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AIM-90-1399 

Shock-Tube Calibration of a Fast-Response Pressure Transducer 

Kung-Ming Chung* and Frank K. Lut 
The University of Texas at  Arlington, Arlington, Texas 

The sensitivity of a miniature fast-response piezoresistive pressure transducer determined dynamically was found 
to be slightly higher than that determined statically. Thus, mean pressures in a turbulent or unsteady flowfield 
that are measured using statically-calibrated pressure transducers would be slightly above true values. Unsteady 
pressure measurements to obtain space-time correlations and spectra can, however, be properly performed if the 
slight error is acceptable. These measurements are, obviously, subjected to limitations imposed by the bandwidth 
and the spatial resolution of the transducer. The noise spectrum revealed that  the noise is predominantly above 
the transducer's resonant frequency. Filtering to improve the signal-to-noise ratio is particularly necessary when 
using the transducers a t  their low range. Ttansducer drift increases the signal-to-noise ratio and can adversely 
affect mean measurements. 
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Nomenclature Introduction 
= speed of sound, ms-' (ft/sec) 
= analog-to-digital 
= transducer sensitivity, pV/Pa (mV/psia) 

= Mach number 
= pressure, Pa (psi) 
= signal-tenoise 
= temperature, K (OF) 
= speed, ms-' (ft/sec) 
= transducer output, mV 
= transducer spacing, mm (in) 
= specific-heat ratio 
= standard deviation 

Superscripts 
= fluctuating 
= mean (1 

Subscripts 
S = shock 
I, 2, 3, 3a, = regions defined in Fig. l h  
34 4,s 
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Experimental studies of rapidly changing pressures 
have relied on miniature fast-response pressure trans- 
ducers. Examples of the use of such transducers 
abound in acoustics, turbulence, and shock-wave and 
blast-wave research. Recently, there has been an up- 
surge of interest in the study of compressible turbulent 
boundary layers, particularly shock boundary-layer in- 
teractions, through surface pressure measurements [I]. 
These measurements using fast-response transducers 
seek to understand the unsteady aspects of the interac- 
tion such as shock wcillations. 

Also, miniature fast-response pressure transducers 
are by necessity used in impulse facilities. In the past, 
the signals were recorded by analog devices such as 
oscilloscopes and magnetic tape recorders or by low- 
resolution (8-bit) A/D converters. Precise determina- 
tion of transducer characteristics was not necessary or 
even possible with these antiquated recording devices. 

However, accurate measurements made possible by 
advances in data acquisition require that fast-response 
transducers be better understood than in. the past. 
Such understanding will allow these transducers' ad- 
vantages and limitations to  be appreciated. One dif- 
ficulty faced by many investigators is the question of 
whether static calibrations can be used instead of dy- 
namic calibrations. Obviously, a static calibration can 
be performed with relative ease. Further, previous in- 
vestigators [2, 3, 41 relied on Raman's [5] work which 
showed that dynamic calibration values of mean pres- 
sure are systematically about 5% lower than those ob- 
tained from static calibrations. The motivation of the 
present study is, therefore, to re-examine this direr- 
ence by performing static and dynamic calibration US- 
ing more modern equipment. In addition, the noise 
and drift characteristics of such transducers w.ere also 
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examined 
There are many ways of dynamically calibrating 

pressure transducers [6, 7, 81. In principle, a known 
and rapidly changing pressure is applied to the trans- 
ducer whose output is measured precisely to obtain the 
transducer's transfer function [9]. Different inputs can 
be used in this determination. One passibility is t o  im- 
pose a step change which, in practice, can be obtained 
by a propagating shock wave in a shock tube. Unlike 
quick-opening or explosive devices, the shock tube pr- 
duces a very steep pressure rise whose magnitude can 
be precisely controlled. The present calibration, hence, 
used a shock tube. 

Experimental Methods 

The Shock Tube 
The pilot shock tube, located a t  the Aerodynamic Re- 
search Center (ARC) of The University of Texas at Ar- 
lington, consisted of a 2.1-m (7-ft) long, 100-mm (4in) 
ID driver tube connected to a6.1-m (20-ft) long, 50-mm 
(2-in) ID driven tube via a double-diaphragm section, 
Fig. la .  At the end of the driven tube was mounted a 
0.3-m (1-ft) long, 50-mm (2-in) ID test section whose 
downstream end was bolted to a dump tank. The 
driven tube was long enough to allow the propagating 
shock to develop fully. In the present experiments, only 
a single, unscored mylar diaphragm, 0.5 mm (0.023 in) 
thick, was used to separate the driver and driven gases. 
Both gases were air. 

double vacuum 
diaphragm 

section 

a. 

b 

Figure 1: Pilot shock tube. a. Schematic of facility. b. 
Wave diagram of flow with vacuum tank attached to 
shock tube. 

Air from the ARC'S 14 MPa (2,000 psia) air sup- 

ply and storage system was regulated to about p ,  = 
2.Ozk0.07 MPa ( 2 8 5 i l O  psia) for all test runs, p4 being 
measured by a Wika gauge with a -f70 kPa (&lo psia) 
accuracy. Althougb an accurate measurement of p4 
may appear necessary a t  first, this is not really so. The 
step pressure rise to pz  was more accurately determined 
from the shock Mach number 

M ,  = U./al ( 1 )  
and initial conditions in the driven tube ( I  in Fig. lh),  
namely [lo]: 

The driven tube was evacuated by a Sargent-Welch 
Model 1396 vacuum pump to  a range of p1 from 0.4 
to 7 kPa (0.06-1 psia). The vacuum was measured 
accurately to  zt7 Pa (%0.001 psia) by an MKS Bara- 
tron Model 127A vacuum gauge, a capacitance-type 
manometer widely used as a secondary standard [l l] .  

The transducer being calibrated was mounted 
76 mm (3 in) from the test-section leading edge. Inline 
with this transducer and AI = 100 mm (4 in) down- 
stream was mounted another similar transducer. These 
two transducers were used to time the shock passage 
from which M ,  could be evaluated. The transducers 
weri flirshmounted as best as possible, minimizing the 
protrusion of the flat transducer face above the  curved 
inner surface of the test section. 

When the diaphragm was ruptured, a wave system 
was set up. This system is illustrated in an x-t diagram 
in Fig. l b  where the regions of interest are labeled con- 
ventionally. The wave diagram is drawn assuming one- 
dimensional, inviscid, perfect gas flow. Fig. l b  illus- 
trates the case where p4/p1 is sufficiently large to choke 
the converging portion of the diaphragm section, result- 
ing in an unsteady supersonic expansion in 9. Other- 
wise, subsonic flow exists in this region. The inset Lo 
Fig. l b  illustrates the wave pattern if the end of the 
test section was closed. 

Shock Tube Principles 

For an unheated driver gas, it is usual to express the di- 
aphragm pressure ratio p4/pl, the driver-t-driven tube 
area ratios A4/Al and the Mach in region 9 M3 as fol- 
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lows [12]: 

w To solve for the four unknowns, M a ,  M3, M30 and MZk, 
using the above eqnations, a hoiindary condition must 



bc imposed, namely that M3 = Af3b if M a  < I or M3,a z 

1 if  M3 2 1. With air in the driver and driven tubes, 
results from computations using the above equations 

, , . , ,  . . . .  . . . . .  . are plotted in Fig. 2. Also plotted in the figure are some 100 

p5/p1 
. . , . . . . . . . . . . .  

v of the present results which will be discussed later. The p5/p1 . .  ,,........ " '  

theory predicts that 
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In practice, the shock tube cannot operate with ex- 
tremely large diaphragm pressure ratios and M, tends 
to be limited to about 3 at most (for air) as is also 
the case in the present experiments. (But by using a 

gas, M ,  can be increased without unduly large initial 
pressure ratias.) 

The inviscid computations enabled the initial p re s  
sures, p1 and p 4 ,  t o  be selected such that a sufficient 

the same time ensuring that the transducer did not suf- flected shock strength as a function of initial pressure 
fer damage from overpressurization. In the case of the ratio (air in driver and driven tubes). 
close-ended test section (wave diagram shown as inset 
to Fig. Ib), it can be seen that ps > pz > P I .  For 
the values of p1 and p 4  attainable in the pilot shock growth behind the shock. Both factors reduce M,  as 
tube, the transducer could not be mounted at the end can be seen in the present experimental data displayed 
of a closed tube for three reasons. The first is that in Fig. 2. (In addition, the available test time was also 
the (pitot) pressure sensed by the transducer would, in reduced below inviscid predictions due to contact sur- 
most instances, be  larger than the transducer's over- face diffusion.) 
pressure rating (140 kPa, 20 psia). The second is that 
ps wiu also be mostly too large. Thirdly, with a close- The pressure aansducer 
ended tube, the final pressure level of the entire shock 
tube may rise beyond the overpressure rating of the The transducer that was calibrated was a Knlite XTS- 
transducer. Thus, the transducer was calibrated by 190-10A with a 0-70 kPa (0-10 psia) range. Kulite 
mounting it to the test-section wall, with a large dump transducers are of solid-state integrated-circuit design 
tank attached to  the test section to ensure that the and are widely used in fluids measurements because 
final pressure level at  the end of a run was below atmc- of their ruggedness, miniature size, sensitivity, high- 
spheric. frequency response and wide dynamic range. The 

The shock Mach number musf also be carefully ch- sensor consists of a silicon diaphragm on which four 
sen. Too small a value of M,, in which there is no piezoresistive strain gauges form a Wheatstone bridge. 
unsteady expansion in 9, may cause p z  to be too large. For a discussion of the transduction principles, see 
Too large a value of M,, on the other hand, can produce Refs. 1% 71. 
excessively high pressures, p3,,, bebind the unsteady ex- Some pertinent characteristics quoted in the man- 
pansion. ufacturer's specifications are a resonant frequency of 

The time required for shock passage across the two 70 kHz, fullscale output of 100 mV and a 'combined 
transducers, At, can be resolved to 2 ps ,  the sampling nonlinearity and hysteresis of &G.3% fullscale. For 
interval of the data acquisition system. Thus, the particular transducer under test, the manufac- 

turer's calibration gave a sensitivity of 1.22 pV/Pa 

In the present experiments, the transducer was ex- 
from which *4s can be evaluated using Eqn. (1) to *I%. cited by a Newlett-Packard Model 6235A power supply 
This local value of MS enabled a more representative set to 10.000~0.001 VDC (checked throughout the test 
evaluation of the flow properties across the shock prop- program by a 54-digit Hewlett-Packard Model 3468A 

past the transducer than if the shock Mach digital multimeter.) This excitation voltage was the 
number was obtained from timing the shock passage same as that used in the manufact,urer's st.atic calihra- 
through the driven tube. This is because the shock tion. 
formation and propagation are strongly affected by the 
diaphragm bursting process and by the boundary-layer 

Ms 

1 
200 light driver gas such as helium or by heating the driver 1000 

rmge Of and, therefore, PZ was Obtained at Figure 2: Shock Mach number, shock strength and re- 

U, = Al/At, (7) (8.38 mV/psia). 
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Signal Conditioning, Data Acquisition & unfiltered signals were also taken as described. Antici- 
Data Processing pating the results, the transducer calibration was found 

to follow 
The signals from the pressure transducers were lowpass 
filtered at  60 kHz by a Krohn-Hite Model 3202R filter 
and then digitized at  500 kilosamples/s by a LeCroy where 
data-acquisition system [13, 141 (Fig. 3). This sampling For dynamic Calibration, the driver tube was first 
rate far exceeded the minimum necessary to prevent pressurized to about 0.7 MPa (100 psia), which was less 
aliasing of the digitized signal. Each record consisted than the 2 * 0.07 MPa (275 f 10 psia) pressure which 
of 4096 datapoints. The LeCroy system was operated would cause diaphragm rupture. Simultaneously, the 
to  capture pre-trigger data, the trigger being activated driven tube was evacuated to the desired p1 value. Fur- 
by a sufficiently high pressure level upon of the ther pressurization of the driver tube to about 2 MPa 
expansion (Ja-36 in Fig. l b )  over the front transducer, then ruptured the diaphragm. As previously stated, 

The programmable amplifiers in the LeCroy Model Precise Control Ofp4 was found to be unnecessary for the 
6810 waveform digitizer were set to the 0-400 m~ present experiments. The data  were then recorded and 
range. Thus the 12Abit A/D conversion implied a dig- subsequently processed according to procedures out- 
itizing accuracy of just under 0.1 mV/bit. Without lined above. The value of PZ computed from Eqn. (2) is 
further premplification, this resulted in a percentage known as the dynamic calibration value, The value of 
accuracy of 0.15-6.1% in the A/D conversion for the P2 obtained from the output voltage of the transducer 
pressure ranges encountered. and the static calibration, Eqn. (8), is known as the 

National Instruments Model GPIB-100 bus extenders 

P = v/c, (8) 
u is the sensitivity of the transducer. 

The digitized signals were transmitted via a pair of static calibration 

to  an Everex Step 286 microcomputer and stored for 
analysis. Control of the data-acquisition system was 
by LeCroy CATALYST software while data reduction 
was performed using ASYSTANT software. 

Experimental Procedure 
Noise t3 Drift Measurements 

In a subsidiary set of experiments, atmospheric p r e s  
sure data (100.3 kPa, 14.55 psia) were recorded at  three 
temperatures: O°C (32"F), 21'C (70'F) and 100°C 
(212'F). The cold and hot measurements were done 
using an ice bath and a boiling-water bath respectively, 
with the transducer protected in a test tube. Data were 
recorded after 30 minutes of immersion to  ensure that 
the transducer's temperature had equilibrated. In ad- 
dition, in the static calibrations (see below), extra data 
were recorded at  vacuum pressures but at 21 "C only. 
In all of these measurements, to capture the noise, the 
data were not filtered. To determine drift at 21OC and 
at  different mean pressures during static calibrations, 
the unfiltered transducer output was sampled at one 
kilosamples/s which gave a spectrum up to 500 Hz.  The 
sampling period was 8 s and 8 192 datapoints were ob- 
tained. 

Sialic 0 Dynamic Calibrations 

Results & Discussion 

Noise Characteristics 
A sample of the unfiltered time trace from the trans- 
ducer at  room conditions (100.3 kPa and 21 "C or 14.55 
psia and 70'F) is displayed in Fig. 4a. The transducer 
output signal can be written as: iJ . 

V = V + V '  (9) 

where V is the mean output and V' is the fluctuating 
component of the signal. These voltages can then be 
converted into pressure using Eqn. (8), so that 

p = @ + p '  (10) 

The standard deviation of the fluctuations ("noise"), c, 
increased slightly from 0.2% to 0.25% of the mean, p ,  
as temperature increased from O°C (32'F) t o  100°C 
(212'F). The noise appeared to be practically Gaus- 
sian (Fig. 4b). In this figure, the dotted line represents 
the normalized Gaussian distribution. In addition, the 
spectrum (Fig. 4c) showed that the noise was of high 
frequency exhibiting a series of peaks. For determin- 
ing the effective bandwidth of the transducer, the most 
significant peak was at 50 kHz, the transducer's reso- 
nant frequency. Higher frequency peaks were probably 
the result of transverse and loneitudinal waves in the 

Y 

cavity behind the transducer's diaphragm [l]. Similar 
features were seen in the probabi1it.y distribution and 
spectrum of the noise from signals acquired a t  atmm 
spheric pressure but at O'C and 10O'C (not shown for 
brevity). 

As the applied pressure decreased (keeping temper- 
ature constant), the S/N ratio dropped through a com- 
binatiou of a decrease of p and an increase in u. A 

Static calibration was performed by recording the fil- 
tered transducer output and the Baratron vacuum 
gauge reading at  several steps during evacuation of the 
driven tube. The driven tube pressure was held steady 
during data acquisition. Static calibrations were re- 
peated daily throughout the test program. Further, a t  
some points of the evacuation, noise and drift data from 
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Figure 3: Signal conditioning and data  acquisition. 
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Figure 4 .  Example of unfiltered record (room conditions). a. Time record. b. Probability distribution. e. Spcc- 
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sriinmary plot of the standard deviation data is shown 
iii Fig. 5.  Drift data shown in this figure will be dis- 
cussed subsequently. Thus, a t  an applied pressure of 
1.0 kPa (0.15 psia), the standard deviation of the noise 
was 0.33 liPa (0.048 psia) or about 30% of the mean. 
An example of the time record under these conditions 
is shown in Fig. 6a. This poor S/N ratio emphasizes 
the importance of filtering the noise from the signal. 
The probability distribution function of the signal also 
was Gaussian, Fig. 6b. The spectral peak at 70 kHz, 
corresponding to transducer resonance, was also seen in 
the low pressure measurements, Fig. 6c 

0 20% 

v 1OOQC 0 
0 drift + noise 

O n  

000 

@i 

t 1 . O E - 2  

1 . O E - 3 4  I 
0 20 40 60 80 100 - 

P. kPa 

Figure 5: Standard deviation of noise and drift of trans- 
ducer output. 

Static & Dynamic Calibration 
A linear least-squares curvefit of t.he static Calibration 
data (Fig. 8) gave a sensitivity of 

v c = 1.19 pV/Pa. ( 1 1 )  

This was about 2.5% below the manufacturcr’s quotkd 
value. The figure also shows dynamic calibration data 
which will be discussed next. 

An example of a time record showing the shock and 
expansion wave passage is displayed in Fig. 9. From the 
data, the output voltage can he directly measured and, 
using Eqns. (8) and ( l l ) ,  the static calibration pressure 
was evaluated. The experiments showed that test tinres 
were about 1 m for all the runs. Therefore, a visual 
inspection of the trace isolated a smaller time segment 
(0.5 ms giving 250 datapoints) for obtaining the mean 
output voltage used in evaluating the static calibration 
pressure. The dynamic calibration pressure was ob- 
tained by substituting p1, M,  and y1 into Eqn. (2). 

The sensitivity of the transducer obtained from dy- 
namic calibration was found to be cdyn = 1.21 pV/Pa, 
which was 1.6% larger than the static calibration sensi- 
tivity. This implies that for a given transducer output 
voltage, the dynamically determined pressure would 
be lower than the statically determined pressure, as is 
shown in the inset to Fig. 8. This result is digeerenl 
from Raman’s [5]. The discrepancy between static and 
dynamic measurements may be due to errors in evalu- 
ating M, from measurements of At and to transducer 
drift. The difference may also depend on other factors, 
e.g., temperature rise due to shock passage. However, 
no further efforts were made to establish the effects 
of temperature beside the thermal noise measurements 
reDorted above. Essentiallv. the small error in usine 
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static calibration data appears acceptable in dynamic 
measurements, this error being within the tolerance of 
conventional fluid-mechanics measurements of pressure. 
firther, in dynamic measurements of pressure, other 

Drift 
Fig. 7a is an example of atmospheric data to illustrate 
transducer drift. The standard deviation of the signal instrumentation limitations, e.g., j,igh-frequeney noise, 
was 
the standard deviation of pure noise of 0.2% reported important in contributing to the accuracy, 
above. The S/N ratio becomes increasingly worse as 
the pressure decreases. E.g., at  1.69 kPa (0.245 psia), 

Fig. 7a shows that the signal consisted of small 
amplitude high-frequency fluctuations (noise) superim- 
posed on the low-frequency drift. The spectrum of the 
data record (Fig. 7b) showe? the 60 Hz AC-line f r e  
quency and two peaks at  0.4 Hz and 2 112 that char- 
acterized the drift. Drift causes difficulties since high- 
pass filtering inevitably also removes the mean. In an- 
alyzing pressure signals found in shock boundary-layer 
interactions using the variable-interval time-averagi,,g 
(VITA) technique, elaborate procedures are, therefore, 
necessary to prevent drift from adversely affect.ing data 
reduction [l]. 

’% Of the mean. This can be with bandwidth and spatial resolution, may be even more 

0 % 0.433. This trend is summarized in Fig. 5. Conclusions & Recommendations 
Dynamic calibration of a miniature fast-response 
piezoresistive pressure transducer revealed that mean 
pressures are below those obtained statically, in con- 
trast to Raman’s [5] results. Thus, based on the 
present experiments, the practice of using statically- 
calibrated pressure transducers to measure pressure 
fluctuations would give mean values above actual oncs. 
The noise spectrum revealed that, the noise is predom- 
inantly above the transducer’s resonant frequency. For 
the temperature range examined, the effect. of temper- 
ature on transducer noise is negligible. A practical out- 
comeofexamining the noise spectrutn is that thr trans. 
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Figure 6: Example of unfiltered record (1.0 kPa and 21 "C). a. Time record. b. Probability distribution. c. Spec- 
trum. 
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Figure 8: Static and dynamic calibration. 

ducer’s resonant frequency can be readily determined. 
Lowpass filtering to improve the S/N ratio is particu- 
larly necessary when using the transducers at their low 
range because of the extremely poor S/N ratio other- 
wise. Transducer drift decreases the accuracy of mean 
measurements. Highpass filtering to remove the drift is 
a viable solution if only pressure fluctuations and not 
mean values are of interest. 
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