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ABSTRAC.'

\•The small body pressure transducers were used, in both fixed-wing

and rotary-wing scale models to measure dynamic and stat.c pressures.
These models were then tested under controlled wind tunnel conditions
and the transducer signals recorded for either on- or off-line analyses.

Oa experiment using the small Lody pressure transducers was con-
ducted in the American Aeiginchanis Wind Tunnel (7 x 10 #2, NASA Ames,
Moffett Field);in&-dre&to compare different geometricclly shaped
rotary-wing airfoil sections under dynamic stall conditions. An addi-
tional application for the small body preisure transducer was a series

of tests conducted in both the French Tunnel, S4cJa France (CEPRA 19)
- the Dutch-German Amsterdam, The Netherlands; D11W Iind tunnel.

During the foreign tests, data were obtained on helicopter rotor noise
generated by blade pressure disturbances due to helicopter blade-vortex
ii.eraction. Both the acoustic signature and the blade pressure trans-
ducer outputs were recorded simultaneously In all of these experiments,

secial purpose electronic and mechanical *dware for the small body
pressure transdveers was developed.

INTRODUCTION

The need for determining the pressure dLstribution on aarodynamic
shapes both in wind tunnel and in full-scale flight tests has brought
about a steady evolution in both the mechanical design and the electrical
properties of rhe pressure transducer. Twenty-five to thirty years ago,
the majority of wind tunnel pressure surveys were for static measurement
only. These ueasutements were taken with liquid manometers that, for the
most part, were eit!er read uenualll or photographed for later analysis.
In the ea.ly 1950s, t project was undertaken at the NACA Ames Aeronautical

b... :,Laboratory and other centers around the country to develop and apply a
technique whe-eby dy-rumic pressures could be meabured. Previously, these
unsteady preajures could not be recorded on liquid manometers. The
resulting efforts at Ames developed a 3eries of pressure transducers
starting with a single active leg, going to a half bridge, and then to

a full bridge in the fj-am of a "bud" rosette gauge. The full-bridge
transdu-,ers were powered by the CEC 20KC carrier equipment, and the out-
put was recorded on Consolidated Electrodynamics Corporation (CEC) oscil-

lographs. These pressure transducers were 1/4 in. diameter by 1/8 in.II



deep with the strain gauge bonded to the interface of a stainless steel
diapbragm. This diaphragm was then spot-welded to the case body. In
the case of either the single leg or the one-half bridge transducer,
the bridge completion resistors were mounted near the transducer on a
steel block; if precision resistors were used, they were located on the
inner surface of the model. The desire was to keep temperature effects
to a mlnimu%.

In the 1950s, a big step forward in transducer development came
with the advent of the piezoresistive-semiconductor gauges that opened
a whole new field for development. Such representative entrepreneurs as
Micro-Systems and Kulite-Bytrax and then Schaevitz-Bytrex and Kulite in
the 1960s led t e way in the development of this new technology. They
were able to supply the testing market with a valuable new tool which
had great potential. The current transducer state of the art offersmany advantager i.nclu~ing small size, high output, and both static and
dynamic response. The major objective of this paper is to report two
recent small body pressure transducer applications and some of the hard-
ware developed for improved calibration and monitoring techniques.

EXPERIMENTAL RESULTS

A. Oscillating Airfoil Studies

An oscillating airf Al test using the small body pressure trans-
ducer was conducted in the 7- by 10-foot wind tunnel at NASA Ames
Research Center (ARC). This test used the Kulite model YQCR-250-1 and
YQCH-093-15D pressure transducers (Fig. 1). The purpose of the test
was to determine the dynamic stall characteristics of the advanced
rotary-wing airfoil sections.' Twenty-six Kulite transducers were dis-
tributed over the upper and lower surfaces of eight different geomet-
rically shaped airfoil sections (Figs. 2 and 3). These transducers were
differ-utial in type and referenced to tunnel total pressure. Each
tranL.,ucer was powered by 5 VDC and the output balanced for zero voltage
whenever the differential press,re. wan known to 2e zero. The signal was
then filtered and Pined for recordiug on an Ampex 32 channel analog
magnetic recorder kig. 4).

Trausducer calibrations were performed ar 8- to 10-hr intervals.
A set of starting zeroes war. taken after tuunel warmup and again aiter
fiach run (20 =in). This procedure was to maintain a good DC zero refev-
ence level for measuring both steady and unsteady loads on the airfoil
sections. Specifically, the calibration proc.ss made use of the pres-
sure stepping ability of a Scanivalve (model SGM), a comutator, and a
step-drive systm (Fig. 5, Appendix A). The adaption of the Scanivalve
allowed the rapid stepping of a multilrvel pressure source without dis-
connecting any tubing, and then returned the transducers back to an
operating reference pressure (PT). Replacing the normal transducer in
the Scanivalve with a dummy plug allowed six preset pressures to be
ported out to a manifold which connected the reference side of all the
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small body transducers. The pressure regulators were used to establish
a nominal pressure value for each step. .he absolute value of each step
pressure was measured by means of the Parascieatiiic Model 600 pressure
computer, and with a quartz reference transducer connected in the pres-
sure line between the Scanivalve and the model reference manifold. Of
particular note was the outstanding durability of the small body trans-
ducers used in this test. The duration of tunnel occupancy for the
model and the transducers was slightly over i yr. rallowing an initial
shakedown run, during which several units were replaced, there were no
further transducer failures during this pericd. (These initial failures
during the shakedown were due to broken wires and occurred at the tirae
of installation.)

An outstanding piece of electronics hardware that was developed for
the oscillating airfoil program is the on-line pressure profile monitor
(Fig. 6, Appendix A). It was designed and built by Don Humphry of the
Electronic Development Branch, ARC. This instrument allows the orper-
ator to visually monitor any 10 pressure transducers at one time, for
either the upper or lower surface of the model (Fig. 2). The resulting
data are presented on a CRT of any standard laboratory oscilloscope.
The display is calibrated for psi along the y-axis and for x/c trans-
ducer location along the x-axis. Ten pressure transducers could be
selected and displayed as a continuous line representing the pressure
profile at a predetermined angle of attack of the model in the air system.
The airfoil motions are generated by means of a mechanical device (Fig. 7)
and are controlled in both amplitude and rate of oscillation.

Helicopter Blade-Vortex Interaction Study

Two sequential wind tunnel tests were conducted using the small

body pre.ssure transducers, model XCQ-63-093-2 & and the model XCQ-65-
096-10D (Fig. 8). The purpose of these testo was to study the scaling
of helicopter blade-vortex interaction. The first test was conducted
in CEPRA 19 anechoic wind tunnel configui.d with a 3-m open test sec-
tion.2  (CEPRA 19 is located south of Pa..s, near Saclay, France.) The
second wind tunnel test was conducted in the new DNW wind tunnel, an
aerodynamic and aeroacoustic low speed facili' .*3 (The DNW is a German-
Dutch cooperative project, located northeast of Amsterdam, The Netherlands.)

The rotor stand (Fig. 9), which was used to mount and run the rotor
blades, was designed and built for the U.S. Army Aeromechanics Laboratory,
ARC.4 Also, two instrumented pressure blades for these tests (Figs. 10
and 11) were fabricated and instrumented with small body transducers at
ARC.

A method was devised to select and to precalibrate all of the
pressure transducers that were Installed into the two rotor blades.
This preinstallation calibration determined the transducer response to
pressure in units of volts ner psi, and the sensitivity to both tempera-
ture and time (see Appendix B for typical calibration format). With few
exceptions it was found that the transducers were well matched and the
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assignment of position of transducers on the rotor blade presented no
problem. After the transducor-, were installed on the rotor blade and
the blade then mounted on E.. rotor stand, an end-to-end calibration
technique was devised whereby all absolute transducers could be cali-
brated at one time. This procedure allowed setting excitation voltages
to produce a comncn-slope clibration for all transducers, both absolute
and differential, thereby giving on-line quantitative monitoring of
blade pressure responses. This end-to-end calibration device consistedI.. of a clear plastic cylinder which could be sealed at both ends. The
cylinder is shown enclosing the blade instrumented with absolute pres-

sure transducers in Fig. 12. This cuffing technique for calibration
had been tried in the past but with little success. Appropriate atten-
tion to blade construction, transducer installation, and calibrator
design resulted in leak-free pressure calibrations, making it simple
to simultaneously and accurately calibrate many transducers.

The sealed calibration cylinder was pneumatically connected to a
volumetric pressure piston and monitored by a Parascientific Model 600
pressure computer, using a 15 psid quartz transducer as a reference
(Fig. 13). A series of 0.5 psi reducing pressure steps was generated
and the transducer outputs were recorded on a 32-channel Ampex taperecorder. The transducer signals were gained to match the recorder
level of 1 V rms for the largest Ap step of approximately 4 psid
The recordings were made at 30 ips and FM wide Band 1, which allowed
a playback band pass of 20K Rz.

The end-to-end calibration for the second blade, which was instru-
mented with differential pressure transducers, presented a more complex
problem as the sealed volume calibrator technique inherently would not
work. The problem for the differential transducers occurred because
there was no practical way to seal one side of the transducer. Many
techniques and materials including various types of tape were attempted
but alwayL. :nduced zero shifts that could not be calibrated. All tapes
that were tested resulted in deformable cavities under pressure at the
orifice opening and the transducer diaphragm never returned to original
zero condition. Therefore, a transducer-by-transducer calibiation was
performed instead. A corollary technique for simultaneous calitration
of bldda-izstAllad differential (both sides open) small body transducers
is still nqeded.

The transfer of data from the rotating blade system was made pos-
sible by means of a 156-channel, high speed, Poly-Scimtific slip-ring.
An important requiremant in the use of this slip-ring was to maintain
a very clean brush-to-ring environment. Both the CEPRA 19 and the DNW
wind tunnel tests were conducted using the same slip-ring assembly and
without any channel failures. The slip ring used during these tests
proved to be a well-manufactured un' t and was maintal. ed by flushing the
slip-ring brush areas on a regulr oasis. Specifically, after every
20 hr of use, a mixture of one part synthetic oil (Exxon 2380) and nine
parts freon was forced into the contact area and alloved to drain.
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CONCLUSION

The small body pressure transducer has proven to be a very useful
tool in the acquiring of both static and dynamic data. With the advent
of the piezoresistive-semiconductor gause, the state of the art in pres-
sure measurements has increased in such areas as pressure range, sensi-
tivity, and in the reduction of physical size of transducers. These
improved properties have allowed the test engineer to more reliably
measure and monitor the physical changes taking place in the test
envirorment. In addition, the interfacing instrumentation has also
kept pace with this change and h.as enabled the engineer to monitor, to
record and to accurately calibrate, the transducer prior to and duriag
its application in a. test situation.
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1.27,,nm 6.36 mm AS REQUIRED

AS REQUIRED 12.7 mm
KU LITE YOCH-250-1 117 Wa.

OUTPUT ft 15 mV/lsi 0 10 V EXCITATION
NATURAL FREO. < 70 kHz

(FUNCTION OF TUBE LENGTH)
ACCELERATION 11 0.0004% F.S./g
ACCELERATVON W 0.002% F.S./g

: 0.763 mm 2.388 mm AS REQUIRED

idi
4,

1.S REQUIRED 6mm KULITE YCOI.-093-15n 19 n.)
OUTPUT - 5 mV/psi u 10 V EXCITATION
NATURAL FREO. < 230 kHz

(FUNCTION OF TUBE LENGTH)
ACCELERATION II 0.00004% F.S./g
ACCELERATION i t 0.0002% F.S./g

Figure 1 Pressure transducers for oscillating air foil
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7 8 9 10 11 12 13 1
4*5 16

2*,

1*

p.d

;;4 18 17"
23 22 21 20)1

4 X/C x/c x/C # x/C

1 0.000 8 0.250 15 0.900 21 0.300
2 0.005 9 0.325 16 0.980 22 0.150
3 0.010 10 0.400 17 0.980 23 0.050
4 0.025 11 0.500 18 0.900 24 0.025
5 0.060 12 0.600 19 0.700 25 0.010
6 0.100 13 0.700 20 0.500 26 0.005
7 0.175 14 0.800

TRANSDUCERS USED YQCH-250-1
AND YCQL-093-1DO

Figure 2 Upper and lower surface pressure transducer locations for all eight
stall models
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Figure 3 Installing transducers in the oscillating airfoil
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Figure 4 Electronics involved in monitoring and recording data signals
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Figure 6 On-line pressure profile monitor
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Figure 7 View of mechanical device to drive oscillating airfoil
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0 GS,' JE RSSP TRANSDUCERS (BLADE 1
2.388mm

KULITE XCO-63-093-25A MOD. 2D II ~ - USED WITH "M" SCREEN (29 wa)
OUTPUT ft 1.5 mV/poi 0 10 V EXCITATION

937 mmNATURAL FREO. -- 230 kHz
ACCELERATION 11 =z 0.00004% F.S./g
ACCELERATION i zz 0.0002% F.S./g

KULITE FLAT PACK
LQIS-34.125-15A (3a.&)

-T OUTPUT -- 5 mV/psi 0 10 V EXCITATION
1 6.604 mm NATUR/hL FREQ!- '3 kHz

~ 4 ACCELERATION I ct 0.00004% F.S./g
1.397 mm ACCELERATION i t- 0.0002% F.S./g

o. DIFFERENTIAL PRESSURE TRANSDUCER (BLADE #2)
1.016 mm 2.388 mm

67m2 mm

1.013.912 mm KULITE XCQ-65.093-1OD) (18 9&.)

OUTPUT zz 5 mV/psi 0 10 V EXCI TATI ON
NATURAL FREO. < 230 kHz
ACCELERATION It 0.00M0% F.S./g
ACCELERATION i mv 0.0002% F.S.Ig

Figure 8 Pressure transducers for small body model rotor blades
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167.8 DESIGN LOAD CENTER

162.84 I BLADE ATTACHMENT AN, COLLECTIVE AND CY,',L'C
. CONTROL SYSTEM UNIT CONTROL FOR 2 OR

MORE ROTOR BLADES

MULTI-COMPONENT MEA3UPES LOADS REFERENCED
BALANCE UNIT TO DLSIGN LOAD CENTER

±600# VERTICAL
±150 # HORIZONTAL

12450 ±2500 in. # MOMENT AP',nOT HORIZONTAL AXIS
±2520 in. # SHAFT TORWUE

.I SHAFT EXTENS!ON SECTION

( K BI-DIRECTIONAL ROTATION (PRESET)
SPEEDS UP TO 3000 rpm

54.00- CONICAL ADAPTER

p. (120 hp TRANSMISSIONDRIVE SYSTEM UNIT 1527 GEAR RATIO
- 2-60 hp ELECTRIC MOTORS

26.75 -

/ , PEDESTAL-

I;I
Figure 9 Operational characteristics rotary wing test stand
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APPENDIX A

DATA DISPLAY SYSTEM

Donald E. Humphry

A 10-channal data-display system has been developed to illustrate
a pressure profile of a moving airfoil during wind tunnel testing. The
inputs to the iystm are the 10 analog signals from the pressure trans-
ducers and a synchronizing pulse that corresponds to the zero rotational
anpular position of the airfoil. This pressure profile is presented on
an oscilloscope. A typical display is shown in Fig. 1. Each brightened
point or dot on the trace indicates the pressure reading at that par-
ticular location with the vertical distance being the pressure, and the
horizontal distance between dots being proportional to the horizontal
spacing of the pressure transducers on the airfoil. This pressure pro-
file is also for a selected rotational angle of the rotating or oscil-
lating airfoil. The 10 simultaneous pressure readings are taken at the
selected rotational angle. Thus the display system acts like a strobe,
with the pressure profile being taken at any selected angular position
of the airfoil.

Also displayed on the oscilloscope is a second trace, which shows
the selected rotational angle of the airfoil at which the pressure read-
ings are occurring as shown on the pressure profile. This is indicated
b, thw position of a brightened point or dot on this trace, which corre-
#ponds to t'e selected rotational angle.

The horizontal position of each of the 10 channels on the pressure
profile trace is adjustable, so that they correspond to the actual physi-
cal location of each of the pressure transducers on the airfoil.

The rotational angle of the airfoil at which the pressure reading
is recorded is adjustable from 0 to 3600. For instance, to take a pres-
sure reading at a rotational angle of 45', select a 45* by means of a
front panel switch and then each time the airfoil passed through 45, a
pressure reading would be taken at all 10 channels and displayed on the
scope as a pressure profile. The systfm can alun be programmed to scan
through different angular readings at varying rates, which can be set
by means of some front panel switches.

This system has also proven useful. in the calibration of the pres-
sure transducers since all 10 pressures can be observed simultaneously
and any variations between them are easily observed.

18
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APPENDIX B

PRESSURE CALIBRATION
KULITE PRESSURE TRANSDUCER B-728
MOD.XCQ-63-093-25A 20-JAN-82
S/N 4478-40-9
CALMS. RANGE 1 10 TO 24.0 PSIR
EXCITATION- 10.80 VDC
TEMPERATURE * 18.057 DEC. C

.0 PRESS(PSIA) . OUTPUT VOLT. CALCePRESS DEt.(PSIA)

P £16.092 -6.005293 9.9972 0.04S
1.00 -6.063652 10.9966 0.0036

3 12.680 -8.002618 12.0022 -6.0018
4 3.ee -e.000389 13.0044 -8.0043
5 14.01 6.01238 14.0053 -8.004815.888 8.802868 15.077 -6.0074
7 16.901 0.694499 16.0!12 -0.010018.86 0.097752 18.0123 -0.0124

.26.1 8.01995 2.0074 -6.064

1 3 22.901 6.14228 21.9915 0.10891
11 24.001 0.S17458 23.9789 0.0218
12 22.81 6.814228 21.9915 8.8092
14 28.861 8.618993 29.0067 -6.8060
14 16.881 8.607750 18et18 -0.8102
15 16.e 0.004496 16.0093 -0.0089

516 15.61 0.002865 15.0062 -0.8053
17 14.61 0.901236 14.0040 -80.0030

13.601 -0.660392 13.0823 -0.0016
O 12.01 -0.08221 12.o803 o.0003

20 11.091 -0.003655 16.9948 0.0060
21 10.881 -0.005299 9.9333 0.6174

INTERCEPT SLOPE(VOLT/PSIA) Rt2 SID.DEV.(PSIA'

.152690E-02 1.625478E-63 0.999994 8.009 1

NOTE CALC. PRESS - (OUTPUT VOLTRGE--8.0215269 )/ 1.C2547E-0$

20

4' 20
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PRESSURE CALIBRATION
KULITE PRESSURE TRANZDUCE" B-728
MOD.XCQ-63-0S3-25R 20-JAN-3.2

S,'N 4478-4B-9
CALIB. RANGE : le TO 24.0 PSIR
EXCITATION= 1.ao VDC
TEMPERATURE '42.R77 DEG. C

.0 PRESS(PSIR) OUTPUT VOLT. CALC.PRESS . DEV.(PSIA)

1 18.001 -0.805276 9.9855 0.0154
2 11,080 -8.003634 16.9959 0.0044

- .002001 -0.0084

4 13.801 -8.00371 13.0039 -0.0031
5 14.801 0.001256 14.0052 -a.0047

15.081 8.002885 15.0078 -0.0064
7 16.081 0.064513 16.0093 -0.0087

18.801 8.007767 18.0113 -0.0105
20.800 0.ell1 20.0065 -8.0061

113 22.001 0.014235 21.9911 0.0097
11 24.801 0.017467 23.9795 0.0212
11 22.001 0.014236 21.9918 0.0089
13 28.81 0.811811 20.0073 -0.0068
14 18.081 0.007768 18.0120 -0.o114
15 16.00 0.004514 16.0899 -0. 819

15.81 0.082885 15.0o72 -0.0066
1? 14.88 0.001256 14.0049 -0.8947I c 13.001 -0.000371 ':3. 0040 -0.0034

12.81 -0.002001 12.00t -0.0004
011.10 -0.003637 18.9946 0.0058
1 10.000 -0.005279 9.9841 0.0!63

INTERCEPT SLOPE(VOLT/PSIA) Rt2 STD.D)EV,(PS$A)..150480E-02 1.625190E-03 0.999994 0.009531

NOTE : CALC. PRESS ( OUTPUT VOLTRGE-,-.021504E )' 1. 2519E-03

22
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VOLTAGE DRIFT TEST
KULITE PRESSURE TRANSDUCER A-723
MOD.XCO-63-093-25A 20-JAN-82.
S/N 4470-48-9
MEAN PRESSURE - 14.518 PSIA
EXCITRTION- 19.00 VDC

OINT # TRANS.OUTPUT DRIFT TEMP. C TIME(MIN)

: e.02092 0. 0OO9 32.033 0. ek2 .002092 8.08001 32.003 0.750
S.002098 -0.08081 31.902 1.500

4 8.00299 -0.000002 31.923 2.1678.002091 -e.ee001 31.843 3.000
6 0.020 e.060002 31.785 3.750

8.882091 -0.08901 31.639 4.500
8.882090 -8.80002 31.624 5.250
8 .882096 -8.808802 31.536 6.000

100.002088 -080004 31.971 6.750
12 e.ee es e.00004 31.461 7.5020.802088 -0.000004 31.505 9.167
13 0.002096 -0.000006 31.470 9.080
14 0.0020e6 e0.eee0e6 31. 4 62 9.750
15 0,8021e83 -. 1000906 31.518 10.500
16 9.002085 -0.800We 31.502 11.250
17 0.002686 0.090006 31.537 12.000
18 0.002086 e.0eeeo6 31.507 12.750
19 0.002887 -0.000005 31.517 13.500
20 9.802e88 -0.000004 31.512 14.250
22 :.0e2087 -8.00004 31.597 15.00
22 0.0208? -0.0080004 31.524 15.750.23 0.02087 -0.00005 31.553 16.500
24 0.002087 -0.80004 31.574 17.250

65 .9822087 -8.009005 31.575 re. 000
0.002087 -8.080005 31.584 18.750

27 .002087 -0.90805 31.535 19.5002t 0.002087 -0.000005 31.580 20.167
29 9.002087 :8:000005 31.576 21.090
S0.802087 -8.000005 31.526 21.750

'1 0.002087 -0.000005 31.468 22.500
35 0.002087 -0.000005 31.502 23.167:53 1D.802086 -0.OW8 5 31.462. 24.000
34 0.1002087 -0.000005 31.475 24.750

350.002087 -0.00005 31.544 25.500
0.002087 -0.000085 31.529 26.250

37 0.082087 -0.000004 31.591 27.000
38 0.002087 -0.000005 31.628 2I.6739 0.002087 -0.000005 31.536 23.50040 0.002088 -0.000004 31.504 29.250

24
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TEMPERATURE DRIFT TEST
KULITE PRESSURE TRANSDUCER A-728
MOD.XC-63-093-25A 20-JAN-82'
S/H 4470-49-9
MEAN PRESSURE - 14.523 PSIA
EXCITATION 10.00 VDC

OINT # TRANS.OUTPUT DRIFT TEMP. C TIME(MIN)

1 e.002089 0.000000 31.503 0.000

2 0.002089 0.000000 31.073 1.000

3 0.002089 0.000000 27.724 2.000

4 0.002089 0.000000 25.361 3.000

5 0.002088 -8.000001 22.958 4.000

6 0.0020 0 -0.000002 22.192 5.000

7 0.002083 -0.000005 21.693 6.000

8 0.002080 -0.000009 21.407 7.000

9 0.002078 -0.000011 21.277 8.000

10 0.082075 -0.000014 20.889 9.000

1 0.002072 -0.000016 20.945 10.000

12 0.002069 -0.000019 20.795 11.000

13 0.002066 -0.000022 20.811 12.000

14 0.002067 -0.000022 20.733 13.000

15 0.002066 -0.000023 20.684 14.000

16 0.002064 -0.000024 20.261 15.0 0

17 0.002063 -0.000026 19.981 16.000

18 0.002061 -0.000028 19.89 17. 00

19 0.002058 -0.000030 19.773 1:.000

20 0.002058 -0.000031 19.739 19.009
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