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ABSTRACT

While PCB-132 sensors have proven useful for measuringndetmde instability waves in many hypersonic
wind tunnels, they are currently limited by their calib@ti Until now, the factory calibration has been all
that was available, which is a single-point calibration at amplitude three orders of magnitude higher than a
second-mode wave. In addition, little information has baeailable about the frequency response or spatial
resolution of the sensors, which is important for measuhigh-frequency instability waves. These shortcom-
ings make it difficult to compare measurements at differentitions and between different sensors. If accurate
guantitative measurements could be performed, comparigbthe growth and breakdown of instability waves
could be made in different facilities, possibly leading tonathod of predicting the amplitude at which the
waves break down into turbulence, improving transitiondpzgon.

A method for calibrating the sensors is proposed using aywbwilt shock tube at Purdue University. This
shock tube, essentially a half-scale version of the 6-lindtls tube at the Graduate Aerospace Laboratories
at Caltech, has been designed to attain a moderate vacuuheidrtven section. Low driven pressures should
allow the creation of very weak, yet still relatively thinosk waves. It is expected that static pressure rises
within the range of second-mode amplitudes should be gessithe shock tube has been designed to create
clean, planar shock waves with a laminar boundary layer tovalfor accurate calibrations. Stronger shock
waves can be used to identify the frequency response ofiBerseout to hundreds of kilohertz.

1.0 INTRODUCTION

Measurements of boundary-layer instabilities in hypeistmnnels are needed in order to improve methods
for predicting transition in flight. Simple empirical colaéons, such asieg/M. (Reynolds number based
on momentum thickness divided by the edge Mach number) daceatunt for the mechanisms of transition,
making it difficult to extrapolate results from each pargabund simulation to flight. Gathering enough data
to establish a new correlation or the limits of an existing @an be prohibitively expensive, making a more
analytical approach desirable.

Semi-empirical methods, such@$, use the growth of instabilities to predict transition [toa. Instability
growth is computed as aratid,/ Ay = ¢, whereA is the amplitude at a given location, add is the amplitude
at the location at which the instability first starts to arfypliTransition is then empirically correlated to a certain
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N factor. However, much is still uncertain when usielt) to predict transition. The initial amplitude of the
instabilities is not accounted for, nor is it known at whatpditnde the instabilities will break down.

Tunnel noise has been shown to have an impact on transitt@tion, as well as thé/ factors at which
transition occurs]]. In flight, as well as in quiet tunnels, transition onsetrsseo occur afV factors between
8 and 11 2, 3]. In conventional tunnels, transition onset usually oscatrN factors around 54]. Pate also
showed that transition on sharp cones at zero angle of attacke correlated to measurements of tunnel noise
[5]. While this correlation works well across a wide range ofrtels, the physical reasons behind it are poorly
understood and it is unclear how it would apply to more coogiéid geometries.

It may be that increased noise levels lead to higher initiaplgudes of the second-mode waves, so that
the waves require less amplification to break down. Anotlessibility is that increased noise levels feed into
the nonlinear breakdown mechanisms, causing them to angadner, leading to wave breakdown at a lower
amplitude. Measurements of the growth and breakdown ofngenmde waves, as well as freestream noise
levels, are necessary to identify which mechanisms aralhcimportant.

Understanding the effect of noise levels found in converatidunnels on transition is necessary because no
ground test facility is capable of fully reproducing flighdarditions. While quiet tunnels can more accurately
simulate flight noise levels, they are incapable of high Ré&ys numbers, high Mach numbers, and high en-
thalpies. Since no single tunnel is able to simulate all eispef flight, transition measurements must be made
in multiple wind tunnels. If the effect of tunnel noise onrtsition can be understood, and measurements of
boundary-layer instabilities can be made in the tunnelshitiwvvehicles undergo testing, methods for extrapo-
lating transition location from ground test to flight canthar incorporate the physics of transition, improving
accuracy and reducing risk. This is particularly criticimice hypersonic flight tests are about a hundred times
more expensive than ground tests, and generally returmétas

Measurements of tunnel noise and boundary-layer ingiakilhave been uncommon in hypersonic tunnels,
mostly due to the difficulty of performing such measuremeBtundary-layer instabilities on models in hyper-
sonic tunnels consist of low-amplitude, high-frequencytfliations. Few instruments that are sensitive enough
to measure the instabilities are also robust enough tov@imside a hypersonic wind tunnel. Hot wires have
been the usual method of measurement in the |Ba8t,[but there are several disadvantages to the use of these
sensors. While hot wires are capable of surviving in somestsgnic wind tunnels, their strength is marginal
and they are prone to breaking. In many of the larger prododtinnels where flight vehicles are tested, the
conditions are too harsh for hot wires to survive at all.

Additionally, hot wires are an intrusive measurement témplm due to the shock wave and wake created
by the probe. This means that only one point along a strearckm be measured at a time. Measurements at
multiple points require multiple runs, or a longer run tinterbined with the ability to traverse the probe along
the streamline. In facilities with short run times, requirimultiple runs at the same condition can result in
unacceptably high costs.

The finding that some high-frequency pressure transdueere used to measure second-mode waves is,
therefore, of clear interes®]. Second-mode waves, identified by Mad{], are the dominant instability on
flat plates and cones at zero angle of attack for Mach numlbenseaabout 5. They can also be important for
cones at low angle of attack and nearly 2D or axisymmetricrggnes, such as scramjet forebodies or re-entry
vehicles. Second-mode waves can be observed as high-fi@gflectuations in pressure, momentum flux, or
heat transfer. The fact that they are a relatively easy#asure instability of engineering interest that can be
isolated in a simple, well-understood flow makes them a gaudliclate for an investigation of noise effects
and breakdown behavior under different conditions.

Pressure transducers can be mounted flush with a modelacsuigo that multiple sensors can be placed
along a single streamline, reducing the number of runs redud measure the development of the instabili-
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Figure 1: Measurements of second-mode waves using PCBeh321s

ties. The PCB-132 model of pressure transducer (see RBf.Has also proven to be quite robust, capable of
surviving in many hypersonic tunnels, with a low incidenddmken sensorslP-17]. These qualities make
attempting instability measurements feasible, even inynadithe large tunnels used to test vehicles. Samples
of wind tunnel data obtained with these sensors are showiguré-1 (from Ref. [18]), which shows measure-
ments on &° half-angle cone in the NASA Langley 15-Inch Mach 6 High-Temrgiure and 31-Inch Mach 10
tunnels.

The second-mode waves are evident from the large, broadspeake power spectra. Waves can be
observed to grow, become nonlinear (shown by the appeadnoeiltiple peaks, which are harmonics) and
break down into turbulence. A turbulent spectrum is one Wigin levels of fluctuations at all frequencies, with
no particular peak and fluctuation strengths that genedslyrease with increasing frequency. Information
about the growth and stage (linear growth, nonlinear grptatiakdown, or turbulence) of the instabilities can
be useful for interpreting changes in transition locatiosasured through other means, such as temperature or
heat flux measurements.

Measurements performed with PCBs at similar conditions uftipie tunnels have shown possible differ-
ences in wave amplitude. An example is shown in Figur&easurements on the sarffedegree half-angle
cone model in the Langley 15-Inch Mach 6 High-Temperatunen&l, the Langley 20-Inch Mach 6 Tunnel, and
the Boeing/AFOSR Mach 6 Quiet Tunnel (BAM6QT) at Purdue &i@\s1. The measurements at Purdue were
performed under noisy flow conditions, under which the Perdunnel is expected to have higher freestream
noise levels than the Langley tunnels. Measurements frordueuare shown at two different unit Reynolds
numbers, one higher and one lower than the condition in tmgles tunnels, since a matching condition was
not available. The frequencies of the waves in the Purdueeluare slightly lower than those in the Langley
tunnels for an unknown reason. The waves clearly appear fatgdr in the Purdue tunnels than in the Langley
tunnels at both conditions, indicating that some tunnetadtaristic, most likely the freestream noise levels,
is influencing the wave amplitude. A significant differenneamplitude is observed between the two Langley
tunnels, as well, with larger waves in the 15-Inch High-Tenagure tunnel. This is the expected result, since
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a smaller tunnel would be expected to have higher freestrease levels. These types of measurements have
shown that PCB-132 sensors can potentially be very usefxamining hypersonic boundary-layer instabili-
ties.
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Figure 2: PCB measurements in the BAM6QT, 15-Inch Mach 6 Higimperature Tunnel, and 20-Inch Mach
6 Tunnel. ? cone modelgz = 0.208 m.

20 INSTRUMENTATION

PCB-132 sensors are piezoelectric pressure transducggndd to measure the time of arrival of shock waves.
They are high-pass filtered at 11 kHz, with a quoted resonmaquéncy above 1 MHz. The manufacturer
calibrates the sensors in a shock tube, by running one shiticlawstrength close to 7 kPa past the sensor. The
calibration is assumed to be linear, with a 0 V offset.

The manufacturer’s calibration is not necessarily relewarsufficiently accurate for the purposes of in-
stability measurements. The response for an input of 7 kiratimecessarily similar to the response for an
instability wave, which has pressure fluctuations threeimdf magnitude smaller. In addition, the frequency
response for the sensor is not identified. Second-modebitisés in wind tunnels typically have frequencies
between 100 and 600 kHz, so the frequency response of therseayg be important to determining the actual
magnitude of the pressure fluctuations across this frequemge.

Another issue with PCB-132 sensors is their spatial resolufThe instability waves on models generally
have wavelengths on the order of millimeters. The sensimfasel on the PCB sensors is 0.125 inches, or
about 3.2 mm, which is often longer than the second-mode leagth. However, the sensing element is only a
0.03 x 0.03-in square (0.762 x 0.762 mm). The sensing elemergible as a brown square in FiguseWhile
this is smaller, the size may still be significant when comagao the second-mode wavelength. If the sensor
size is significant compared to the wavelength, there wilsjbatial averaging. This averaging must be taken
into account to find accurate amplitudes, so it is necessakyidw over what area the sensor is measuring.

While the sizes of the sensing surface and sensing elemerinawn, the area over which the sensor
actually senses pressure (the active sensing area), iswnkiT his is because the sensing surface and sensing
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Figure 3: PCB-132 sensor with epoxy removed, showing thsisgrelement (brown square).

element are both covered with a conductive epoxy. Pressurarismitted to the sensing element through the
epoxy, but the manner in which this happens is not well-ddfifiéne sensing area may depend on the magnitude
of the pressure fluctuation, as well as the actual thicknetsedayer, which may vary between sensors. This
makes it necessary to determine the sensing area of thersevisite calibrating them. As indicated in Figure
3, the sensing element is not precisely located on the sefi$w.effective sensing area may depend on the
location and orientation of the sensing element. Theseng#ld to be determined without removing the epoxy
layer.

30 METHOD OF CALIBRATION

The most obvious method to calibrate the sensors is to cpratsure fluctuations at fixed frequencies and
known magnitudes and measure the sensor response. Hoareating controlled fluctuations at the high fre-

guencies required is very difficult. Ultrasonic emitteramat readily reach the high end of the PCB frequency
range, and accurate reference sensors to confirm the mégmfuhe pressure fluctuations are difficult to find

at these high frequencies.

An alternative is to use a step input or impulse as the caidiranput. In theory, these inputs excite
all response frequencies, enabling the entire frequergyorese to be identified using a single input. The
high-frequency content is small so that averaging multgitp responses is likely required to obtain good
high-frequency signal.

For a pressure transducer, a step input can be approximadtied whock wave. These can be generated
using a shock tube or a laser perturber, but the flow in a shdwo iis better understood. For this reason, it
was decided to attempt to calibrate the PCB sensors usingck stbe. In order to calibrate for instability
measurements, very weak, thin shock waves must be creakda.siiock waves are required to approximate
the step input. Since a shock has some finite thickness, @tiseally a step input, but if the shock passes over
the sensor in a time sufficiently small compared to the resptime of the sensor, it will closely approximate a
step input. The rise time of PCB-132 sensors depends onghévoltage, varying from 65 to 312 nanoseconds
for output voltages between 1 V and 5 V (about 70 kPA and 340 id2aectively).
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3.1 Shock Strength and Passage Time

Unfortunately, a small shock passage time and a weak shedoarpeting goals, since a shock becomes thicker
and moves more slowly as it becomes weaker. This can be meitigawmewhat by using a low driven pressure
in the shock tube, since the strength of the shock dependseopréssure ratio across the shock, and not the
actual pressures. With a low driven pressure, the presstiteaan be large even if the pressure difference
across the shock is small. This can only work to a point, sewantually the driven section becomes rarefied
and the shock begins to thicken again as the mean free padages.

The point at which the shock becomes too thick to provide &utisalibration input is unclear, but some
simple methods have been used to estimate it. The shock#sskvas calculated using Taylor’s solution for
the thickness of weak shock$g. The time for the shock to pass was found using the standardkstube
equations for shock speed. The pressure across the sheghi@gm burst pressure) was kept constant at
7 kPa, and the driven pressure was varied. The results frgnaiialysis are shown in Figude
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Figure 4. Calculated impulse duration (shock passage tiore3hocks made with a 7 kPa burst pressure
differential and varying driven pressures.

As illustrated in Figuret, the time for the shock to pass over the sensor depends yeavihe orientation

of the sensor. Two lines are shown, since the shock thickeesde calculated from the Mach number and
the pressure difference. The two answers do not always agresome unknown reason, so both results are
shown. If the sensor is mounted perpendicular to the flowe(lballed pitot configuration because the sensor
measures the pitot pressure), the minimum time for the stoplss over the sensor in the cases shown is about
100 nanoseconds, though it is clear that smaller impulsestiane achievable if the driven pressure is increased.
If the sensor is mounted parallel to the flow (here calledcstainfiguration because the sensor measures the
static pressure), the minimum time for the shock to pass @sitab .S, an order of magnitude larger. The
difference is caused by the fact that in static configuratiba whole shock must pass over the whole sensing
area before the impulse is complete, whereas in pitot camdiigun, the shock only needs to pass completely
through the plane of the sensing surface. This means thaatic sonfiguration, the shock needs to travel a
distance equal to the thickness of the shock plus the lerfgtieactive sensing area to complete the impulse,
but in pitot configuration it needs only travel a distanceada the thickness of the shock. In most cases, the
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shock is very thin compared to the length of the sensing a®#e impulse duration is much larger in static
configuration than in pitot configuration.

The pitot pressure step is larger than the static pressepe sb again it becomes difficult to have both a
small pressure rise and a short impulse duration. It may bessary to identify the frequency response in pitot
configuration using shocks too strong to be relevant to ll#iameasurements, and then find the calibration
curve of the sensors using shocks too thick to identify teguency response. Assuming that the frequency
response does not depend much on the magnitude of the ihgmuitethod should yield good calibrations.
Calibration curves will be obtained in both configurationssee if the configuration affects the linearity or
slope of the curve. Using thick shocks with sensors in pitwifiguration should show how much the impulse
duration affects the calibration.

3.2 Burst Diaphragms

Creating very weak shocks with static pressure rises caabp@to second-mode amplitudes in wind tunnels
presents another challenge. Achieving low pressure risemide easier with a low burst pressure differential.
This is because increasing the Mach number of the shock aieesehe pressure rise for a given burst differen-
tial. For high burst differentials, the driven pressure tiassreduced to a very low vacuum, at which point the
shock has become too thick to be useful. For a small bursrdiftial, however, a higher driven pressure may
be used, and it is possible to adjust the driven pressurevéoegihinner shock of the desired strength.

While a lower burst differential is desirable, it is difficwb create in practice. A material is required that
is very weak so that it breaks at a low pressure differencealso strong enough to withstand installation
in the shock tube, and not too porous so that air does not leakigh it and make maintaining a low driven
pressure difficult. Previous work at Purdue indicated thalsburst pressures on the order of 1 PSI (7kPa) are
possible 0]. These low burst pressures have not yet been replicatedgdiinis effort. Work is continuing to
recover this capability.

If a material cannot be found that naturally bursts at a loaspure differential, methods may be used to
force a stronger material to burst at these pressures. Héig inethod for this shock tube is an electrical system
similar to what was used on the Mach 4 Quiet Ludweig Tube atli®iR1]. In this type of system, wires are
taped to the diaphragm face and attached to a system thaieocamnate a large current for a short time. The
current causes the wires to heat up, weakening the diaphmaaarial and causing it to burst. Since this shock
tube will be using small, thin diaphragms, the power requia this system should not be very high. Other
methods of lowering the burst pressure of a diaphragm maybasried, including scoring by hand and folding
the diaphragm.

3.3 Ildentifying Active Sensing Area

It may be possible to identify the length of the active segsirea by testing the sensors in static configuration.
If the shock passes over the sensor slowly enough that thenss time of the sensor is insignificant, the rise
time will show how long it took the shock to pass over the actensing area. This is because the shock
activates the sensing area slowly as it passes over thel&tiea.thickness and speed of the shock are known,
the length of the sensing area can be calculated from thémse Different shock strengths can be used to see
if the size of the active area is dependent on the magnitutteedhput.
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4.0 EXISTING SHOCK TUBE MEASUREMENTS

Some experiments were performed in the existing shock tuBeraue located in Armstrong Hall. This shock
tube has an internal diameter of 10.8 cm, a 0.64 m driver@ecénd a 4.67 m driven section. Weak shocks
could not be created in this shock tube because of the poauwaperformance of the tube, which prevented
reaching low driven pressures. However, the sensors cautrhlibrated over a reasonable range of pressures
when mounted in static configuration.

The pressure rise across the shock was calculated fromeahkstock equations based on the speed of the
shock and measured by the reference pressure sensorel(lk33B1 piezoelectric transducers). The speed of
the shock was calculated from the arrival times at two différsensor locations. The measurements do not
agree with the calculations, and it is unclear which is maieate. Both are shown in Figube
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Figure 5: Calibration curves for two PCB-132A31 sensors.

Itis clear in Figureb that the calibrations are linear over the measured randgmtbrsensors. The manufac-
turer’s calibration falls between the the two calibratidosnd for each sensor, indicating that for this range of
pressures, the manufacturer’s calibration gives at legebd estimate of the pressure measured by the sensor.

The sensor shock response was measured in both static abhaqitfigurations, as shown in Figuée
The two responses are generally similar, showing a shagpwigen the shock passes, followed by a slower
decline back to 0 V after about 0.1 ms. This is expected, simesensors are high-pass filtered at 11 kHz. The
decline takes slightly longer in static configuration, @bly due to the longer impulse time. Note that in static
configuration, the shock reaches the sensor at about 0.7 m#ed msec. The major difference between the
two is that a high-frequency oscillation is present in thetgiesponse. The frequency of this oscillation varies
between sensors, and was observed to occur between 800 kKHz Z2iVIHz. The reason for the oscillation
is uncertain, but it seems likely that it is caused by exiatabf the resonant frequency of the sensor. The
resonance may not be excited in static configuration dueetdatihger impulse duration. In addition, in pitot
configuration, the response to a given pressure rise is @upby more than 300% compared to the response
in static configuration. This might indicate an overshoatseal by the resonance of the sensor.

25-8 RTO-MP-AVT-200


nato-rto_logo.eps
figs/PCB1Calibration.eps
figs/PCB2Calibration.eps

) NATO

Calibration of PCB-132 Sensors in a Shock Tube

0.8

0.6

Voltage (V)
Volts (V)

0.4r

0.2r

0.05 0.1 0.15 0.2 0.25 0.3 0.35 0 0.02 0.04  0.06 0.08 0.1 0.12
Time (msec) Time (ms)

(a) Static configuration (b) Pitot configuration

Figure 6: PCB shock responses.

Some attempts have been made to model the frequency respitiee sensor using the tools provided
with Matlab®. Some examples are shown in Fig@reModels found using an output-error method have the
prefix “OE” followed by three numbers. The first is the ordettlsé numerator, the second is the order of the
denominator, and the third is the delay of the signal. Thaydeias always specified to be zero. Process models
begin with “P”, followed by the order of the numerator. If theodel has a zero, the next letter is “Z”. If the
model is second-order and underdamped, meaning that tee am complex, a “U” is appended to the name.
For example, a second-order underdamped process modehvegho would be called “P2ZU”. The model
from PCB is a step response calculated from a transfer fumdétund by taking the product of the transfer
functions for a simple high-pass filter and a first-order eystwhich is what PCB stated was the system type
for this sensor.

For the static-mounted case, many of the models do an atdefwd of following the roll-off (Fig.7a), but
they all do a poor job of following the rise (Figb). Since the rise is the most important part of the response,
this shows that these models have not done well. In Figicesd7d, the results are seen to be mixed. Most of
the models completely fail to model the step response. Hew®ilodel OE240 follows the rise and the roll-off
fairly well, although it fails to model the oscillations. iBimay be due to attempts by the modeling algorithm
to prevent the model from following noise.
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Figure 7: Measured and modeled time-domain responsesdataltic- and pitot-mounted cases.
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While it is clear that the current attempts fail to adequatebdel the sensor, it seems that a modeling
technique can be found. The responses used for fitting thelmeed to be improved. The current attempts
were made on single responses, with no averaging, whicls giveisy signal and makes fitting a model more
difficult. It may also be necessary to try to fit the models mfitequency domain instead of the time domain, to
give maore importance to the rise rather than the roll-offll&mwration with others who are more experienced
in system modelling would be helpful.

5.0 NEW SHOCK TUBE

In order to create the weak shocks required for calibragamw shock tube has been built with a design based
on the 6-inch shock tube in the Graduate Aerospace Lab@satat Caltech (GALCIT). The new shock tube
(Figure8) has a 3.5-inch (15.2-cm) inner diameter, a 12-foot (3.6dnmjen section, and a four-foot (1.2-m)
driver section. PCB has expressed interest in the data thatom gathered from this shock tube, and will be
cooperating with the development of the calibration teghes.

The performance of this shock tube is currently being chiarezed. The driven section should be able to
reach pressures of 1 millitorr (100 Pa) using an OerlikonVAI D4B vacuum pump, and the driver section
is designed to withstand pressures as high as 6895 kPa. THeaiconaximum pressure will be 970 kPa, which
is the supply pressure in the building. The interior of tHeetwas honed, and the joints of the shock tube have
been designed to be smooth, so as to avoid disturbing the fiowcieate a clean planar shock wave with a
following laminar boundary layer. A laser-differentiakénferometer (LDI) may be used as a reference sensor
to measure the thickness of the shock waves that pass. Tdgk sibe will enable the measurement of weak
waves, to check the calibration of the sensors to low angdgu The current estimate of the smallest static
pressure rise achievable in this shock tube is 7 Pa, whiclithénithe upper range of second-mode amplitudes
in wind tunnels. It should also be possible to perform repaédw-noise measurements, so that the frequency
response of the sensors can be identified.

In order to use weak diaphragms at low driven pressures,nie@gssary to reduce the driver section to
pressures around 7 kPa. To allow for this, the driver seagsi@onnected to the vacuum system close to the end
of the driven section. Cut-off valves allow the driven sewtto continue to be pumped down after the driver
section has reached the appropriate pressure and protecachum system from the high pressures that will
sometimes be present in the driver section.

6.0 CONCLUSIONS

PCB-132 sensors show promise for improving the current istiaeding of noise effects on transition, and im-
proving the state of the art for transition measurementargel hypersonic wind tunnels. Accurate calibrations
would be useful for this effort. A small shock tube has beesigieed and built that should be able to provide
reasonably accurate and useful calibrations for instgbitieasurements. Calibrations will be performed using
shock waves to approximate a step input to identify the feegy response of the sensors, and weak shocks
with pressure rises comparable to second-mode wave adggitlAn attempt at identifying the spatial resolu-
tion of the sensors by examining the rise times for shocksiof thickness will also be made. It is expected
that the first calibrations of sensors using this shock tuitlde/made this year.
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Figure 8: The new shock tube at Purdue.
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