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MULTT-CHANNEL PRESSURE TELEMETRY SYSTEM FOR BASL
PRESSURE MEASUREMENTS ON SMALL MOBLELS

by

George S. Pick and Samuel E. Dawson
Naval Ship Research and Development Center

ABSTRACT

Effects of cluse proximity on simultaneously operating transducer-
telemetry units had becen systcmatically evaluated. Parameters such as
the Interaction as function of transducce-tu-transducer distances,
center frequency spread and its offect on the interaction, change of
sensitivity in relation to center frequency, center frequency shifts
as functions of transducer-to-trar-ducer distances, and the effects of
common power supply and shielding have been evaluated.

The results showed that the interaction increases approximately as
the inverse square of the distance. The center frequency spread has
the most significant effect on the interaction. If 7MYZ or larger
frequency spacing 19 maintained the maximum error is +8 percent for
the pressure range of 0.5 to 2.0 mm . The measured data can be
corrected by an interaction matrix method and yield crrors in the order

of a few percent depending on the accuracy of calibration.
INTRODUCTION

There is considerable interest in the basc flow characteristics
of missiles and aircraft. Unfortunately, these characteristics cannot
be accurately determined by the usual wind-tunnel techniques since the
data must be free of model support interferences. A possible alterna-
tive involves Lelemeteriag the data from f(ree-flying, magnetically-
suspended, or thin-strap-supported models. In small wind tunnels where
there are severe limitations on model size, telemetering several
pressures or temperaturcs simultaneously rescvlts in problems associated
with the effects of close proximity of the transducer-telemetry units.,

The systematic evaluation and the possible elimination of these effects

is the subject of the present investigation.




Parameters such as the fnteraction as a function of tranuducer-

Ll

to-transducer distances, center frequency spacling and {ts effect on

the iateraction, change of sensitivaty in relation to center frequency,
center frequency shifts as functions of transducer-to-transducer
distances, and the ¢ffects of common puwer supply and shielding have
been studied.

Four low-pressurce transducer-telemelry units which were specially

M

made by the .Jet Propulsion Laburatory based on R, ¢, Harrison's desipn
(Keference 1) were used in the study,

Alcthough the present work does not contribute tuv the advanceuwent
of telemetry circuit design or fabrication technology, it is believed
to be the fir.t attempt to systematically evaluate the effects of
close proximity. In this respect the authors wished tu complement

the earlier works of ilarrisun (Reference 1) and Choate (Refercuce 2)

who Independently developed and tested the units capable of measuring
pressures and heat transfer in free flipht wind tunnel models over wide
speed ranges and accelerations. However, Harriaon used a single unit
in his model and Choate's models were quite large (3.8 and 4.8 inch
base diameter, 9.2 and 11.3 inches lorz) compared to the medel size

used in the present investigation (2 inch base diameter, 6 inches long)

so interaction due to close proximity did not play a significant role,
DESCRIPTTION AND CALTBRATION OF EQUIPMENT

Transducer Calibiation System

The transducer-telemetry units were calibrated in a speciallv
built low pressure system consisting of two portable high vacuum pump-
ing stations, a precision bleed-in valve, a precision c¢lectronic mano-

meter and assorted conduits. The schematic diagram of the apparatus

VREA TR I TIPYRYITY TP Tenm T T

is shown in Figure 1.

The main system consists of 2 mechanical vacuum pump which serves
to back up a four-inch diffusion pump with pumping capacity of 400 liters/
second and ultimate vacuum capability of 1 x 10"7 mm Hg. The mechanical
vacuum pump is vihration insulated from the high vacuum port of the
apparatus. The high vacuum port is equipped with a gate valve, to
separate it from the diffusjon pump, a roughing line and assorted valves,

to connect it with the mechanical vacuum pump, and a vent line and
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valve, The absulute pressure in the chamber i8 measured by an ultra-
stable Gayard-Alpert type fonization gauge. Two thermocouple pauges
measure the diffusion pump exhaust pressure and the mechanical pump
intake pressure. A solenoid operated vent valve provides avtomatic
opuning and closing at start-up fur the mechanical pump.

The vacuwum inst.-uwentation ig not used {n che calibration procedure
ftgelf, but merely pruvides a means of obgerving that the gystem (s
below some pruescribed critical pressure level.

The transducers, to be calibrated in the low pressure environment,
are placed in a bell jar atop the high vacuum port of the diffusion
pump. It was found that the sealing action of the Dow Corning high
vacuum silicone prease between the ground glass surface of the bell
jar and the stainless steel flange of the high vacuum purt is suffi-
clent tou achiceve vacuum levels {n the order of 7 x 10‘-7 mm Hg after
a few hours of pumping.

Controlled air bleed-in is achicved through a calibrated tiranville-
Phillips 203 Va:iable Leak., Tt contains no organic seals thus elimi-
nating outpassing and contamination., Conductance of the Variable Leak

-10 cmz/sec (standard pressure and

is continuuusly variable from 10
temperature) to 100 umslscc (standard pressure and temperature) with
atmospheric pressure on the inlet port. When closed, the leakage
wonductance is less than 10-13 cmalscc.

The pressure standard used in the calibration system is a
Datametrics type 1014 Electrounic Manometer and type 511-3 Barocel
capable of measuring pressures petween 0 and 1,0 psi (51.7 mm Hg) on
geven consccutive db ranges from O to 0.001 psi to U-1 nsi range. For
the present measurements, a digital voltmeter was utilized to permit
precisions of approximately +0.1 percent of full scale in each range
(0.0001 percent of the full scale of the transducer at the lowestl range
of 0 to 0,001 psi) with +0.01 percent resolution,

The digital voltmeter is (EAL type 5000, Model 26.138. This unit
has an absolute accuracy of 0.02 percert of full scale and an Llnput
impedance greater than 100 M{) on the 9.999 volt full scale range)

connected to the external d.c. output poles of the electronic manometer,




This provides a zero to five V d.e. full scale output un each of the
ranges.

Trarsient redponge time ot the d.oc. output voltage is two milli-
scconds.  The {nstruments have negligible hviteresis (0.00% percent
maximum excurs on),. and continuous resolutfon, The drift, cven on
the most sensitive ranged, is extremely swall (less than +0,01 percent),
The linearity of the garocel ig fiom 40,1 percent to 0.0% percent un
all vange pesitions except the 0-1 pai range where it Is +0.3 percent
full scale. The nuise level is less than O 05 percent full scale,
The temperatur - effect vl zero iy less than 5 x 10-4 purcent per deyree
F. on any sensor renge, -or the sensitivity it ks 0.0l peccent of
rvading pur degree F,

The electronic m numeter and the pressure sensor was calibrated
by the National Burcau of Sta:dards to within 40,05 percent, The
calibration lines for the 0-0.1 psi and 0-0.03 pyi scales are shown
In Figure 2,

A Veeco Model VS-9 high vacuum punping sration equipped with a
two-inch diffusion pump provides congtant low reference pressure on
the reference port of the Barvocel. This pressure is cuntinuously
manitored on the built-in instruments of tle VS-9 system and does not
exceed 5 x 10-5 mm by,

During the assembly of the vacuum calibration system extreme care
was taken to insure winimal leakage and outgassing. The measured
voutygassing rate of Jche assembled system without the transducers was
0.004 ,/sec with "he variable leak at closed posirion. When all the
transducers were installed this combined outsassing ane leak rate
increased to 0.008 ,/sec. The ultimate vacuum in this confiyuration,
after several hours of pumping, was determined to be 5 x 10-6 nm Heg.
The leak rate was a near exponential function of time as illustrated
in Figure 3.

The corrclation cvquation may be expressed analytically within

+2 percent as

P o= ATB+C

where

P is in microns and T is in seconds,




The variable leak calibrat®on showed that below the counter
getting of 99, t'e leakage rate through Lhe valve was neglipible,
between 65 ana /5 it lacrcased from 10—3 mm Hug/sece to 1,5 x 10—1 i
Hu/gec, apain as a near exponeatial functlon of time.

Sinee the vutgassing and leakage rates were small, gtable ruaning
tim:d of the order of 60 sccondys were achieved williout pressure correc-
tions for leskaje rate even for pressure measurements of 0.5 vm or
less, since even at this prergure the leakage contributed less than

0.1 percent of the measured pressure,
Telemeter-Transducer Uity

The low pressure transducer-telemetry unity were specially made
by the Jet Propulston Laburatory based on R, ¢, Harrison's desipn,

The telemeters utilize an ulera stable Colpittg oscillator
apurating ab center {requencies between 106 and 137 MIZ; Ltg stability
was found to be 0,5 percent of 200 KHZ for a periocd of one minute,

The vscillator is fre quency modulated by the vavialile capacitance-type
pressure transducer, The telemeter assembly consists of four major
componentrs: a printed circuit inductor, variable capacitance-type
Jdifferencial pressure transducer, battery package, and all other circuic
compunents in a microminiature gackage of pellet-type constvuction. The
transducer sensing clement 18 a prestressed thin (0.00025 inch thick)
metal diaphragm soldered over the reference port case and separated
clectrically from the pressure port., ‘the stress level of the diapuragm
determines the sensitivity of the uait., The diaphragm and the inner
surface of the pressure port form the variable parallel plate capecitor.
The various components aof the unit were rigidly cncapsulated in epoxy
potting to provide thermal isolation and shock resistance,

The rise time of the pressure telemeters is 0.5 miec, or hetter,
without tubing. Their thermal stability was reporccd to be gnod,
Harrison found that a temperature increase of 100°F at atmospheric
pressures produced a 2.7 percent increase in the oxcillator frequency
and 0.1 percent change in the full scale sensitivity calibration. The
temperature-time lag wag about three minutes., There were little, or

no chenges in the telemeter performance over a temperaturc range of

g
%




30 to 200°F.

Outside dmenszfons of the pressure telemeler unit were 0,67
inches in diameter and 0,51 fnches in length. The schematic diagram
of the oscillator cirruit is shown in Figure 4 and the photograph of
a unit is shown in Figure 5.

Tor the detailed performance characteristicyg and construction of

thesde units the reader 18 referred to Harrison's report (Kefereuce 1),
Ingtrumentation

Figure 6 shows the block diagram for a single thannel of telemeter
instrumentation. The autenna used was a 120 MilZ half wavelength folded
dipole. The antenna was maltched to the coaxial cable using 4 Blondeuv-
Tonpue Model MT-283 matching Lrausformer. Two Jerrold Model 3440
preamplifiers were then used in cascade to obtain at least 40 db gain
for driving the Jerrold Medel UT 2260 signal tap-offs, Four of the
tap-ofii were used to couple the input signals to the four FM receivers,
Rurulting isolation was at least 31 db and feed-thru lo- ses were less
than 0,25 db for the frequeney range from 100 to 140 MHZ.

The turers used are the same McIntosh Model MR71 type used in
Reference 1. The RF and oscillator stages of these tuners have bcen
modified to provide reception in the band from 100 to 140 MHZ. The
output signal is taken from the discriminator test jack. At this point
a typical deviation sensitivity was 71 KHZ/volt with an output linearity
of +2 percent over the range from -1,5 to 2.5 volts, A Sorensen Model
ACR1000 AC voltage regulatcer was used to maintain tuner line voltages
within +0,1 percent, Tuner outputs were then fed into four Beckman
Model C-44 Amplexer Amplifiers which in turn drove the 600 HZ type
7-323 galvanometers in a C,E,C. type 5-124 recording oscillograph.

The amplificr-galvanometer combination gave best line d,c. linearities
of less than 41 percent of two inches deflection.

Other instrumentation included a Triplett Mcdel 3432-A signal
generator and a Feirchild Universal Counter/limer Model 8200 used in
calibrating the FY receivers. Counter error amounted to less than
+3 KHZ over che 100 to 1.0 MHZ range. In addition an ETA analog
computer Model TR 10 was used to scale and divide tuner output voltages

to obtain a voltage proportional to transducer interaction. The

6
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division clrcult used a '"quarter-squarc' type of multiplier in the
feedback circult of a high-gain amplifier. The overall circuit gave
13.6 x/y volts out within +2 percent for outputs less than 10 volts

and inputs x and y greater than 0.1 volts.
Component Calibration

c£ach FM receiver was calibrated at three points within its
frequency range.  Bercguse a frequency limitation of 12.5 MHZ in the
available counter the tunery werc calibrated using the 10th and 12th
harmouinrs §in the signal generator output. The outpul voltage from
the discriminator was displayed on a digital voltmeter., With zero
discriminator cutput the signal generator was adjusted to give q read-
ing of 5 on the tuner sigual strength meter., The tuner automatic
frequency and muting controls were left in the off positiuvi:. 4 typical i
tuner calibration curve exhibits +2 percecnt linearity over the range
from -1.5 volts te 2.5 volrs with slope valuecs repeatable within +2
percent. '

The galvanometer drive ampiiciers and recording oscillograph !
were calibrated as a unit and show typical linearities ot less than

+1 percent with calibration repeatability within +0.4 percent:,

TEST PROCEDURES

Telemeter Calibration

The telemeter units were placed individually in a bell jar and
allowed to stabilize following evacuation of iLhe system to around Sy ¢
absolute pressure. A block diagram of the calibration system is shownm ‘
in Figure 6. A sample of the oscilloegraph record of the calibration
data is shown in Figure 7 and the photograph of the ovirall system is
shown in Figure 8. The reference leak rates irere such that about 5
minutes were required for pressure stabilization. The presuure
m2as iring system was then zeroed and the vent valve closed., The pre-
cigsion leak was orrw2d to allow the assoclated piping volume tc bined
up to pressured in the range from 24 to 96 mm relative to the reference
vacuum system. The roughing valve was then closed and the vent valve

opened giving telemeter differential pressures in the range from 0.5




to 2.0 mn. Owing to the pipe length between the vent valve and the

bell jar, ahout 0.5 zeconds were requirced fo- the bell Jar pressure

to stabilize, This delay resulted in a loss of calibratfion trace
deflection amplitude arising from Lhe reference port leak rate.

A correction for this effect was determined by first allowing an
initial telemeter differential pressure of about 2 mm to decay toward
zero., The osclllograph trace of the decay was then dJdivided into a
number of increments and the slope of each increment tabulated against
an average deflection. The average deflection values were then super-
imposed on the oscillograph trace of the pressure calibration step.
The interscctions of these points with the calibration curve were then
extended tn the time axis and each time irncrement thus formed was
multiplied by the corresponding slope value. These incremental
corrections were then graphically integrated up to the time courrespond-
ing to maximum calibration trace deflection, The total correction
expressed ay a percentage of the maximum calibration trace deflection

remained essentially independent of the pressurc step magnitude.
Interaction for Two Telemeters in Close Proximity

Prelim'nary telemeter interaction studies were wade undev atmos- -
pheric conditions using two units with axes spaced from (.68 to 1.44
inches arart. A plastic mounting plate was used to hold and positiaon
the transducers, The units were unshielded and werc powered from a
common mercury battery supply. Figure 9 shows a block diagram of the
system used, The analng computer was used to provide an oscillograph
deflection proportional to the scalcd ratio of the outputs from the 3

two telemeter channcls, 3
Interaction for Three Telemcters in Close Proximity

Interaction studies wera next made under atmospheric cenditions
using four telemeter units located within the calibraticn wodel which
consists of a removable teflon cor : surrounded by an 1/8 inch thick 3
aluminum skin as shown in Figure 10. The axes of the three base tele-
meters were on a 0.78 inch diameter circle (printed circuit ancenna

hoards 0.06 inches apart). The base telemeter center frequencies were

e —— e
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116, 125, and 135 MHZ. Tihe fourth telemeter, located inside the
model in frout of the three base units, had a center frequency of
168 MHZ. After obtaining the interaction versus pressure relations-
the model was placed in the bell jar and calibiated in the samc

manner as for the single telemeter case.
RESULTS AND DISCUSSION
Individual Telemeter Calibirationn

With center frequency held fixed, sensitivities for the
individually tested telemeter units repeated within +6 percent. In
obtaining these sensitivities the output data from two FM receivers
were considered.

In the cass nf telemeters #2 and #4 the sensitivities calculated
from one tuner channel are consistently 3 to 4 percent higher than
those obtained from the other. This indicates a nced to improve the
tuner deviation sensfirivity stability with time and temperature. 1In
addicion the (.6 mm pressiirc sensitivities for telemeters #l1 and #4
are consistently 1 perceut to 3 percent lower than the average
sensitivities for the 1.0 to 2.0 mm range. These units also show an
epparent diaphragn overshoot and slow return to zero following a
pressure pulse,

The variation in telemeter sensitivity with frequency is shown
in Figure 11. These curves include reference port leak rate corrections
ranging from 0.8 to 5.2 percent. For projected future use the errvors
associated with leak rate correction will be eliminated by tying the
reference ports to a closed, common reference volume.

A set of theoretical slopes which are also shown in Figure 11 are
thogse obtained from the relation w = d&7i;6; where 1t is assumed that
the total frequenty determining capacitance Co remaing constant and

only the inductance L, is varied to obtain the unew operating frequency

w e Under these conditions the sensitivity variation would be diractly
proportional to frequency. This simplified procedurs seems to be in
fair agreement with the measured result., In practice, however, the
telemeter center frequency was increased by shunting an increasing

portion of the printed circuit inductor with a fine wire. This
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technique apparently caused enough variation in atray capacitance to
significantly change Co' This effect could also account for some of

the sensitivity variations observed in vrepeat calibrations,

Iateraction for Two Teleweters

For the case of two trvansducers in close proximity Figure 12
shows the interaction variation with center frequency epacing. Figure
13 shows the generally large fiucrecase in interactions obtain.i forv
decreasing telemeter separation. A typical oscillograph trace suowed
these interaction magnitudes to be essentially independent of the
pressure differential across the disturbed transducer., For values of
interaction below about 1 percent the effects of tuner and telemeter
zero drift produced masking errors in the division circuit output. In
this case a more repeatable value was obtained by taking ratios of
peak-to-peak deflections from the separate channel traces,

The use of separate power supplies and shielding reduced the
interactions somewhat but not as siguificantly as increased center
frequency spacing. 1In addition the more effective shielding geometries
reduced the signal strength and produced lurge detuning outputs for
very small relative motions between the shield and telemeter. 1In the
unshielded casc there are also large proximity detuning effects as

shown in Figure 14,
Interaction for Three Telemters

If several teleme*sr units are sufficiently far apart the inter-
action effects between them may be neglected and the measured pressures
regarded as true values, On the other hand, if the interaction effects
are not negligible, and such is the case in the present study, the
measured pressures will be linear functions of the interaction hetween
the transducer-telemeter units in the model,

In the general case the corrected pressures would have tc be
obtained from the simultaneous solution of the following equations:

1 T

1 1 111 2 yy + P3 113 + o iiaecenenne

P, =P, 1 + P, I,,+ P3 123 F oececeeneen
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P3 - Pl 131 + Pz 132 + P3 I33 + A e o essmeae
1
. P,e P, I .4+P, 1 P, I, + socveonnes

31§l T2 7§27ty gk

where P; j =1 ...) are the uncorrected measured pressures, Pj arsc
the actual (or corrected) pressures, and Ijk are the interaction
coefficients with I = 1 for §J = k.

In tle presentjstudy three telemeter units were installed in the
calibration model base area and a fourth telemeter was located inside
the model., The fourth unit showed no measurable interaction with the
three base unity, [he measured interactions for the base telemeters
ranged from -2.0 to 4.3 percent. 1Iu some cases the percentauge inter-
actions varied with pressure. Under these conditions the interaction
components were obtained from curves of pressure versus percent inter-
action.

Measurements conducited in the calibratlon system between e G.5
to 2 mm Hg range showed that maximua errors in the interaction correct-
vd pressure varied from -1,95 tu 4.3 percent, Since in thls case all
the units measured known calibration pressures the general equations
could be simplified and the corvected pressures were obtained from

the relations:

1
Py =P - P (I, +1y9)
p, = P1 -P (1., +1..)
2° B T ¥ Iz
P, = Pr - P (L., + I..)
3= Py 1t Iy

where

P is the known input pressure.
The fact that errors exist between the corrected pressure calculation
and the known input pressure points out the need for greater absolute

accuracy in the measurements before testing the general case,
CONCLUSIONS AND RECOMMENDATTIONS

An attempt has been made to evaluate systematically the effects
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of close proximity on simultaneously operating transducer-telemetry

packages, The techniques of calibration, instrumentation and inter-

action data evaluation are appliqable to similer systems investigations.
Perhaps the most significant result is the demonstration that

several of thc transducer-telemetry units can function together in

close proximity and yieid useful results even without applying inter-
action corrections., The uncorrccted data exhibit maximum errors of
A percent for the pressure range of 0.5 to 2 mm Hg for center
frequency spread between the units of 7 MHZ or larger. It was also
shown that beyond this value, further spreoad apparently will not rvesult
in much less interactlion since beyond this point the interaction curves
show rather slow convergence toward zero., In very close proximity the
interaction increases approximately as the inverse square of the
distance, Maximizing ths size of the model would be an effective way
to reduce interaction. If one must cope with the interaction problem
due to limited model size, it is belie ed that the interaction matrix
method suggested in the present paper will yield useful data within a
few perycent depending on the accuracy of calibration. This is a great
improvement from the uncertainties of reported base pressure results
in the literature (for example, Muntz, et al, (Reference 3)).

The further miniaturization of the electronic ecircuitry and the
addition of buffer circuits promises further reduction or perhaps

elimination of the interaction problem.
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