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sensitivity in relation to center frequency, center frequency shifts as functions of

transducer-.o-transducer distances, and the effects of common power supply and
shielding have been evaluated.

The results showed that the interac:lon increases approximately as the inverse
square of the distance. The center freouency spread has the most significant effect
on theia nteraction. If 7MHZ or larger frequency spacing is maintained the maxi-
mum error is ±8 percent for the pressure range v( 0.5 to 2 0 mi Hg. The
measured data can be corrected by an interaction matrix method and yield errors
in the order of a few percent depending on the accuracy of calibration.
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MULT'-CIIA;,NI-;L PRESSURF T-l,'rRY SYSTE1M FOIR BASE

PRESSURE r*.SURIEME.NTS ON SMALL MOiELS

by

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

ABSTRACT

Effects of close proximity on simultaneourly operating transducer-

telemetry units had been systOMaLLcally evaluated. Parameters such as

the interaction as function of transduct.c-to-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 7M77. or larger

frequency spacing is maintained the maximum error is +8 percent for

the pressure range of 0.5 to 2.0 mm 11g. The measured data can be

corrected by an interaction matrix method and yield errors in the order

of a few percent depending on the accuracy of calibration.

INTRODUCTION

There is considerable interest In the base flow characteristics

of inissil,!s and aircraft. Unfortunately, these characteristics canoot

le accurately determined by the usual wind-tunnel techniques since the

data must he free of model support interferences. A possible alterna-

tive involves telunmeteri.ag the data from free-flying, magnetically-

suspended, or thin-strap-supported models. In small wind tunnels where

there are severe limiLtations on model size, telemetering several

pressures or temperatures simultaneously results 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.



ParameLers such as Lte interacLion as a funut ion of tranuduck.r-

to-transducer distances, center frequency spacing and its effect on

the interaction, change of sensitivity In relation to center frequency,

center frequency shifts as functions of transducer-tt-tranAducur

distances, and the effects of common power supply and shielding havc

been studied.

Four low-pressure transducer-telemetry units which were specially

made by the Jet Propulsion Laboratory based on it. C. Harrison's design

(Reference 1) were used in the study.

Although the present work does not contribute tu the advancetMnt

of telemetry circuit design or fabrication technology, it is believed

to be the fit.Lt attempt to systematically evaluate tile effects of

close proximity. In this respect the authors wished to complement
tile etrlier works of Harrison (Reference 1) and Cihoate (Reference 2)

who independently developed and tested the units capable of measuring

pressures and heat: transfer in free flight wind tunnel models over wide

speed ranges and accelerations. However, h1arriaon 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 lor;4) compared to the mede! sizc

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

so interaction due to close proximity did not play a significant role.

DESCRIPTION AND CALIBRATION OF EQUlPMfNT

Transducer Calibiation System

The transducer-telemetry units were calibrated in a specially

built low pressure system consisting of two portable high vacuum pump-

ing stations, a precision bleed-in valve, a precision clectronic mano-

meter and assorted conduits. The schematic diagram of the apparatus

is shown in Figure 1. 1

The main system consists of a mechanical vacuum pump which serves
to back up a four-inch diffusion pump with pumping capacity of 400 litLers/

second and ultimate vacuum capability of I x 10- nn 11g. The mechanical

vacuum pump is vibration insulated from the high vacuum port of the

apparatus. The high vacuum port is equipped with a gate valve, to

separate it from the diffusion pump, a roughing line and assorted valves,

to connect it with the mechanical vacuum pump, and a vent line and

1 1z•• • . . ..• . .. . .• . • ,, r + . "v, " "



vtablve-Teaslt rsue ~ int zhmbr is mea~uredhy an ultra-.
mauethe diffusion pump cxhaust pressure and the mechanical pump

intake pressure. A solenoid operated vent, valve provides automatiC

opening and closing at start-up for the mechanical pump.

The vactuu' inst.umnentation in not used in Lhe calibration procedure

itself, but merely provides a means of observing that thle system Is

below some prescribed critical presbure level.

The transducers, to be calibrated in the low pressure environme~nt,

are placed in a hell jar atop the high vacuum port of thle diffusion

pump. It. was found that the sealing action of the Dow Corning high

vacuum silicone grcasc bL-Lween the grounid glass surface of the bell

jar and the stainless steel flange of the high vacuum Port is SLfIM-

cient to achivve vacuuim levels In the order- of 7 x 10 nmn 11, after

a few hour.- of pumping.

Controlled air bleed-in is achieved through a calibrated ý;ranvi12e-

Phillips 203 Vaji~ aije Leak. It contains no organ5.c sealsi thus elimi-

nating outgassing and contamination. Conductance of tile Variable 1,eak

is continitiuusly variable from 10-1 cm 3/sec (standard pressure and

temperature) to 100 cm 3/sec (standard pressure and temperature) with

atmospheric pressure on the inlet port. When closed, the leakage

':onductance is less than 10-1 cm 3Isec.

The pressure standard used in the calibration syst~em is a

Datametrics type 1014 Electronic Manome-ter and type 511-3 Harocel

capable of measur~ing pressures between 0 and 1,0 psi (51.7 mm 11g) on

seven consecutive db ranges from 0 to 0.001 psi to 0'-1 -si range. For

thle present measurements, a digital voltmeter was utiliz.ed to permit

precisions of approximately ±0.1 percent of full scale in each range

(0.0001 percent of thle full scale of tile transducer at the lowest range

of 0 to 0.001 psi) with +4D.01 percent resolution.

The digital voltmeter is (E.AI Type 5000, Model 26.138. This unit

has an absolute accuracy of 0-02 percert of [till scale and an Input

impedance greater than 100 MQ2 on the 9.999 volt full scale range)

connected to thle external d.c. output poles of the electronic manometeor.



Thsprovides a zero to ftvc V d.c. [full scale output on f~ach of" the1

range"s.

Trarsieitl responise Ltime oL the d.c. output voltage is two milIi-

seconds3. Fhe instruments have2 negligible lhysteresis (0.005 percent

maximiim ',xctirs n). and continu.us resolution. Th~e drifit, eVen on

tile most sell~it lye rangea, is extremely small (less thant +0.01 percent.).

'li' Iil noarity of the ilarocel. is fh'wi 4-0.1 percent to 0.0', percentL onl

all .-ange posit ions except- the 0-1 pai range where IL is +0.3 percent

full scale. h"nuisc lu',ei is less than 0 05 percent: full scale.

The temperatut .-effect ut zt~ro is less than 5 x 10- perci.nt per de);ree

F. on any sensor rr-nge, or the sensit Ivity i.t is 0.01 percentL of

ri..iding per degree F.

VIC electLronic M~ nMeter and Lhe prv-;sure senisor was calibratecd

by the Natitonal Bureaiu Of SL4 .dards to within +0.05 percent:. The

calibration lines for (hre 0-0.1 psi and 0-0.03 psi scalee, arL shown

in Figu~re- 2.

A Veeco Model VS-9 high vacuum pumiping -otation vquippCd With a

two-inch diffusion pump provides constant: 'Low referncilc pressure onl

tire ret oronce port Of tihe Barocel . Th is prosstire is continuously

mon i'lored on the )u ii - inl inst rrmen LS of ti U VS-9 SYSteM And( does niot

exCeed 5 x 10' nv5 mmg.

Dutring the assmbly. Lof the vacuuim cal ibrat ion system exI reme care

Was takeni to insur- iainimal leakage and ourgassing. Tire measured

out gass~ing rate of Llrt assutnlled svst em without the transducers was

0.004 Jsec with 'lie variable leak at: closed pusir ion. When all the

transdireerfý were iiist~al ld this combi ned outgassing av;, leak rate

incrtoased to 0.008 ,jsec, Thle tiltimatae vaculum in this con( i;gurat ion,

iVfter several. hours of puimping, wakS determnined to he 5 ý:1.0 mm F1g.

The- leak rate was a near exponlential fuinction of tIM ini Msu ist rated

in Figutre 3.

T[he cor r.lat ion equation uvdy ho expressud analyt ic-al Iv wi thrin

±2 percent as

P= AT B+(

Where a

P is in microns and T is in seconds.

4



The variable li:ak calibration showed that below tihe co'nter

setting of 55, t'e leakage rate through thie valve was itegligible,

between 65 an( 15 it Increased from 10 -3 mig/aee to 1.5 x 10- nu

lfg/sec, again as a near exponential function of time.

Since the out gassng A-and leakage rates were small, !stable rtanirllg

timrns of the order of ,0 seconds were achieved witm~out pressure corree-

lionIs for lcskajge rate oven for pressure measure..ent:s of 0.5 owm or

les.i, strice even at this pre.'ure OIe leakage cuntribhued less than

0.1 percent (if the measured pressure.

Tel•meter-Transdticer UALi Is.

The low presýsure tr-atsdueer-telueintry units were specially made

by the Jet Propulston Laboratory based on tR. ;. liarrison -n deQsign.

The telemeters utilize an uIlta stable Colpitts oscillato" I
operating at center frequencies between 106 and 137 MEUZ; its stalility

was found to be 0.5 percent of 200 KI17 for a period of one minute.

The oscillator is fr, quency modulated by the ,,ariable capacitance-type

pressure transducer. The telemeter assembly cInsists of four major

compt)TieIcs: a printed circuit inductor, variahl,! capacitance-type

,differenutal pressure transducer, battery package, and all oilier circuit

components in a microminiature paekage of pellet-type construction. Tile

transducer sensing element is a prestressed thin (0.00025 inch thick)

metal diaphragm soldered over the reference port case and separated

electrically from the pressure port. The stress level of the diapiiragm

determines the sensitivity of theu lit. Tie diaphragm and !lie inner

surface2 of the pressure port form the variable parallel plate capocico:.

The various components of tile unit were rigidly encapsulated in epoxy

potting to provide thermal isolation and shock resistapce.

The rise time of the prer.sure telemeters is 0.5 inset, or better,

without tubing. Their thermal stability was reporcrd to be good.

Harrison found that a temperature increase of 1000 F at atmospheric

pressures produced a 2.7 percent increase in the oscillator frequency

and 0.1 percent change in the full scale sensitivity calibration. The

temperature-time lag was about three minutes. There were little, or

no che nges in the telemeter performance over a temperature range ot

5



30 to 2000 F.

Outside !Lmensions ol thL-ir r;.sure telume~er unit were 0.67

inches in diameter and 0.51 4.ncbls in length. The schotnatic diagram

of the oscillator circuit is shown in Figure 4 and the photograph of

a unit is shown in Figure 5.

F'or the detailed performance characteristics and construction of

these units the reader is referred to flarrisonts report (Refereuce 1).

Instrumentat ion

Figure 6 shows thk block diagram for a single thannel of telemeter

instrumentation. The aticenna used was a 120 MiUZ half wavelength folded

dipole. The antenna was matched to the coaxial cable using , Blondei-

Tongue Model IKFf-283 matching transformer. Two Jerrold Model 3440

preamplifiers were then used in cascade to obtain at least 40 db gain

for driving the Jerrold Model UT 22W signal tap-offs. Four of the

tap-off'; were used to couple the input signals to the four FM receivers.

RL'ulting isolation was at least 31 db and feed-thru loses were less

than 0.25 db .for the frequency range from 100 to 140 MIZ.

The tuners used are the samn, McIntosh Model ?l7l type used in

Refer'ence 1. The RF and oscillator stages of these tuners have bcenI

modified to provide recuption in the band from 100 to 140 1HZ. The

output signal is taken from the discriminator test jack. At this point

a typical deviation sensitivLty was 71 KHZ/volt tyith an output linearity

of +2 percent over the range from -1.5 to 2.5 volts. A Sorensen Model

ACRIOOO AC voltage regulate, 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 11Z type

7-323 galvanometers in a C.E.C. type 5-124 recording oscillograph.

The antplifier-galvanometer combination gave best line d.c. linearities

of less than il percent of two inches deflection.

Other instrumentation included a Triplett Mtdel 3432-A signal

generator and a Fairchild Universal Counter/'limer Model 8200 used in

calibrating the FM receivers. Counter error amounted to less than

+3 KHZ over the 100 to 1,0 MHlZ range. In addition an ETA analog

computer Model TR 10 was used to scale and divide tuner output voltages

to obLain a voltage proportional to transducer interaction. The

6



division circuit used a "quarLer-square" type of multiplier in the

feedback circuit 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.

CompontIUnt Calibration

Each FM receiver was calibrated at three points within its

rfrequency range. Becaiuse a frequency limitation of 12.5 MHZ in the

available counte, the tuntr.,, i-'erc '.alibrated using the 10th and 12th

harmouis in the signal generator output. The outpuL voltage from

the discrimiiiator wa. displayed on a digital voltmeter. With zero

discriminator cutput the 4ignal generator was adjusted to give a read-

ing of 5 on the tuner sigiial strength ni-ter. The tuner automatic

fiequency and muting controls were left in the off poSitiU,:. A typical

tuner calibration curve exhibits +2 percent linearity over the range

from -1.5 volts to 2.5 volts with slope values repeatable within +2

percent.

The galvanometer drive ampiiciers and recording oscillograph

were calibrated as a unit and show typical linearitie olt 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 Lhe system to around 5[L

absolute pressure. A block diagram of the calibration system is shown

in Figure 6. A sample of the oscillograph record of the calibration

data is shown in Figure 7 and the photograph of the ovw rall system is

shown in Figure 8. The reference leak rates ;rere such that about 5

minutes were required for pressure stabilization. The pres.:ure

me"a iring system was then zeroed and the vent valve closed. The pre-

cision leak was or-7.Ad to allow the associated piping volume tc bi,,ed

up to prossures in the range from 24 to 96 mm relative to the refereoce

vacuum system. The roughing valve was then clozed and the rent valve

opened giving telemeter differential pressures in the range from 0.5

7



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

bell jar, about 0.5 neconds were required fo' the bell jar pressure

to stabilize. This delay resulted in a loss of calibration trace

deflection amplitude arising from the reference port leak rate.

A correction for this effect was determined by first allowing an

initial telemeter differential pressure of about 2 nun to decay toward

zero. The oscillograph trace of the decay was then divided into a

number of increments and the slope of each increment tabulated against

an average deflection. The average deflection values werc then super-

imposed on the oscillograph trace of the pressure calibration step.

The intersections of these points with the calibration curve were then

extended to the time axis and each time increment thus formed was

multiplied by the corresponding slope value. These increluental

corrections were then graphically integrated up to the time correspond-

ing to maximum calibration trace deflection. The total correction

expressed a%. a percentage of the maxinm, calibration trace deflection

remained essentially independent of the pressure step magnitude.

Interaction for Two Telemeters in Close Proximity

Prelim'nary telemeter interaction studies were made under atmos-

pheric conditions using two units with axes spaced from 0.68 to 1.44

inches apart. A plastic m3unting plate was used to hold aiid position

the transducers. The units were unshielded and were powered from a

common mercury battery n.upply. Figure 9 shows a block diagram of the

system used. The analog computer was used to provide an oscillograph

deflection proportional to the scaled ratio of the outputs from the

two telemeter channels.

Interitction for Three Telemeters in Close Proximity

Interaction studies were next made under atmospheric conditions

using four telemeter units located within the calibration model which

consists of a removable teflon cor, surrounded by an 1/8 inch t:uick

aluminum skin as shown in Fq,.,re 10. The axes of the three base tele-

meters were on a 0.78 inch diameter circle (printed circuit antenna

boards 0.06 inches apart). The hase telemeter center frequencies were

8



116, 125, and 135 MIZ. !he fourth telemeter, located inside the

model in fromt of the three base units, had a center frequency of

108 MHZ. After obtaining the interaction versus pressure relations

the model was placed in the bell jar and calibrated in the same

manner as for the single telemeter case.

RESULTS AND DISCUSSION

Individual Telemeter Calibtatinn

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 tho uase 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 need to improve the

tuner deviation sensitivity stability with time and temperature. In

addition the 0.6 mm presgrc sensitivities for telemeters #1 and #4

are consistently 1 percent to 3 percent lower than the average

sensitivities for the 1.0 to 2.0 mm range. These units also show an

apparent 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 errors

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

those obtained from the relation wL AA7L1 C0 where it is assumed that

the total frequency determining capacitance C remains constant and
0

only the inductance Li is varied to obtain the new operating frequency

01, 6Under these conditions the sensitivity variation would be directly

proportional to frequency. This simplified procedur-e 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

9
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technique apparently caused enough variation in stray capacitance to

significantly change Co. This effect could also account for some of0

the sensitivity variations observed in repeat calibrations.

Literaction fur Two Telemeters

For the case of two trdnsducers in close proximity Figure 12

shows the interaction variation with center frequency spacing. Figure

13 shows the generally large lncrease in interactions obtainL:i for

decreasing telemeter separatiun. A typical oscillograph trace snowed

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 trom the separate channel traces.

The use of separate power supplies and shielding reduced the

interactions somewhat but not as significantly as increased center

frequency spacing. In addition the more effective shielding geometries

reduced the signal strength and produced large detuninL, outputs for

very small relative motions between the shield and telemeter. In the

unshielded casu there are also large proximity detuning effects as

shown in Figure 14.

Interaction for Three Telemters

if several telemt-r 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 1>etween

the transducer-telemeter units in the model.

In the general case the corrected pressures would have to be

obtained from the simultaneous solution of the following equations:

P P Ii1i11 + P2 T12 + P3 113 . ..........

P2 I 21+ P 2 1 2 2 + P3 1 2 3 + ..........

101 1 222 32



P• P I + P2I + P3 I + ..........
3 131 2 32 3 33

• 1j =1 j + P2 "~P .. i + 2... PJ Ij ''jk . ....... .

where P j I ... j are the uncorrected measured pressures, P arc.

the actual (or corrected) pressures, and I are the interaction
I.kcoefficients with Ik I for J - k.

Ic tlce present study 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

thri_ ba-;e uit, f. e measured interactions for the base telemeters

ranged from -2.0 to 4.3 percent. Iii some cases the percentdge inter-

actions varied with pressure. Under these conditions the interaction

components were obtained from curves of pressure versus percent inter-

action.

Measurements conducted in the calibration system betweel, 61c 0.ý

to 2 mm Hg range showed that maximum errors in the interaction otorrect-

cd pressure varied from -1.5 tu 4.3 percent. Since in this case all

the units measured known calibration pressures the general equations

could be simplified and the corrected pressures were obtained from j
the relations:

P P P (I12+ I13
1 1 12 1

P P - P (I1 I13)v2 =2 "P(21 ÷ 23)

P3 = 3 "P131 + 32)

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 RECOMMENDATIONS

An attempt has beei, made to evaluate systematically the effects

II



of close proximity on simultaneously operating transducer-telemetry

packages. The techniques of calibration, instrumentation and inter-

action data evaluation are applicable to similar systems investigations.

Perhaps the most significant result is the demonstration that

several of Lihc tranaducer-Lulemetry units can function together in

close proximity and yield useful results even wi.thout applying inter-

action corrections. The uncorrected data exhibit maximum errors of

8 percenr 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 qpread apparently will not result

in much less interaction since beyond this point the interaction curves

show rather slow convergence toward zero. In very close pLoximity the

interaction increases approximately as the inverse square of the

distance. Maximizing ther size of the model would be an effective way

to reduce interaction. If one must core 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 per-cent 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 furtheri miniaturization of the electronic circuitry and the

addition of buffer circuits promises further reduction or perhaps

elimination of the interaction problem.
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Figure 5 -Close-up of Telemteter-Transducer Unit
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