc-time history of the heated
gas a scrics of runs using constant initial conditions must be performed.

Preliminary runs have indicated that the method is suitable for
rescrvoir temperature measurcuents in the hypersonic gun. At prescnt the
sodium is introduccd into the working gas by denositing sodium chloride
crystals in the barrel beforc 2 rune

Lo Schlicren systen

The schlicren system used to date has been a conventional
singlc pass, twin mirror installation, using a spark discharge light
sourcc. Owing to limitations of space, the opticul axis has bcen "bent"
on eithor side f the working scotions This has nccessitatcd the use of
two optically flat planc mirr-rs, which has rcduced the amount of light
available for photography.

The concave mirrors arc of 6 ft focal length, and the inage
lens 17" focal length, giving an imege approximatcly 3605 times smaller
than the objcct under examination. The image of the spurk gap is focussed
onto a rectangular slit approxwmately 0,75 mue by b mr.  The spoark gap
utilises steccl cleetrodes and is triggercd by a third clectrode as
described in Section L,§he5e. t is partially constrained by means of
a paxolin channcl surrounding the cleotrodes. The duration £ the spark
is aprroximatcly 24 sccse

It has been found from prcliminary photographs that the system
has inadequatc sensitivity for the low densitics under consideration.
Only scvere density gradicnts, il.c. through a cshock, heve been noticcd.
The edges of the hypersonic Jjet have not been obscrved.

It is intcnded to use a longer fecal length mizror end an
improved light sourcc of shorter duration and increased brightness in

order to imprave the overall scnsitivity of the systom.

4.5 Dclay gencrator for schlicren spark

This permits photography of the flew by means ol the spark at
any timc during the run.

The delay gencrator is a conventionel phantastron sguare wave
generator utilising a variablo duration sguarc winVee This wave is
differcntiated sharply, and the lreiling cdge "pip" arranged to fire
a thyratron. This discharges a LuFd  condenser (charged at 250 V)
through thc primary of a car ignition coil, the high voltage output
of which is connccted to the trigger clecctrode of the spark gap systems

The/
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The discharge pulsc of the spark is too rapid to bc monitored
on the recorder, so the phantastron pulsc is brought out to the recorder
for this purposc, encbling the duration of the delay to be obscrved.
(Sce Fige13)s The actual moment of spark firing is coincident in time
with the trailing edge of the phantastron square wave. At prescnt the
phantastron is triggered from o voltage stecp csuscd by a breaking wire
in the mouth of the jet exit in the working scetion,

Lo6 High voltage sucply for spark

A 10 K.V. remes. transformer sccondary feeds a conventional
half-wave rectificr circuit. The mains input to the transformer is
controllcd by a Variac, this providing a convenient fine adjustment to
the high voltage output and hcnee to the brightness of the schlieren
sparke

4e7 Diephragm "pricker"

Becausce cf the necd to make several simultancous measurcments
on a multichannel photorccorder, it was considered impracticable and
wasteful of film to start the recorder running and then rely on natural
bursting pressurc.

A spring loaded "pricker" has thercfore buen developed
(sece Fig.}). The spring is compresscd manually, prior to inserting the
first diaphragm, and rctained in compression by & light pawle This pawl
is then released by & solecnoide.

The prickcr has been deliberately made long se that the spring
and solenoid assembly can be mounted as fer bLack from the constriction as
possible, thereby avoiding blockage. It was found that a conically
pointed pricker tended to scal itsclf in its puncturc hole. Howcver, since
using a wcdge-shaped profile, diaphragm sealing has not occurrcd.

Early tests made at atmospheric pressurc in the brecch indicated
that the pricker had sufficicnt force to puncturc diaphragms suitablc for
1000 pes.i., yet when the brecch wos pressuriscd to 1000 p.seie the
diaphragms failed to burst. It was concluded that this was because of
the incrcased air density slowing dovm the ram and accordingly the
bolt-ram casing was liberally vented with holus. Since this was donc
the diaphragns have burst cleanly cvery timc and it has been found
possiblc to pressurise at 20% below the natural bursting pressure and still
adequately burst the diaphragm with the pricker. However, in order to
obtain good petalling, it was Tound neccssary to burst at 5.4 bclow the
natural bursting pressurec.

4.8 "Pricker" triggcr

It was realised that this clectro-mcchanical pricker would be
inhercently irregular in timce of operation. This ruled out using the
pricker firing voltagc step as a masver trigger. Clcarly the best trigger
wrnuld bec that occurring at the instant of diaphragm burst,

The prickcr has thercefore beon electrically insulatced from the
gun (the gun being at carth potential) and rlaccd &t +24 volts. The only
rcason for this potential is that the solenoid operating voltege is
2l volts and comes into the brecch via & pressure=ticht conncction and
hunee is immediately availablce When the rcleascd pricker impinges on
the netel diaphragm there is a momentary short circuit which disappears
as the diaphragm petals oven. To safeguard the accumulator sunply a
2 volt, 36 watt bulb is included in the circuit, which, whon cold, has
negligible resistance.

The/
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The pricker voltage has been monitorcd on the multi-channcl
recorder (scc Fige13) and som¢ interesting cvents may be observed:-

(j) It provides a measure of thc opcrational time of the pricker
system and shows that at a brecch pressure of 1010 1b/in® it varies
from 50 4o 80 milliseconds for individual runs.

(ii) The actual shorting pulse may be seen on the record, and
appears to be of the order of 1 millisccond duration, though this nmay
conceivably be a result of the galvanomctor frcquency rcsponsce However,
no mattcr what the duration of this pulse is, its leading edge may be
utilised to opcrate a fast speed trigger valve, this then scrving as
a mastcr trigger.

(1i1) That thc petalling of the diapnragm can oscillatc to and fro
due to the reflected wave system and in sweeping past the pricker
complctes the cireuit. An oscillation at a frcquency of about 30 cycles/sec
mey be discerncd corrcsponding to the acoustic resonance in the barrcl
(sce Scetion 5,%85.2).

49 Future measurcncnts

Gas velocity:~ by photographing a spark disturbancc propagatcd downstroeame
We plan to devclor this in & smoll shock Gubc.

Tempcraturc:- in high pressure vessel, harrscl and working section by means
of resistance thermomcters and thermocouplese.

Shock specd:~ by inserting a pair of resistance film thermometers in the
barrel at the nozzle end, we hope to detect and measurc thc shock speed
for its scveral reflcctions.

Picton velocity check:- Two foil strain gauges "Araldéited" onto the
barrel, wircd into a D.C. bridge circuit and dotecting change in
circunferential strain duc to passage of siston past that point.

Acrodynamic forces:- For various bodies we plan to measurc the acrodynamic
1ift and drag forces. e will 4ry to do this by mcans of strain gauges
mounted on the sting support.

5¢  IExperincntal Results

The results reportcd in this paper arc preliminary findings from
the first fow months of operation of the gun turncl. A1l measurcments have
been madc using air at e driving pressure of 1010 1b/in® and barrcl pressurc
of 1 atmospvhere. Honce the stagnation temperaturc has been only of the
order of 1000°K. The dump chanber has been cvacuated to 1/10 m.a. of Hge

The area ratio of the conical nozzle was designed to producc a
Mach number of apvroximetely 10 at its exit, allowance buing made for the
finite wall boundary laycr.

5«1 Diaphragms

The high pressure vesscl of the gun is separatcd from the barrcl
by a mctal diaphragm. Both amnealed coppor and purc aluminium have been
useds Tests have beun carricd out te determine the bursting pressurcs and
node »T rupture of various tnickncsses of matcrial, and to test the
suitability of the spring lowded pricker as o means of initiating rupture.

A simrle theory was uscd to predict bursting pressure (sce
Appendix II) and checked agninst cxperimental data. The results of
diaphragai bursting rcsts arce shown in Fig.9.

In/
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In order to firc the gun, diaphragms arc ruptured by means

of & spring loaded stcel pricker (sce ¥ig.3)e It has been Tound that
good petalling has been obtaincd with diaphragms ruptured by this method,
if they have bien subjected to pressurcs 5/ celow the natural bursting
pressure prior to rupturing. 5% is the minimum ellowance that can be
made since this must cover the cxpeccted scatter duc to slight variations
in material propcrtics. Examplcs of diaphragms burst naturally and with
the spring loaded pricker arc shown in Fig.10.

The second diaphragm separating the barrel f'rom the dump
chamber was originally placed at the nozzle cxit. Its purpose was to
delay flow establishment in the nozzle until stezdy conditions had bcen
achicved in the barrels. The delay between the gun firing and flow
establishment could be varied by changing the thickness of the diaphragnm.
This sheme wes abandoncd since the temperaturc decay in reservoir
conditions is appreciable during the delsy and the hottest portion of
the rumning time is lost. At present the barrcl is scparated from the
dump chamber by a picce of "Scllotape" at the contraction end of +the
nozzle. This has boen found to withstand a pressure differcential of
1 atmospherc. Using this system the flow is establishcd soon after the
piston reaches the nozzle cnd of the barrcl on its first cxcursion. It
has been found thet the "Scllotape" is vaporized by the high temperature
working gas and the nozzle thercfore remains unobstructed during the run.

5.2 Pressure measurcments in barrcl

The pressure in the barrcl during the run has been measurcd
using an S.L.4. P.Z. 14, 0=2000 p.s.i. pressure transducer. The gauge
is screwcd into a hole in the barrcl situatcd 3" from the nozzle end, the
scnsing elcement of the gauge being rccesscd 1/16 in. from the inner wall.
The output is rccorded on the Heiland rccorders. The natural frequency
of the recorder galvanometers is 500 cyclcs/se « 50 that only fluctuations
up to this frequency may be linearly obscrveds A typical barrcl pressurs
rceord is shown in Fig.i1.

It is noted that during the run the barrel ovressurc trace consists
of approximately a squarc waveform on which is imposcd a decay. This
waveform can be attributed to an acoustic osecillation set up behind the
piston. ILvery time a wave is propagated in the barrcl tovards the dlayhragn
station it is reflected by the arce discontinuity as a wave of opposite signe
The pressurc transducer thus responds to o scrics of steps of alternate
sign, thercby producing the squarc waveform. The oscillation attonuntes to
10% of the mean pressure level after O.1 sces. The squere waveform is
modulated by further disturbanccs of smaller amplitude which nrobably arise
from a2 sccondary wave system rofleeted [rom the rear of the breech. The
measurcd frequency of the square waveform (30 eycles/sce) is in closc
agrecment with the predicted frequency of an acoustic wave travelling
in a pipe 10 feet long. The frequency in 2 »ipe closed at one <«nd is
given by

where ., is the wave velocity and £ is the length of the pipee.

It would appcer from these measurcments that the flow quantities
in the working section will be subjeot to similar eoscillations. However,
the magnitude attentuates so that after 0.1 sceond (for present conditions)
the oscillation in the working sectior pitot pressure, for cxamplc, will
be not greater than 10% of the mean levele
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A preliminary investigation has been rade into the shock
reflcotion process by means ef the PuZ.1k pressure transdueer, the
result being recorded or 2 C.R.0. Results have shown that twe sheok
rcflcetions oceur, i.ce one ref'lection from the clesed end of the barrel
and one from the face of the piston., The inecident shock pressure ratio
has becn found to be smaller than theoretically predicted from shoek tube
theory. This is probably duc to cxccssive piston fristion. However,
sucoccssive reflccted shock pressure ratios agrec closely with a
theorctical estimatc obtained from the measurcd value ef the incident
shock pressurc ratio. It is intcnded tm study the shook refleotion
precess in more detail for a series of diaphragm pressure ratdos and
to measure the peck pressures acting on the barrel.

543 Pressurc ncasurenents in the jet

Pressure mousurcnents in the open jot werking section have
been restristed to pitot nressure. Hypodermls tubcs (0.065" 0.D.,
0,04.3" I.D.) are attachcd to a double wedge scotion suppert pesitiencd
acress the jets Each tubc in turn is connected via flexible tubing to
the SaL.M. P.Z. 60, 0-30 pes.is. pressure transducers The length of
tubing is kept te 2 minimum in order to kecep the response time ef the
pressure measuring system as short as possible. The natural frequenocy
of the prescnt system is of the crder of 200 cycles/seo.

In order to record higher frequency components, the centre
hypodermic tube is ocnncetcd to an S.L.M. P.Z. 6 miniaturc prescurc
transducer mounted in the wedge support. The tube length in frent of
the gauge is thus muoh rcduccd and the frequency rcsponsc of the system
impr~ved. However, the tronsduccr is working at the lowest end of its
range, and tcgether with the fact thet it was found to be very temperature
sensitive, results sc far obtained from this sysicm have beon unreliable-
The outputs from both gauges are amplificd and rccorded for the duration
of the run on the Heiland reeorder. The systems arc statically calilrated
against o mercury monomcter.

Initial measurcuents were taken with the jet entering the dump
chamber through o large hole. Only onc pressurc channcl could be obtained
from each run owing to the fact thet only onc sct ef ancillery equipment
was availablc. By sclecting different channels for scparatc runs the pitot
pressurc distribution acress the jct vas obtained and the variation of the
distribution with time noteds. A typical rccord is shown in Fige12. An
oscillaticn of approximately 30 cycles/scc. is apverent in the recerd and
was Tound to be in phase with the oscillaticn in barrel pressurc. Thus,
as weuld be cxpsoved, the fluctuatizns in rescrvoir conditions are
transmitted through the nozzle to the worlding sceotion.

In general, pitot pressure records obtaincd showed considercble
unsteadiness of flow throughout the run. Variations in total head of the
order of 30% have been recordeds The scatter in this quantity between
conscoutbive runs was approximately 106.

In order to evercome the problem of unstcadiness of flow a
diffuser has been fitted at the cntrance of the working section to the
dump chamber (sec Fig.1). The scries of pitot pressure measurcments
previously discussed was repcated. These showed that the flow steadiness
had been improved; variations in pitot pressurc werc no greater than 10%
over the duration and mcasurencnts from consccutive runs were repeatable.
Typical pitot pressurc recrords for this condition arc shown in Fig.13.

Typical profiles of pitot prossure across the Jjet arc shown in
ons discussecd

Fig.ilk, corresponding to the two working ccction conditi
previouslye The profile was measurcd at a distance of 115" from the 2"
diancter cxit of the rnozzle and C,10 scconds fron the commenccment of flow
cstablishmente They show that for the dirfuscd condition there is a reglon
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of uniforn flow of apnroxinatuly C.3" dianeter, whilc for the undiffuscd
state there is a considereble voriatien across the whole ef the jet.

Pitot pressurc measurcments have been repeatcd for two ether
axial positiens along the jet and have shown that there is a Mach nunber
gradient along the axis. The axial variaction is shovm in Figel5.

Fronm the meosurcd valucs of pitet pressurc and reservoir
pressure it is theorctically pocsible te calculate the flow liach rumbcer
using the Raylcigh supersonice pitot formula. Hoivcver, this assunes an
ideal gos with constent ratio of specific heats (y). Tac calculation of
Mach numbcr using this nethed is very scnsitive to small changes in y and
henee the rescrvoir tempercturce of the gos iust be known, At present the
only ncans of estimeting the tenpercturcs is to caleulatc the .acan rcsoryoir
temperature using the measured running time os outlined in Rulat, Assgmlng
constant conditions during the run the rescrvoir temperaturc (TR) is given
by

vy o+ 1

y =1 , .
1 h‘d ‘1\’: 7N =
NI NN,
T y + 1/ 22 \d, \ ¥o

wherc TO is the initisl teuperaturce of the gas in the barrcl;
2 is the veloclty of sound of the gos in the barrel before firing;
Py is the mean driving pressurc in the barrel during the run;
by is the initial borrel pressure;
dT is the throat diancter;
d is the barrel dicocter;
Y is the barrcl length;
and t  is the tunnel running tinc.

Henoe the rescrvoir temmeraturc depends on the scua
It

running tine, and also critically upon the value of "%
necessary to dcterminc t  accurately.

re of the
is

The temperaturcs caleulated in this way so far have been lower
than thosc predictcd from adisbatic conpression of the working guse. It

is suspected that somc of the gos in the high pressurc region chead of

the piston is leaking past the piston and therceby reducing the criount of
working gos which is availsble for cxnension turough the nozzle, This
Will appear as o deereasc in running tine, Consequently, necsurcrients

of tcmperature ebtaincd by this method arc incorrect, and the test scetion
Mech number cannot be predicted with certainty until the rescrvoir
temperature has beon ncasured as outlined in Scetion ERTCN

Sel  Microphonc rcecords

i

esc have been uscful in determining the tunnel running tine
ssing the steadiness of the flow.

.y
M

and in ass

¢

I

The microphone uscd is a bolanced arnaturce tpe with Trequency
responsc up to 5030 cyclos/sce,., mountcd on rponge rubver in the working
scetion out of the high specd flow. The outnut is connceted aircetly +to
the Heiland Roeorder.

Lecords/



Reocords have shown the noisc causced by the storting shock and
then a period of steady, small anplitudc oscillations corrcsponding to
the steady flow, The cnd of the hypcerscenic flow is indicated by a
definitc large respensce. The running time obtaincd from this ncasurcaent
is the same as that obtaincd fron pitot pressure neosuremcnts,

The change in times of flow establishment, steady flow and
breakdown caused by (itting the diffuser at the entrance ~f the dump
chamber was noticed from the microphone records. In the undiflused state
the jet emitted considerable noise of unsteady character which lasted
until the end of the run. Fitting the diffuser decreased the amplitude
of the microphone output and the end of the run was better defined.

From the records it was possible to note that fitting the
diffuser enabled a steady {low to be establishcd. Examnles of flow

noise output, with and without diffuser, are shown in Fijs.12 and 13.

5¢b Flow visuvalization

Preliminary photographs have becn taken of the flow ever a
flat plate with square leading edge and of that over a flat plate with
hemicylindrical leading cdge. A typical result is shown in Fig,16. The
photograph was taken with a spark of duration of anproximately 2 udcro-
secondse. The shock profile at the leading edge is apparent but no
further details of the {lov are visible. This is due to the present
schlieren systen being inadccuate {or the low density in the working
seetion (approximately 1/100 atnospheric density)e. It is in%ended to
increase the mirror focal length and use an improved light source to
improve the sensitivity of the cystem,

It wos hoped to use the systen to visualize the edges and
regions of the hypersonic jet and to correlate the flow photographs
with pressure measurements discussed in Section 5,55.3: with the peor
sensitivity of the system this has proved difficulv. In order te overcome
this difficulty a model has becn consiructed concisting of several thin flatb
plates with blunt leading edges mounted narallel to each other in the jet.
By observing the plates over which the bow shock 1s symmetrical it is
p ssible to estimate the extent of the uniform flow rcgion. Estimates
so far cbtained have shown close agreement to the uniform flow region
outlined in Section 5,85.3.
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ATPENDIX I

PR oo

Notes on the Use of Microviaves to Mcasure Piston
Displacencnt and Velocity

e ST

The microwave frequency chosen should be such as to

(i) sustain a simple mode within the gun barrel;
(ii) for the mode to have radial symmetry.

Condition (i) ensurcs ninimum attenuation along the barrel
whilst (ii) obviates amnlitude variations arising from rotation of the
polarising field caused by change of dielectric constant with pressure
and temperature.

For the diameter of the University of Southampten gun tunnel
(1425") the most suitoble mode satisfying the necessary conditions 1is the
, which falls within the '7 cm' commercial wiecrowave equinment range

TMO
(8*% GC/S - 9.8 G'('/S)o

The steel gun barrel was found to be highly scleotive in
frequency and the best transnission frecuency waes found by inserting
simple probe aerials axinlly into each end of the barrel, feeding the
Klystron osecillator into ene and detecting the signal through a crystal
detector at the other. The D.C. cutpu* voltage was then nlotted against
Klystron frequency. & very distinct pealr was ovtained at 9.225 Ge/s and
this frequency has since been used,

The nmicrowave nower to lhe gun barrel is passcd through a
direotional coupler to the aerial systcm. This permits the simultancous
monitoring of the reflented or transmithted vave system with a single cerials

A "204B" directicnal courler uscd with o CV23(y, Refleoter
Klystron gives a crystel diode (CVIOLL) current oif order 1.0 mi. Ve have
found that positioning of the aerial is very iuportant and can malke an
improvement of {0 &B. Unfortunatsly coaxial cable hoavily attenuvates the
microwave sigral beflore entering the barrel. A flexible coupler must,
however, be used since not only dees the barrel nut reguire unclamping,
but also the direct vibration from the gun "cxplesion™ can result in
freguency Jjumping ef the {lystron and a decreasc in sensitivity of the
orystal diodec. If the measured signal is mede asymmetric (by alboration
of matohing), then it is possible to obscrve a change »f signal phasc
whenever the viston reverscs its direction. This cffcet has been
clearly sccn during actual runs,

Deteotion of the nylen piston ic greatlyr alded 3l o disc of
"shin" mctal (brass, copper or aluminium) is {ixcd to its front surfacc

2 & ‘
(Fig.6), though it is vossible to delect refleotlons from the nylon alonc.

O ot
w
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AFPENDIX IT

Bursting. Pressure of Pure Aluminium Diaphragms

& simple theoretical egtimate of the bursting pressure can be
made by considering the diaphragm ir, its stretched condition to be a thin
membrance This implies a uniform stross distribution. It is assumed
that bursting ocours when the indentation becomes hemispherical (this has
been found tec be almost the case experimeritally).

Using the notation of the figure, the deformed thickness is

where t; is the undefermed thickness and & is the depth of indentation.

As 8 -3 r then t --> 4t .

Let the stress in the material be o 1b/irf. By considering the
balance of forces around the rim of the hemispherical bowl we have

DeRI®

i

2rr (o ta)

At/



At burst P = p

rupture
and o = Ot T ultimate tensilc strength
o - - f‘f&":‘f?:_fg_ f(jl_llisz_z
rupture - op
ieee &
prupture = cYul’t:. }T'

Since the material has been greatly deformed the ultimate
tensile strength to be considercd should be thet of the cold worked
materials. For aluminium this is 9 tons/in® which gives

&
P ) = 2,02 x10° x == 1b/irf.
rupture r

This expression shows a good agrecment with experimental
results obtaincd from the University of Southampton gun tunnel and
is plettcd on TFige9.
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FIG. 6. PHOTOGRAPH OF NYLON PISTONS WITH METAL FACES.
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