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SUMMARY

This note describes a simple leboratory shock tube designed to produce
rectangular steps of pressure in the range 1 mm Hg to 460 mm Hg for use in
evaluating and developing fast response sensitive pressure transducers
primarily for shock tunnel use, Test results of thres commercially avail-
able transducers are presented with braef comments on their characteristics.
Two experimental gauges are described with an explanation of the philosophy
followed in thear design; and their performance determined. It is shown
that such gauges are more suitable for our purposes although they are not of
a rugged engineering nature. The course that further development might take
is suggested.
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1 INTRODUCTION

The introduction of short duration test facilities for the study of
hypersonie aerodynamics has made great demands on the instrument designer.
This is particularly true in the field of pressure measurement. vwork at the
R.a.E. 1s concerned with the calibration of the 6 in. and 2 in. shock tubes,
the measurement of pressures on models 1n the shock tunnel and the measure-
ment of blast pressures. The anticipated characteristics (as seen 1n 1959)
required of pressure transducers for these purposes are set out in Table 1.
Only a perfect transducer would satisfy all these requirements. It was
considered that effort should be concentrated on the low pressure range
0.5-50 mm Hg (0.01-1.0 p.s.1.) and on the fast response wide-bandwidth aspect
of the requirements, since « successful gauge 1in this range might well be
adapted to measure the higher pressures.

In order %o assess and calibrate any potentially suitable gauge 1t was
decided to design and build a small laboratory shock tube in which transducers
could be subjected to rectangular pressure pulses of known amplitude and to
use this to assess the performance of camercially available transducers, and
as an axd to the development of possible new designs of transducers.

Thas note describes the calibrating shock tube and the results of tests
made on some comeercial transducers and on transducers being developed at
R.4.E,

2 DESIGN OF A SHOCK TURE FOR CALIBRATING PRESSURE TRAMSDUCERS

At the outset 1t appeared that the most difficult problem would be %o
measure the very low pressures on models in the expanded flow of the R.A.E.
6 in. shock tunnel and static pressure variations in the test section of the
2 in. laboratory shock tube. These applications would necessitate physically
small gauges with response times of a few micro-seconds and resolutions of
the order of 0.5 mm Hg pressure (one one hundredth of one pese.l.) or better.
lioreover the mounted transducer would have to withstand appreciable mechanical
vibration. If transducers could be found %o satisfy these requirements, they
or similar types could probably be used 1n the remaining applicaticns.

Potentially suitable transducers would need to be proven and calibrated
prior to use and a simple laboratory shock tube seemed to offer a suitable
means of providing rectangular pulses of pressure for this purpose. It would
appear, perhaps, anomalous to use a shock tube to calibrate gauges intended
to be used for making measurements in, and assessing the performance of a
shock tube. However by operating the caliabrating shock tube over a very
restricted range of conditions, where the shock tube performance can be
confidently predicted this method can be jJustified.

271 Use of 1deal gas relations

In a shock tube the shock Mach number, M1, the pressure ahead of the
moving shock (1nitial channel pressure) Pys and the pressure of the gas

behind the shock, Py 8TE related by the equation

P -
_2_ _ 2'\{’ -‘[2 . b 1 (1)

—

I
o7 y+ 171 oy

assuming 'udeal’' gas conditions. Thls assumption may be Justified if
remains sensibly constant, and this is the case if the temperature of the
gas behind the shock does not rise unduly.
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For weak shocks, i.e, up to kiach 4 in a2ir, the temperature ratio across
the shock does not exceed 4. Hence if the gas in tne channel ahead of the
shock 1s at room temperature, the temperature of the gas behind the shock will
not exceed 1200°%K at which temperature y for air has changed only from 1.4
to 1.39.

Thus for an air %o air shock tube operated in the Mach 1 to 4 }Ange
the relation given in eguation (1) may be used, IT I, end p, are measured
when the tube is operated, p, mey be calculated. If a transducer is located
1n the channel wall of such a shock tube 1t will be inatially at pressure Py

When the shock arrives the pressure will jump instantaneously to the value Pye

2,2 Vacuum regquirements and tube dimensions

Shock Mach number 1s debtermined by the ratio of the draver pressure to
the 1initial channel pressure ph/b1. If we choose the driver pressure as

atmospheric pressure (760 mm Hg) and plot Ii, versus p, we get the curve

reproduced in Fig.1., The curves and values used 1n this sectzon are based
on charts and tebles for air to air (Y = 1.4) 1deal gas shock tube perform—
ance published by Lukasiewiczl.

Thus we find the range of inifial channel pressures necessary to
produce shocks up to Mach 4, ana, an particular, the lovest charmmel pressure
which 1s approximately 4 x 102 mm Hg, This can be readily obtained with a
small rotary vacuum pump.

From Fig.1 and equation (1) we are able to express P, directly in terms

of P, (F2g.2) for an air to air shock tube with atmospheric driver,

A transducer under test and mounted in the side wall of the channel
of the shock tube will be initially at P, and the 'step! in pressure a1t will

'see! on arrival of the shock will be o The value of P, ~ By 18

2 7 Py 1
plotted in Fig.2 and 1t may be seen that the value of the pressure step
reaches a meximum at approximately 150 mm Hg (3 p.s.2.) and no advantage
will be gained fran running the tube with initicl channel pressures above

100 mm Hg., The lower end of the test pressure range 1s uicrtated by the limit
imposed on Mach number and i1s approxXimately by, ~ Py = 1 mm Hg (0,02 peseis)s

Hence the test range 1s approximately 1 mm Hg to 150 mm Hg pressure
(0,02 PesSale O 3 DeSels)s

Scmewhat larger pressure steps could be obtained if the need arose, by
usaing the pressure behand the shock after 1t 1s reflected from the end wall
of the test section. If the transducer under test is mounted in the end
wall, 1t will measure a step in pressure cqual to sz - Pye Values of sz

and Py ~ Py are also piotted in Fig.2. The reflected shock pressure 'step!
R

eaks 1n thc same way as p, — p, but at approximately 460 mm Hg (9 peSels).
b ¥ 4

2
Thus tests in the range 150 ma Hg to 460 mm Hg (3 p.S.1s t0 9 pes,1.) might
be made by mounting the transducer in the end wall of the test section. It
would not be advisable to make use of the pressure step across the reflected
shock at a station in the side wall of the test section since the reflected
shock will be advancing into the boundary layer developed behind the pramary
shock wave, and may produce at the wall a fluctuating pressure. The pressurs
history behind the reflected shock 1s currently the subject of further
investagation?.

- h -



There remains the question of the duration of the pressure step at
the test position, This is determined by the arrival there of the contact
surface, when pressure fluctuations occur, or by the return to the test
position of the shock after reflection from the end wall of the test
section or by interference from the reflected head of the rarefaction wave
from the end of the driver section of the tube, With an atmospheric air
driver the last caen be readily avoided by making the driver section
sufficiently long. The duration determined by the return of the reflected
shock will depend upon the distance of the test station from the end of the
test section, The duration determined by the arrival of the contact surface
will depend upon the length of the channel from the primary diaphragm to
the test station, In both cases the duration will be a function of shock
Mach number

The velocity of the contact surface Uz, given by:

u
2

- 2(1-1 )
Ug v +1 Mf

where US is the velocity of the shock relative to the tube, has been plotted

in Fig.l and the resulting duration of the test pulse at stations 6, 9, 12

and 15 ft from the primary diaphragm is plotted as a function of Mach number
in Fig.3. It appears that a minimum testing time of 500 psece can be obtained
with a channel length of 12 ft, This will coincide with the lower limit of
test pressure i,e. P - Py approximately 1 mm Hg (0.02 p.s.i.). Available

testing time increases rapidly with increasing test pressure (decreasing
shock Mach number),

The velocity of the reflected shock Up is given by:

Vg

Ug

= 1-3-y02
z2 U

. 3)

Putting Us = 8y Ml where a8 is the speed of sound in region 1 (1117 f£t/sec)

and using (2) above, we find

2

i (4)

From values of US and UR we find the time taken for the primary shock to

travel to the end of the test section and be reflected back to the tegt
station, and, thus the testing time as determined by the arrival of the
reflected shock., This is plotted for test stations at various distances
from the end of the test section in Fig.4. Clearly a station 9 in, from
the end of the test section will yield testing times in excess of 500 usecs
at allpressure levels.



We now have a guide to the chamnel length, positaon- of test stations
and the range of initial channel pressures requlred for an' alr to air
malibrating shock tube, driven by atmospheric pressure, that will provade
test pressure pulses of from 1 mm Hg to 460 mm Hg (0.02 p.s.i. to 9 Da8.ie)
and of & minimum duration of 500 micro-seconds.

3  THE 3 TN, x 1% IN. CALTBRATING SHOCK TURE

The géneral arrangemént of the 3 in. x 1% in. calibrating shock tube
is shown n Figs.b and 6. The tube 15 made from approximately 20 ft of
3 in. x 1% in, brass waveguide, split into three sections, each of which is
provided with integral flanges far coupling the sections together.

The driver seotion is 4 ft long and can be sealed at its free end to
permit operation of the tube with driver pressures up to 80 pesei. or with
a2 driver gas other than air should the need arise., It carries the knife
used for mechanical rupturing of the diaphragnm, ‘The whole section slides in
1ts cradles to permit removal of the diaphragm block.

The dlaphragm block houses a light dlaphragm of 0.0005 in. thick
Helinex, or 'of ‘cellophane and is held 1n position, between the driver section
and the manifold, by spigots end four guick release bolts,

.7+ + Theymanifold carries connections to the vacuum pump, to-the channel
pressuxe; dia}, and Pirani gauges and to an exheust valve; and is bolted
in turn tp the 12 ft long channel seotion,

The final test section is 3 £ & 'in. in length and contains aocurately
spaced bosses to accommodate shock detectors and geuges for fest and
calibration. There are ten bosses in the side walls of the test section and
one in the end face. FEight of these will accommodate C.5 ine dismeter plugs
and are intended pramarily to house shock detectors. The remaining three,
at Stations 2, 9 and 11 will accommodate 1,0 in., dirameter plugs and are
intended primarily for mounting gauges under test, For the majority of
applications the gauge to be assessed is mounted at Station 2 and the speed
measured between Stations 1 and 3, (see para 3.1). Simultaneous camparison
of two gauges may be made by mounting a second gauge at Station 9, directly
opposite to Station 2.

A1l the flange gunctions, manifold junction, dimphragm block and the
test stations are provided with '0!' seals to ensure vacuum sealing, and the
channel and test section ean be evacuated to about 10 L crons Hg in roughly
two minutes., The diaphragm can be replaced in less then one minute so that
a high frequency of operation is-available.

321 lleasurement of shock velocity

To.measure the shock velooity in the ‘calibrating 'shdck.tube ths shodk
is detected by platinum, thin film temperature. gauges, mounted -in the~sidess
wall of the test section. Tor weak-shocks and low initial densities the
instantaneous. temperature rase of such a gauge on .arrival of thershock wave,
18 very smali. Approximate wvalues of this.tempsrature step 629 may-be

obtained from the -relation:’

T -7
o, * S (o
pKG
gg p
14 |——&
Py Ky
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where T,] and T, are the gas temperatures anead of and behind the shock

respectively; Pos Kz and ¢ are the density, thermal conductivaity and specific
P2
heat of the gas behind the shock; and p , Kg and ¢ are the same properties
(=] i

o

of the gauge substrate.

Since the instantaneous temperatwre rise of the gauge 1s very small we
may assume the room temperature values of p, ¢ and K for the gauge substrate

(soda glass) which give Vo_ ¢ k_ = 2,60 x 1072, T, w11l be 288%K;
24 ! 1

Py
P2 P1 . _3 .
P, = — x 7= x 1.23 x 10 gms/cc {densily ratio across the shock times
2 Py 7E0

K Iq
initasl density), C, = 2.4 x 107" cal/my/°C end K, (£(1,)) = =5 % 5.77 x 107,
o]

Ior the range of operation we are consldering the square root term in the
denominator of (5) 1s large campared with 1, and equation (5) may be written.

Ty - 288

| p2 K2
v < & —= (6)
STF 5620 Jp1 X By I'\o

For a given shock liach number, I\I,j, B, may be obtained from Pag.t; T

2

P2 % P2 . 5 %
and —£ from tables of == and — versus i1, (Ref.1) and — from tables of —=
Py 9 Py 1 Ko %a

versus T (Ref.3).

STF versus E~I1 15 the upper curve plotted in Fig.7. Tt appears that the
thin film gauge must detect temperaturc steps of thc order of 0.419C,

The gauge, of resistance RO; 1s energised by a constant current Io'

On arrival of the shock the gauge resistance will increase fractionally and
the resulting increase 1n voltage across ilhe gouge will be

where a 1s the temperature coefficient of resistance of the thin film, and
has been found to vary with film thickness. TFor the gauges commonly used
as shock detectors « = 0.0007; I[0 1s 20 ma and Ro 1s 60-8000. Thus the lower

limit of 6V is approximately

3 4

8V, = 20 x 1077 x 60 x 7 x 107" x 0«1 = 8L @wolte .

The signal from the gauge 1s fed to a fast rise time, low-noise pre-
amplifier with a gain of 100 and thence to a trigger amplifier and gating
circult which produces a singie posaitive pulse,

-8 -



Two channels are used with two gauges a kmown dastance apart in the
wall of the test section and the outputs are made to start and stop a micro-

second counter chronometer. Hence uy and M1 may be calculated.

Since the shock wave suffers some attentuation in the channel of the
calibrating shock tube 1t 15 necessary to use o lower initial channel pressure
P, to achieve a given Mach number, than the simple theory predicts, If

experimental values of p, are substituted 1n equation (6) the Lower curve
plotted in Fig.7 resuvlts. The values of 5T' are, of course, lower than those

¥
predicted using the theoretical value of Py and ave in fair sgreement with

the experimental values of &%? obtained from records of the output &V of

the gauge reduced to 6T, using equation (7.

Typical records of the output of a thin film gauge after pre-
amplification of 100 times are shown in FPag.8. The gain {requency
characterisvic of the pre-amplifier 1s not linear and the droop 1s due, at
least in part, to the amplafaer.

Considerable dafficulty was experienced at first from spurious
triggering of the timer caused principally by local nigh powered radar
installations. A three stage pre—amplifier was used with a negataively biased
gauge current supply to yield the positive going ouiput reguared by the
trigger amplifaier. TFortunately the airborne interference appeared as negative
gomg pulses at the input of the pre-—amplifier. Dy using a positively biased
gauge current supply and reducing the pre—amplifier to two stages the inter-
ference pulses are amplafisd without phase change and appear at the output
of the pre-amplifier as negative going peaks. These cannot operate the gate
unit, Other random noise sources st1ll cause occaslonel spurious triggering,
but are infrequent events and not a sericus source of annoyance.

Iiean shock velozity can be measured, 1t 1s estimated with an accuracy
to better than 1'% =o that estamation of Py should net be an error by wore
2

’ (equatlon (1)).

than 2% from this source, since p, s proportional to il

The estamated veluve of p, 1s also directly proportional to Py Py 18

s}

measured by means = a vacoum dlal gauge or Pirani gauge depending upon the
range of pressures to ve used. It i1s doubtful af p,l can be measured with an

accuracy better than 5% with these instruments and for some purposes, 1t
might be profitable vo ottempt more accurate determination of Py

In operatzon, the required pressure step Py — D, 18 chosen and the

chamel and test section of the ecalibrating shock tube 1s evacuated to the
corrceponding experamzntal value of Py- rhe shock speed measuring equipment

1s reset and the diaphragm ruptured, p, 18 calculated from the measured
values of Py anc Hq.

3.2 Test _esyuipnent

High frequency amplifiers and Tektronix oscilloscopes are avallable
for amplifying and recording the output of the gauge(s) under test. The
amplifaiers have the follow:ng specification:i-



Gain: Switched, 1 to 10 in unity steps, accuracy *35 at 1 Kc/sec.
OQutput: 680 impedance., liaximum linear output voltage X1 volt.

Input: Switched input impedances of 11K}, 10MQ, 100HQ and S00MQ
Open circurt nosition 1s not less than 200CHQ.

Norse: With 5000 and 100pf input nolse at output does not exceed 1mV
at zain x 1.

Response: Rase-time {10, to 90,5) not greater than O.4 usec.
Overshoot not more than 1%.
Wath input capacitor of 0,001 WF and at 500MQ ampedance tue droop
does not exceed 2% in 3 m secs,

The oscilloscopes may be triggered from the upstream shock detector
trigger chennel. Polaroid cameras enable an imedlate record of the test
gauge output to be obtained.

L TESTS OF PRESSURE TRANSDUCERS

Three commercial and two development transducers have been calibrated
in the 3 in. x 4% 1n. tube. The two transducers developed at R.AE. and an
experamental 'freely' mounted crystal gauge {section 4,5) are shown in Fig.9.,
Neo altempt has been made to make exhaustive assessment of these gauges: the
tests at different pressure lsvels merely provide a comparison of the
performance of the gauges in one typical application i.e. 1n measuring the
static pressure 1n a shock tube. Considerable care has been taken to ensure
that the value of the applied pressure sieps has been accurately determined
within the limitations described in the previous section of this note. In
other applications or in a similar application in another shock tube the
effects of mechanical vibration might be less or greater than here. Lioreover,
wilth minor exceptlions described later, no attempt has been made to 1solate
the gauges from the effects of mechanical vibration.

Lo Gauge 'X!

This crystal gauge originally designed for measurements on diesel
engines consists of two semi-~cylindrical quertz crystels with a steel
electrode between them, contained in a stainless steel sleeve. DPressure 1s
applied to one end via a composite diaplragm and steel anval, The pressure
sensitive end of the outer case 1s provided with a 14 mm thread for mounting
and the makers recommend the use of a copper washer under the shoulder of
the gauge body as a pressure seal. The natural freguency 1s 48 Kc/sec and
the sensaitivaty 0.08 b per mm Hg. Wath a short cable and minimum
capacitive loading 1t 1 thus possible fto obialn a sensitivity, before
amplification, greater then 1mV per mn Hg pressure.

The gauge tested was mounted i1n a brass plug at Station 2 of the shock
tube test section and commected by a short cable to an H.F. amplifier and
thence to a Tektronix oscilloscope. Values of py were chosen and the tube

operated to yield pressure steps of approximately 1.2, 5, 10, 20, 40 and
60 mm Hg. The gauge and mounting plug was then removed to Station 11 and
subjected to mressure steps of approximeately 100, 150, 200, 250 and 300 mm Hg.
The true values of P, ~ P, and b, =~ P, were then caloulated, the recorded

R

amplitude measured and a curve of transducer sensitivity plotted. The records
are reproduced in Fig.10 and the plot of sensitivity in Fag.11.



Clearly with so much modulation of tie gauge output signal 1t 1s
difficult to measure the mean amplitude with any great acocuracy, especially
as the modulation 1s compleX. An oscillation at speroxaimately 4O kc/sec
arisang from excitation of the gauge at 1is natural frequency 1s clearly
seen, but this 1s superamposed on a slower more ragged amplitude variation
of about 5 Kc/sec frequency. Thnis latier disturbance 1s believed to arise
from the gauge's acceleration sensitivity to a 'hoop'! oscillation of the
shock tube channel initiated by the passage of the shocl wave. 1n addition
the gauge will 'feel! and probebly respond to some transverse acceleration
due to longitudinal disturbances in the wall of the tube generated vwhen the
tube diaphragm 1s ruptured. This disturbance will be able to travel ahead
of the shock wave, moving at the speed of sound in the tube walls, and give
rise to the pre-shock signal that appears in the records.,

The record of ¥1g.12 was obtained with the foce of the Gauge 'X' mount
covered by a brass aisc to prevent the gauge from sensing the shock wave
pressure step. To keep the surface of the 'blanked off! mount flush with
the insade surface of the shock tube well, the mount had to be withdrawn
slightly and a packing washer inserted under the choulder of the mount.

In all other respects the test conditions were a repeal ol those pertaining
to the run reproduced in Fig.10F. The signal of Fig.72 1s due wholly to the
response of the gauze to vibration and while the signal component due to
vibration 1s spparently reduced in "plitude when the gauge diaphragm 1s
loaded by the shock pressure step, clearly the signal due solely to vibratzon
coincides with the low frequency modulation of thie trace in Faig.iCF.

Whilst the linearity of Gauge 'X' 1s acceptable vithin the limitations
of these tests and of the analysis of the records, the uselulness of the
gauge at these low pressures, and in applications where it is subjected to
shock loading end mechanical vibration, is undoubtedly impaired by its
vibration sensaitavity.

L.2 Gmmé‘y‘

Gauge 'Y' antended for shock tube applications, 13 a smaller guarts
crystal gauge naving two semi-cylindrical crystals, with a central electrode
tetween them, contained in a thin metal sleeve. The outer case and simple
integral draphragm is machined from the solid, and a cylindrical anvil
transmits pressure from the draphregn to the crystal, A lip on the top of
the crystal sleeve constrains tne anvii and crystel, and an external
shoulder at the bottom end of Lhe slseve enables the crystal to be pre-
stressed when the gsuge a1s assembled. The outer case i1s provided with a
shoulder for mounting and pressure sealing 1s obtained by means of an 'O
seal under this shculder, '

For wvarious models natural frequencies are quoted between 250 ard
500 Ke/sec, although from records of the self oscillation of gauges
regularly used 1n shock tube applications the true value would appear to
be somewhat lower, 1.e. 120-130 Kc/sec. The sensitavity xs 0.07 pCb/mm Hg
and hence 1t 1s possible to obtain a sensitivity, berore amplification of
sgbout 0.2 mV per mm dg pressure,

The test configuration and procedure was simalar to that descrabed for
the Gauge 'X' tests, except that some sigral ga:n had to be oblained from
the H.,F. amplifier at the lower test pressures, The series of test records
and the resulting calibration of the gauge are reproduced in Figs.13 and 11
respectavely.

Once agaan the signal has both high and low freguency modulation
components due to gauge self oscillation and vibration sensitaivity, but
these are much smaller in amplitude than in the case of Gauge 'X!'. Illoreover,
the higher natural freguency once excited, attenuates much more quirckly.

- 11 -



The lower sepsitivaty lumats the use of the gauge at low pressures
particularly in applications where long connecting cables are unaveadable.
Unfortunately the self oscillation of the gauge prevents full advantage being
taken of 1tg very fast rise-time characteristic. The calibration lineerity

(]

is comparsble with that of

rouge 1Y

{
he3  Gauge 'Z|

This 15 a sub-miniature draphragm gsaurc depending on a differentaal
change in capaczty betveen the diapbrege and electrodes disposed oa either
sade of the draghragm. OCne side 1s r:lerenced to a steady pressure and the
other side 1s open Lo the pressure 1t - reguired to measure. The gauge

and 1ts associcted bridge—amplificr was designed ord oeveloped by Instrumenta-—
tion Department of 1he R.4,B., for use _n ,1ad tunnel models and 1s described
in Ref.l. The range is 200 mn g prescuce and sensitivaties, dependent upon
the amplifier, can be 23 high as 20 r.1liivolls per mm Hg. The freguency

range 15 {rop D.C. tno a value detorminea by the bridge excrtation frequency
and/or the ‘Scoustic! resonenl freqrensy of the pressure inlet systcem, which,
in turn, depends o the length of the pressurc inlet pape. A very low
acceleration sensilivity 1s clauned which makes the gauge of rarticular
interest Tor shock tube applicaticns.

Sof't mounting 1o recommendzd to avoid possible distortion of the gauge
body. In the following tesis the gauge vas clamped inte a brass plug with a
thin rubber pad cn eather side of the gauge body so thav the { in. long
pressure inlet pipe came lush with the surface of the plug. The plug as
then inserted in thne chook tube at Station 2 as n the provicus tests. The
gauge was connecced to 1ts L00 Ko/sce bradge- amplificr, which vas energised
at 5V R.4.S. from a liboratory cscillatovr- The amplifaicr output was taken
to a Tekbtronix oscillos~ope- The awprl. Jier incorperated on m-derived [ilter
network in the oufpul with resistive Jdaaping #s described in Ref.h. The
falter has a cub off frequency of 30 Ec¢/sec, and lumals the rise-time of the
output signal to aboub 15 psecs.

The gauge was referenced to inttial channel pressure D, by connecting
the reference pressure inlet v2a a ¢ Tt Llength »~f paipe to an cpening an the
wall of the shock tube tesl geclacn. the 1o g longih of pape served to
keep the reforence prosswee scantans &ang vhe reccnding pecznd while
restricting che dxfferential wozr e epolied Lo Che geude hefore and after
the run.

A range of teasln wn Lhe 5137 vall vt ead wall of the sheck tube was
made and the record, 0 _ew duoci _a Vig. 14 The caliabration curve 1s
plotted in Fag-i11, arld 3t sho Ju be note? tnet oue calibratics was taken
rather beyend the staled range i the gauge.

The test run ~uv 1.3 vroa Fg ~rersure was omitted from this series since
the gauge output a«: this pressure 1s ceomperable with the total noice level
at the output. This puts a lewer lamat on the useful pressure range of thas
gauge. Thc slow risc-btims at low preesures and limived frequency bandwidth
are a further lumitation to ithe uwselfulress of the gauge Tor iransient pressure
recording. At the upper end of the pressure range somne degree ol ringinf 1s
apparent. The sour:2 of this 713 almest certsinly the oscillaticn of the
column of air in the pressure inlet pipe. For a walde range of applicaticns,
however, ihe gavge exhibivs same very desirable propertics. These are 1ts
small size, stealdy state calibration, temperature independence ard froedan
from acceleraticn (vibration) respoasze

It 1s perhaps worth noting that the anlet pipe may act as a subsidiary

shock tube so that with a sudden crange of presesvrre at the end; 2 weak shock
may be draven down the inlet pipe. The mauge diaphragm will then see the
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pressure behind this weak shock after reflection, followed by a rarefaction
wave when the reflected shock regains the open end of the inlet pipe. This
effect has been noted in tests in which the inlet pipe was extended. Fag.*5
shows the records obtained when the inlet pape length was 1 in., 2 1n. and
6 1n. respectively. As the pipe length 1s increased the in:iaal steps in
pressure as seen by the diaphragm are rounded off, due, probably to viscous
effects 1n the anlet pipe. In the first picture the rarefaction 1s seen
after 150 psecs, 1n the second after 200 psecs and in tne third picture the
return of the rarefaction wave vas made to ceincide with the disturbance
from the reflected shock 1n the maln shock tube and 2s therefore not seen.

kel The cavity crystal gauge

The cavity crystal gauge evolved Irom same early experimenis vith a
Ifreely' supported crystal. In these experiments a lead zirconate crystal
disc was supported between Dellotape diaphragms in a metal wafer an the
manner shown in Fig.9., It was hoped that the soft suspension would prevent
mechanical vibrations from being transmitted to the crystal and that the
relative absence of mass loading on the crystal would result in an output
reflecting only the pressure applied to the crystal faces. By virtue of
1ts design this gauge had to praojgect into the flox when shock tube mounted,
but by keeping the wafer thin and chamfering wne edges 1t was expected that
the gas £low would not be badly disturped and that the gauge would 'see'
samethang very close to the shock tube static pressure. Pressure records
obtained with this gauge (F1g.16) were very encouraging. Negligible pre-—
shock noise was recorded; rise-tame of the recorded trace corresponded to
the shock transit time across the crystal diameler (4 to 5 usecs), and the
pressure plateau was encouragingly flal, especially at the lower test
pressures. Mo altempt was made to develop the gauge in ithis form because
of 1ts lamited usefulness, progjecting as 1t did into the gas flow, but 1t
was decided to engineer the gauge in a {orm more sulteble for mounting in
wind tunnel models. This led to the cavity crystal gauge shown in Fig.9.
Retaining the praincaples of che 'freely’ suspended crystal the assembly s
housed in a ceavity that is an integral part of the gauge. The sensitive
element 18 2 lead zmirconiun titanate ceramic olsce 3 mm 1n diameter and
0.5 mm thick and the overall size of the gauge ncluding the threaded
mounting stud 1s C.25 in. diameter by 0.625 in. long.

Tests of this geuge similar to the series previously described, were
made, the gauge being mounted 1a a brass plug with an '0' seal under the
shoulder in the same rmanncr as Cauge 'Y'. The pressure records obtained
and the resulting calibration curve are reproduced in Figs.17 and 11
respectavely.

) The effect of the cavity as to delay tne rise of pressure as seen by
the erystzl, and the consequent cavity 'falling! tume 1s unacceptably long
at very low pressures (belew 5 mm Hg pressure). Once again an 'organ pipe’
resonance 1s excited and the amplitude of the recorded disturbance increases
with the applied pressure. This resonance can be supvressed at the expense
of gauge rise-time by restricting the ovening of the caviiy. Examples of
this are showm in Pag.18., If the optimum restriction, corresponding to the
pressure to be measured, 18 chosen as in record D of F12.18 the resulting
rise-time will not be badly increased end while the response fime cof the
Tdamped! cavity gauge will vary with the amplitude of the initially applied
pressure step, there 1s scme evidence that once the cavaty is falled to
this pressure subsequent small pressure variations - eroke a somewhat faster
response.

The gauge as tested with a capvacitive atienuator has a sensitivity of
0.6 mVolts per mm Hg pressure. The corresponding sensitivity with only 12 in.
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of cable connecting the gauge to its amplifier, as in the previous tests
described, 1s agproximately 2 mVolts yer mm Hg pressure. The calibration
linearity 1s good,

4e5 The 'top hat' corvstal gauge

The principle examined in this second devclopment gauge 1s & simple
one; namely that most of the problems of vibration sensitivity encountered
with sensitive pressure gauges should be avoided if the sensitive elenent
could be mounted in such a way that 1t has perfectly raigid restraint in the
direction of applied pressure, a minumum of restraint in other directions,
and no mass loading.

A piezo~electric crystal disc sunported on a perfectly flat rigid metal
block and exposed to pressure only on iis front surface would have only one
type of disturbance remaining, That 1s reflections of stress waves in the
crystal from the zcoustically mismatcned interface between the crystal and
1ts support and from the back face of tle support block.e It 1s possible to
make the period of these reflections very short by using a suitably thin
crystal and sufficiently thin support, remembering that the support must be
'rigid'. The resulting crystal/support resonance mey then be filtsred out
without a seraious compromise of gauge rise-iime,

The top hat crystal gauge (Fi1g.9) involved a serles of campromises.
A thin piezo crystal disc was laad in a cylindricol clearance hole in a
brass block so that 1ts upper surface was flush with the surface of the
block, I%¥ was held in place by a sellotape diaphragm placedover the surface.
The back of the brass block behind the crystal was machined out until the
thickness of brass behind the crystal war reduccd to avproximnately 0.05 in.

The period for reflections within the crystal is approximately 0.6 psec
and in the brass support 1.5 psecs. The crystal support is not perfectly
rigad nor 1s the crystal entarely {roc of laleral restraint by virtue of the
sellotape disphragm, but the resulting geuge performed quite aell an the
series of tests shown i1n Pigs.19 and 11.

Two constructional features that will strongly influence the behaviour
of a gauge of this type may be noted. Fairstly, the clearance between the
side of the cryatal and 1ts supporl block should be az small as possible to
minimise the effect of the distortion of the unsupportedan nulus of diaphragm.
Secondly the face of the support block beneath ithe crystal must be perfectly
flat to prevent bending of the c<rystal, which 1tsell 1s flat to a good
standard of accuracy.

5 FUTURE DEVELOE ENT

Hel The calibrating shock tube

The present shock tube arrangement gives rise to considerable shock
attenuation particularly at higher !lach numbers and lower initial densities
resulting in an unsteady pressure behind the shock. In view of the very
long testing tume avallable (Fig.3) over most of the required range it 1s
proposed to shorten the channel.

Through a large number of runs with the prescent tube occasional rogue
runs have led to doubts about the influence of the bursting of the tube
diaphragm on the resulting flow. It 18 not yet clear how this can best be
investigated, but as a farst stage 1t might be revealing to compare the
measured shock velocity and pressure step obtained for a particular anitial
Py with various diaphragm materials and methods of rupturing them.
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Efforts to measure Pys with greater accuracy should be made. As a
first step the test section 1s being nodified Lo allow P, to be measured
there by means of mercury or o1l manometers.

In order to obtain the low pressure steps required 1t 1s necessary to

rroduce shocks approaching ilach 4. Some advantage could be ootained in terms
of steady flow af pk, could be reduced apprecizbly below aimospheric pressure.

This would intrcduce a diaphregm problem, but s worthy of investigation.

5.2 Development of gauses

Zellotave has beer .-1dely used as a diaphragm material in the develop-
ment of crystal gauges described in this note. It tends to be fragile for
use 1n some applicatrons and burns readily at high temperatures, HFuch of
its advantage as a ‘'soft'! diapghragm comes from the cushioning effect of the
adhesive with which 1t 1s backed. Other matericls for, or other methods of
lightly restraining the crystal wv1ll be sought.

Other approaches to the design of acceleration insensitive non-ringing
gauges not reported here have been made. Of these the bar gauge described
by Edwards” has shown promising results. 1In this gauge a crystal is
mounted on a bar of metal chosen to have the same cross section and acoustic
impedence as the crystal. <Quartz and lead, and lead zirconate and zinc are
examples of this. Thus the crysial and bar become oacoustically homogeneous
and a compression wave will prop&gate through the crystal and bar without
reflection at the crystal/bar interface. Sucn a gauge does not ring at the
crystal resonance but gives an output proportional to pressure untal such
time as a disturbance returns from the far, fixed end of the bar. Soft
suspension of the bar prevents environmental vibration {rom reaching the
gauge. To record pressure events of appreciaple duration necessitates the
use of an impossibly long bar. However, there 1s always some dissipation
-f the stress wave 1n the bar and tests have shovm that this can be
encouraged by choosing a suitable material (and maintaining acoustic
matching by means of a cnange of cross sectional area); little or no
reflected signal appearing in the gauge output. It may pe possible to
dissipate the energy in the fairst double {raverse of the stress wave so that
the bar remains compressed and does not oscillate. The crystal, which 1s
originally set into motion, will of course, be brought to rest, and so
suffers a deceleration, If this deceleration can be kept sufficiently small
the resulting increasing signal from the crystal may be very nearly constant,
l.¢. the component due to deceleration mey be very small compared with the
signal due to the applied rressure, TFurther investigation of a dissipative
bar gauge 1s proposed.
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FIG.l. INITIAL CHANNEL PRESSURE VERSUS SHOCK MACH N2 (ATMOSPHERIC
DRIVER) FLOW VELOCITY VERSUS MACH N2 (ATMOSPHERIC DRIVER)
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FIG. 2. INITIAL CHANNEL PRESSURE VERSUS SHOCK PRESSURE STEP.
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FIG. 3. TESTING TIME V. SHOCK MACH NUMBER FOR VARIOUS CHANNEL
LENGTHS AS DETERMINED BY ARRIVAL OF INTERFACE.
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FIG. 4. TESTING TIME VERSUS SHOCK MACH NUMBER AT VARIOUS TEST
STATIONS AS DETERMINED BY ARRIVAL OF REFLECTED SHOCK.
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FiG.6. LAYOUT OF 3" x 11" CALIBRATING SHOCK TUBE
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FIG8 OUTPUT OF WALL TEMPERATURE SHOCK DETECTORS AT STATION 1

Records show sudden temperature
change on arrival of ing¢ident and
reflected shocks

Signal has been amplified 100
times

Vertical sensitivity 10 mV/cm
Sweep Speed 200 uS/cm
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FIG10 RESPONSE OF GAUGE ‘X’ TO A STEP OF PRESSURE

1.36 mm Hg
6.43:mmHg
1.7 mm Hg
19.5 mm Hg

Oscilloscope Settings

200 pSec/cm 5 mV/cm
200 uSec/em 10 mV/em
200 pSec/em 10 mV/cm

200 uSec/em 20 mV/cm
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FIG.10 cont’d. RESPONSE OF GAUGE ‘X' TO A STEP OF PRESSURE
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200 uSec/cm
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50 mV/ cm
50 mV/em
100 mV/em

100 mV/cm
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FIG.10 cont’d RESPONSE OF GAUGE ‘X’ TO A STEP OF PRESSURE

147 mm Hg
202 mm Hg

266 mm Hg

308 mm Hg

200 pSec/cm
200 wSec/cm
200 pSec/cm

200 uSec/cm

100 mV/cm
100 mV/cm
100 mV/cm

200 mV/cm
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200 pSecs/em 50 mvolts/em Py =P, = 60 mm Hg

FIG.12. RESPONSE OF GAUGE ‘X' IN WALL OF SHOCK TUBE
TO VIBRATION - GAUGE DIAPHRAGM BLANKED OFF






FIG.13.
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RESPONSE OF GAUGE Y’ TO A STEP OF PRESSURE

1.43 mm Hg
7.40 mm Hg

12,9 mm Hg
21.0 mm Hg

Sweep

200 pS/cm

200 pS/cm
200 pS/cm
200 pS/em

Amp
Gan

10

Osc Sens

5 mV/ cm

5 mV/em
5 mV/cm
5 mV/ cm






FIG 13 cont'd
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RESPONSE OF GAUGE 'Y’ TO A STEP OF PRESSURE

40,0 mm Hg
58.4 mn Hg
75.6 mm Hg
97.2 mn Hg

Sweep
200 uS/em
200 pS/cm
200 pS/em

200 uS/em

Amp
Gain

1

3
1
1

QOsc Sens
5 mV/cm
20 mV/cm

10 mV/cm

10 mV/cm






FIG.13 cont’d.

RESPONSE OF GAUGE ‘Y' TO A STEP OF PRESSURE

153 mm Hg
211 mm Hg
264 mm Hg
334 mm Hg

Sweep

200 uS/cm
200 pS/cm
200 ps/cm

200 uS/cm

Amp
Gain

1
1

1

1

Qsc Sens
20 mV/en

20 mV/em
20 mV/cm

50 mV/ cm
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B 200 uS/em 50 mV/cm

C 200 pS/em 50 mV/cm

D 200 uS/em 50 mV/em
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FIG.14. RESPONSE OF DIFFERENTIAL CAPACITY GAUGE ‘Z'
TO A STEP OF PRESSURE







FIG.14 cont’d RESPONSE OF DIFFERENTIAL CAPACITY GAUGE ‘Z°
TO A STEP OF PRESSURE
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3708 mm Hg
59.C mm Hg

82.5mm.Hg
116 mm Hg

200 pS/cm
200 us/cm
200 uS/om
200 uS/cm

100 mV/cm
200 mV/cm
200 mV/cm

200 mV/cm






FIG.14 cont’d.
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RESPONSE OF DIFFERENTIAL CAPACITY GAUGE ‘Z’
TO A STEP OF PRESSURE

156 mm Hg
213 mm Hg
256 mm Hg
522 mm Hg

200 puS/em 500 aV/cm
200 pS/em 500 mV/cm
200 pS/em 500 mV/cm
200 uS/em 1000 mV/em






M, 1.99
Patep ~ 65 mm Hg
200 uS/cm

Pressure Inlet Pipe 1 inch

M_1.88
8

Pstep ~ 65 mm Hg

200 pS/em

Pressure Inlet Pipe 2 inches

Pstep ~ 65 mm Hg

200 pS/om

Pressure Inlet Pipe 6 inches

FIG.15 GAUGE ‘Z’ - EFFECT OF VARYING LENGTH OF
PRESSURE INLET PIPE
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20.3 mm Hg
C 38.3 mm Hg

A 200 y.S/ cm 5 mV/em
B 200 pS/cm 10 mV/em
€ 200 uS/cm 20 mV/cm

D 200 uS/em 40 mV/em

FIG 16 RESPONSE OF ‘FREELY’ MOUNTED CRYSTAL TO A STEP OF PRESSURE






FIG.17. RESPONSE OF CAVITY GAUGE TO A STEP OF PRESSURE
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1.2 mm Hg
5.6 mu Hg
10.0 mm Hg
19.7 mm Hg

200 uS/cm
200 uS/cm
200 pS/cm

200 uS/em

0.5 mV/em
5 mV/cm
5 mV/cm

10 mV/em
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H 112.5 m Hg

E 200 uS/em 20 mV/cm
F 200 pS/em 20 mV/cm

G 200 puS/em 25 wV/em
H 200 pS/cm 50 mV/em

FIG 17 cont’'d. RESPONSE OF CAVITY GAUGE TO A STEP OF PRESSURE
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FIG.17 cont'd RESPONSE OF CAVITY GAUGE TO A STEP OF PRESSURE

153 mm Hg
207 mm Hg
245 mm Hg
326 mm Hg

200 pS/cm
200 uS/cm

200 uS/em
200 uS/cm

50 mV/en
100 mV/cm
100 mV/cm
100 mV/cm






10 mm Hg

37¢4 mm He

A
B 18.4 mm Hg
c
D 158 mm Hg

A-D 200 pSees/cm

FIG.18 RESPONSE OF CAVITY GAUGE WITH BAFFLE
TO A STEP OF PRESSURE






A 1.17 mm Hg
5.41 mm Hg
C 10,0 mm Hg

A 200 uS/em 5 mV/cem
B 200 p.S/cm 5 mV/cm

C 200 pS/em 10 mV/cm
D 200 uS/em 20 mV/cm
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FIG 19. RESPONSE OF TOP HAT GAUGE TO A STEP OF PRESSURE
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FIG 19 cont'd RESPONSE OF TOP HAT GAUGE TO A STEP OF PRESSURE






FIG.19 cont’d
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RESPONSE OF TOP HAT GAUGE TO A STEP OF PRESSURE
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150 mm Hg
204 mm Hg
2kt mm Hg
318 mm Hg

200 uS/cm
200 psS/em
200 |J.S/ cm

200 pS/em

200 mV/cm
200 mV/cm
200 mV/cm

200 mV/cm
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THE EVALUATION OF SOiE COMICRCIAL AND DEVELOPMENT FPRESSURE

GAUGES IN . LABORATORY TYPD SHOCK TUBE WITH /i VIEW TO THEIR

SUIT&BILITY FOR USE IN 3SHOCK TUNNELS, Stevens, D,R. March, 1962,

This note describes a smple laberatery sheck tube deslgned to produce
rectangular steps of pressure In the range 1 mm Heg to 460 mm Heg for use in
evaluating and developing fast roesponse sensitive pressure transducers
priparliy for shock tunnel use, Test results of threc corrmercially avali-
able transducers are presented with brief ccmments on thelr characteristics,
Two experimental gauges are described with an explanation of the philosophy
followed In their design; and thelr performance determincd, It is shown
that such gauges are nore suitcble for owr purposes although they are not of

a ru_ges engincering niture, The course that further developnent rniight take
Is su,,ested,
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This note deseribes a simple laboratery shock tube deslgned fo produse
rectangular steps of pressure in the range | mm Hg to 60 mm Hg for use in
evaluating and developlng fast response sensltive pressure transducers
primarily for shock tunnel use, Test results of three ccrnercially avail-
able transducers are presented with brief comments on thelr characterlstics,
Two eXperimental gauges are deseribed with an explanatlon of the philosophy
followed In thelr design; and thelr performance determined, It Is shown
that such gauges are meré sultable for our purposes although they are not of
a rugged engincering nature, The course that further develomment night take
is suggested,
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This note describes a simple laborateory shock tube designed to produce
rectangular steps of pressure In the range 1 Heg to 460 mnt Hg for use In
evaluating and develcping fast response sensitlve prossure transducers
prinarily fcr sheck tunnel use, Test results of three conercially avalls
able troansducers are presented with brief carwents on thelr choracteristics,
Two experinental gauges are described wath an explanation of the philosophy
fellowed In thelr design; and thelr perfomance determined, It 1s shown
that such gauges are mere suitable fcr cur purpeses although they are not of
a rugeed engineerieg nature, The course that further develepment might take
is sugpested,









© Crown copyright 1964

Published by
HER MAJESTY'S STATIONERY OFFICE

To be purchased from
York House, Kingsway, London, w c 2
423 Oxford Street, London, w 1
13a Castle Street, Edinburgh 2
109 St Mary Street, Cardiff
39 King Street, Manchester 2
50 Fairfax Street, Bristol 1
35 Smallbrook, Ringway, Birmungham 5
80 Chichester Street, Belfast 1
or through any bookseller

C.P. No. 677

C.P. No. 677

50 Code No 23-9013-77



