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The ullage in aircraft fuel tanks becomes potentialiy explosive when the oxygen
concentration of the fuel vapor-air mixture exceeds approximatelv 9% by volume.

1o insure effective and cfficlent use of active fuel tenk inerting under a wide
range of envirommental and cperational condi-ivas, the oxygen concentration must be
continyously monitored. This study has resulted in the development of a 1 :boratory
breadboard model of a sensor which 1s specific for oxygen. The concept employs a
change in trequency of a radio-frequency (RF) vscillator due to the paramagnetic

propurty of oxvgen. Demonsttation of feasibility was limited to amblent laborstory
condftions. ’
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FOREWORD

This is the final Technical Report prepered and submitted by
Advanced Technology Operations of Beckman Instruments, Inc. The effort
was sponsored by the Air Force Aero Propulsion Laboratory, Air Force
Systems Command, W.ight-Patterson AFB, Ohio uader Contract No. F33615-
73-C-2008 for the period 1 November 1972 to 1 May 1974. The work herein
was accomplished under Pruject 3048 "Fuels, Lubrication, and Fire Pro-
tection", Task 304807, "Aerospace Vehicle Fire Protection" with G.T. Beery,
AFAPL/SFH, as Project Engineer. Mr. Jean Bordeaux of Beckman Instruments,
Inc. was techni..lly responsible for the work. Other Beckman personnel
were: M. W. Green, Scientist; Wallace Chase, Chief Project Engineer,
John Fisher, Mechanical Engineer.

This technical report has been reviewed and is approved.

o

Benito P. Botteri
Chief, Fire Protection Branch
Fuels and Lubrication Division
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ABSTRACT

A technique for measuring the percent of oxygen in tue
ullage space of an afrcraft fuei tank was selected for
laboratory investigation o determine the feasibility of the
technique. Available oxygen s.ucing systems are not designed
for the application nor the environment and as such cannot be
directly applied to the problem.

A measurement concept based on the unique paramagnetic
property of the oxygen molecule was selected. Analyses of

several possible methods of utilizing the paramagnetic property

for sensing oxygen concentration were made. Calculations
showed that the most promising approach was to use an
oscillating circuit wherein the resonant frequency cf the
circuit would vary in proportion to oxygen concentration.
This was accompliched by placing an air core irductor in a
sampling chamber so that the coil inductance wouid be changed
as a vesult of the influence of oxygen on the flux field
around the coil. This resulted in a frequency change of
the LC circuit. Jxygen concentration was quantitized by
beating the LC circuit output against a stable clock fre-
quency. The difference in frequency is a direct measure
of the partial pressure of cxygen in the sampling chamber.

A series of tests were made at rcoom temperature on two
breadboard assemblies. Oxygen neasuregments were made from
0 to 100X. Accuracy of the measurement was limited by system
noise which was equivalent to about 2% oxygen. Nolse sources
were identified as well as areas for improving signal strength
so that it was concluded that measurements approaching 1% of
true value could very likely be achieved with further work.
The noise sources were discussed and a plan for eliminating

them wes presented along with high temperature testing in the
presence of fuel vapors.
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1.0 INTROGUCTION AND SUMMARY

1.1 Jue Need for Mvasuring Oxygen in Adrcraft Fuel Tanks and _the Difff-
eulties Involved

The ullage in atrcraft fue; tanks containg an explosive fuel vapor-air mixture
when the oxvgen concentration vxceeds about 9% by volume. To enable effective
use of inerting systems, the oxygen concentration must be measured under envi-
reamental extremes that preclude the use of commercial instruments.

Alrcraft presently operate with potentially explosive mixcures in the ullage
(a5 swbace) of the fuel tanks, At least one commerciul aircraft has been lust
due to detonation of the combustible fuel vapor-air mixture n the fuel tanks
by lightning. Military traunsports are subject to additional sources of damage
such as small arms {ire. Inertiag systems are being developed to prevent the
occurrence of explosive conditions (i.e., above 9X oxygen by volume in the
ullage ot the fuel tanks).

To be effective, an {pnerting system taust prevent the concentration of oxygen

from ever exceeding about 9% by volume in the ulluge space. For higher oxygen
concentrations, a spark of sutficient energy can cause an explosion of the fuel
vapor-air mixture. For oxygen concentrations below about 9% by volume, the mix-
ture cannot explode; that iy, a tlame is not self-propagating. Clearly, it is
desirable to have an uxyyen sensor capable of directly and continuously monitoring
the convoenttation of vaygen In the ullage to verdfy that the dnerting system is
performing correctly.

To directly measure oxygen In the ullage of a fuel tank, the oxygen sensor must
perform accurately and reliably under severe environmental conditions. Commer-
cially available oxygen sensors cannot meet most of these requirements (see
Table 1).

1.2 Inability of Available Uxygen Sensors to Meet Requirements

All commercially developed oxygen sensing techniques were surveyed and found

incapable of mecting onc or more of the basic requirements for the fuel-tank

cenvironment. Only the commercially uudeveloped Greene-Hummel approach seemed
capable of meeting the requirements.

A brief survey of availablce oxygen sensors was required to select the most
promising approach for an optimum fuel-tank sensor. Beckman Pruposal €873-501,
submitted in response to RFQ ¥33615-73-Q-2008, .ontains a relatively detailed
discussion uf the avallable sensors and an analysis of their suitabilicy for
this application. A summary of the deficiencies of each approach is given in
Table 11. The sensors considered were:

° Electrochemical sensors, variously vulled polarographic, galvanlic, or
fuel cells. All have a diffusion limiting, gas permeable membrane over
the cathode.

I, 1




Table 1. Comparimon of Operational Reyulrements for Fuel-Tank
Oxygen Sensor with Operating Parameters of Commercial

Instruments

"@ Readout:
output

® Repuatability:
90~day period

Commercial Instrument
Typica) Parameters
nd Characteristics

Operational
Requirements A
® Operating Temperature: =54 to 170°C -
[ e Operating Pressure: 2 to 25 palg. -
dynamic
® Specificity: maintain calibration with -
variations of Ny, COz, and fuel vapor
content

Direct 0-15% 03 by volume -

® Fuel-wetting: no detriwmental effect -
from submersion

1% of full scale for any -

o Response Time: not to exceed one minute -
for any combinatjon of conditions

0 to 50°

Pressure stable to

within 1%

Spacificity varies

Partial pressure 0;

output

Liquids prohibited

1X for 24 hours

Inoperative under
some conditiona

Table 11.
Techniques Surveyed

Summary of Deficlencies of the Available

Elactrochemicul

B T W

e (gnnot meet thermal requirements

Ultraviolet Absorption

e Cannot operate after fuel wetting

¢ Fuel vapor interface would probably be large

Indirect Paramagnetic

o Cannot meet specifications due to large and cowmplicated

dependence upon temperature, pressure, ori
background gas

Direct Paramagnetic

entation, and

® Vigcosity bridge cannot meet thermal or fuel wetting

requirements

e Beclman/Pauling sensur cannot meet fuel weiting

requirements
e Greene-Hummel approach appeared capable of

meeting all

major requirements, but had never been commercially

developed
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Spectrophotometer, ultraviolet absorption by uxypgen in the 140- ta
150-nanometer region.

. Indirect paramagnetic mensors, utiliring combined thermal and maguetic ~
effects.

d ) Direct paramagnetic sensors, including the viscosity bridge, Beckman/
) E Pauling torsion balance, and the Greene-Humme)l Reluctance sensmor,
k The Greene-Hummel senior haw never been commercially dcveloped.

Of  these known approaches, only LNe Greene-Hummel sensor appeared capable of
meeting all basic rvequirements.

5.3 Summary of Contract Objectives and Work Accomplichments

The major objective nf selecting An optimum technique to measure oxygen concen~
tration in the ullage of an atircraft fuel tank has been accomplished. The
feasibility of the technique han been Jdemonstrated by testing a laboratory
breadboard model and measuring low concentrations of oxygen. However, test’ng
vas limited to ambient conditiona and needs to be axtended to determine per-
formance in simulated environments.

NP T R HIP TR AT

The bagic contract objectives were to select one approach capable of develop-
ment into an optimum fusl-tank oxygen sensor and to deaign, fabricate, and
teat a breadboard wodel of the sensor in simulated tanks to demonsirate com-
plisnce with the basic environmental and performance ruquirements.

Based upon the review of available techniques described in Beckman proposal

. ’ C573-501, the Graene-liummel spproach was selected for detailod design analysis.
The program plan called for a complete analysis of the Greene-Hummel sensor to
verify that the performance predicted in the proposal could be achieved. The

program plan then called for generation of detail deasigns, fabrication, and
testing.

“ refnmye

Major difficulties arose as the Greene-Hummel sensor snalysis proceeded. Ag a
consequence, several alternative configurations were considered. Approximately
three months of effort wara devoted ro analyring these alternatives. Over two
hundred pages of calculations were submitted to Wright-Patterson, along with

POt W RPN o

£ our recommendation to abandon the basic Greene-Hummel approach in favor of
g measurswent of the resonant frequency of a coil, such frequency being a function
i - of the magnetic suaceptibiiity of the medium surrounding the coil. This approach,
; ‘ called the "RF Sensor" for brevity, was aubsequently designed, fabricated, and
£ tested.
&
§ The following paragraph summarizes the features and performance of the laboratory

wodel of the RF Sensor,

LY
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1.4 Featnres and Performance Obtafned from Laboratory Breadboard RF
Sensor

Based upon testa ot ambient conditions only, the KF Sensor has demonstrated the
potential 1o mect all basic requirements of the applicatlion. unly minor rework
of mechanical parts and re-tuning with high-tenperatur e=resintant electronics
should be required to permit operation at 170°C (controlled) before testing in
a fuel tank can be accomplished,

The final laboratory breadboard model of the RF Sensor (MO 11), shown in
Figure 1, conslsted of a4 sampling chamber, a vadio-freguency (RF) oncillater,
8 zero reference chupper, o reterence crystal ovscillator, ond a chopper
actuator. Its features and potential performance are symmarirzed below:

Figure 1. MOD 11 Laboratory Breadhoard Model

Concept Feasibility

The measuring concept deseribed 4s sufficiently sensitive to use the
paramugnetic property of oxygen as a means of Juantifying low con-
centratfons ot oxygen.

Dynuamic Range

A dynamic range capablility of from 0 to 15% oaygen can be provided.




Accuracy

An absolute aciucacy of 0.5% is possible over the entire dynamic
range from a minimum level of 5% oxygen. From 0 to 5%, a 1%
accuracy 1s possible.

Readout Interval

While sampling would be done on a continuous basis, oxvgen concen-
iration readouts are possible at 10-second intervals.

Readout

Pressure compensation can be accomplished to provide a direct meter

readout in percent oxygen by volume. This could cover the range of
from 2 to 35 psia.

3 Wetting Impact

The pressure of jet fuel vapors, carbon dioxide, or nitrogen will not
interfere with the oxygen measurements.

. Safety

A SIS P
o b g

The sensor would not constitute an ignition source or other hazard in
the fuel tank.

Noise Level

¢ Noise levels could be reduced with improved electronic and mechanical
: design to the point that 1% resolution is possible in the 0 to 9%
: oxygen-by-vclume range.

Temperature Range

§ Although elevated temperature tests were not made, from our analyses
¥ we pave concluded the system should be capable of cperating at 170°C
. with avcilable components.

o Replenishables

No replenishables are necessary for the system.

. Power Supply

- The system can be made to operate from available aircraft power
supplies.

N s * Power Consumption

Total power consumption shsuld not exceed 10 W during continuous oper-
ation. The sensor head would take a major portion of this, so that
higher wattages would be necessary for accelerated warmup from luw
ambient temperatures.

. ° Weight and Volume

A flight model sensor head should not exceed 5 1lb in weight. Supporting
electronics should not exceed 10 1b and should easily be contained in a
standard 19-inch rack mounting.

e RO gt nuia,.g,
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° Stability, Maintenance, Cal bration

Breadboard tests were not sufficient to predict long-term stability,
maintenance, or calibration requirement: .

2.0 ANALYTICAL STUDIES
2.1 Evaluation of Greene-Hummel Approach
2.1.1 Summary of Modified Greene-Humme) Principle of Operation and

Potential Performance Capability

The Greene-Hummel magnetic reluctance principle was selected for detailed study
because it was the only technique that appearea capable of meeting all of the
basic requirements for an aircraft fuel-tank oxygen sensor.

Advantages of the Approach--The Greene~Hummel approach is based upon the effect
of oxygen upon the reluctance of a magnetic circuit. The principle had been
described first by W. J. Greene and then by Dr. Heinz Hummel. 1In 1958 a proto-
type Hummel sensor was fabricated at Beckman that operated within the expected
parameters. Although low signal levels were typical of the Greene-Hummel type
of sensor, 1t had several advantages of importance to cxygen measurement in

the ullage of fuel tanks; it was entirely free from contaminatiun problems,

it was rugged, it would clear itself if wetted with fuel, and it was capable

of operating over very wide temperature and pressure ranges (see Table III).
Other approaches did not offer this combination of advantages. Consequently,
the Greene-Hummel approach was considered to be the only technique with the
capablility of meeting the requirements for an aircraft fuel-tank sensor.

Table 1II. Comparison of Required Specifications and Potential
Capability cf Modified Creene-Hummel Sensor

Potential Capability Based
Upon Materials and Theory of

Required Operating Operation of Greene-Hummel

Parameter and Range Sensor
e -54 to 170°C - -65 to +200°C
e 2 to 25 psig, dynamic - Can be compensated with two
pressure transducers

e Specific to oxygen - Satrisfactory

e Direct % 0, output -~ Satisfactory (2 transducers)
e lmmune to fuel wetting - Transient effects only

e 1% repeatability for 90 days - Theoretically possible

e No sample conditioning - None required

i 1 b i s b i
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Principle of Operation--The measurement of oxygen by the Greene-Hummel technique
is based upon the fact that oxygen 18 highly paramagn-tic (i.e., attracted into
a region of higher magnetic field) compared to other gases of concern, which are
s8lightly diamagnetic (i.e., expelied from a magnetic field). 1In particular, the
hydrocarbons of fuel vapor have small and predictable magnetic susceptibilities
(see Figure 2). Thus, the Greene-Hummel rechnigue was considered sufficiently
specific for oxygen within the required operating environment.
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Figure 2. Diamagnetic Susceptibility of Hydrocarbons Showing
Linear Relation to Number of Carbons, and the
1 Effect of Multiple Carbon Bords

The modified Greene~Hummel sensor measures the susceptibility of the sample by N
alternately introducing sample gas and two solid references into the air gap of __-" '
a magnetized magnetic structure. The chopper sequence would be zero-sample-
zero-reference-zero~etc. The change in magnetic flux linking a coil located on
the magnetic structure due to the changes in the magnetic reluctance of the air
gap induces an alternating voltage in the pickup coil, the amplitude of which is
propurtional to the difference between the zero reference and the sample suscepti-
bility for one cycle, and to the difference between the zero and upscale reference
susceptibilities for the following cycle. These portions of the total cycle are

, synchronously demodulated to provide separate dc analog signals proportional to
the sampie and reference susceptibilities, respectively.

e
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The resultant de signals mav be ratfoed electronically to cancel all common-
mode sources of error, such as variations in magunetic fleld strength, air-gap
Jength and area, magnetic core permeability, and the ¢ffects of a liquic fuel
tilm coating the pole faces and the chopper.

The ratioed output may be further compensated for the effects ~{ temperature
and pressure upon both the output zero and sensitivity of the system. The
compensated output may then be divided by the output of an absolute pressure

transducer to convert the final output to the required percentage-of-oxygen
basis.

j tank environment, but further evaluation of this approach was necessary before
an optimum sensor of this type could be designed. The major factors requiring

further study were chopper materials and chopper mechanical design, weight

versus sensitivity tradeoffs, and optimization of the signal-to-noise ratio.

el

2.1.2 Difficulty in Selection of Chopper Materials and Design of Chopper
to Attain Required Performance

A detailed study of chopper materials revealed that the sensor output zero
dependence upon temperature would be about 100 times as large as the initial

T NP P

impossible unless a more complex chopper and demodulation scheme could be
employed.

————

of the Greene~Hummel approach described in Subsection 2.1.1 assumed that the
chopper base material had a diamagnetic susceptibility equivalent to minus a
few percent oxygen (STP), and that the zero and up-scale reference could be

obtained by adding different amounts of a slightly paramagnetic salt to this
H low suscep.ibility base material. This assumption was based upon handbook

' data indicating that teryllia (BeO) had very low susceptibility. The study
i : revealed that published values merely reflect the purity of the material

bility. Furthermore, the susceptibility of materials useful for chopper con-
struction is of the order of minus 500% O; (STP) equivalent.

R I P

Data Re Susceptibility of '"Real" Chopper Materials--The large diamagnetic sus-
ceptibility for "real” chopper materials as opposed to the idealized chopper
means that a real chopper w.ll have a large thermal coefficient of suscepti-
bility. It can be made to have zero susceptibility by the addition of a

PR no thermal coefficient, and the paramagnetic solid's susceptibility varies
inversely with absolute temperature. If both susceptibility components are
small compared to full-scale oxygen, the effect may be compensated with
acceptable precision. HMowever, a chopper having a zero-reference suscepti-
bility obtained by a combination of diamagnetic and paramagnetic materials
equivalent to minus and plus 500% O, at standard temperature and pressure (STP)
at 25°C will have a net susceptibility of about -160% 07 at 170°C and +180% 03
at -54°C. The required full-scale range of 15% O2 (STP) means that the zero
and upscale reference could change about 10 times full scale over the -54°C

to 170°C range. Accurate compensation of the output would, therefore, require

Conclusion--All materials of construction are capable of withstanding the fuel-

estimate. This fact made the precise compensation originally proposed virtually

Assumptions Re Susceptibility of Ideal Chopper Material--Idealized implementation

tested, and that al]l pure diamagnetic materials have roughly the same suscepti-

paramagnetic salt at only one temperature. The diamagnetic soiid has virtually
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impractically precise temperature measurement. The situation is illustrated
in Figure 3.

A - ldealized chopper, with each component equivalent to
full-scale oxygen (15%) at 25°C.

B - Probable coefficient for real alumina or beryllia chopper
with each component equivalent to 33 times full-scale
oxygen (500%) at 25°C.

104

gl nET cHopper suscepTiniLITY,
RELATIVE TO FULL~SCALE OXYGEN
¢l (15802 AT STEP <1 0)
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Figure 3. Tewperature Coefficient of Susceptibility of
Chopper Formed of Mixture of Diamagnetic and
Paramagnetic Components
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Possible Solutions to Chopper Susceptibility Problems--There are several possible
ways of reducing the error caused by the larger chopper material susceptibility.
They are:

° Use of hollow zero and up-scale reference segments to reduce the
number of molecules inserted in the gap by a factor of about ten.
However, gating of the preamplifier tv block the large transients
introduced by solid chopper chamber walls would be necessary in
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this case. Chopper design and fabrication would be difricult, but
preliminary calculations indicate that the strength would be
adequate.

) Use of a ferromagnetic additive having a very low temperature
coefficient of permeability instead of a paramagnetic additive
could reduce the net chopper temperature coefficient. This
approach would require precise addition of parts per million of
ferromagnetic material.

. Control of sensor temperature at 170°C, which is possible but
sacrifices one of tl.c majur advantages of the Greene-Hummel
sensor originally believed to be achievable.

Mechanical Design Problems--The chopper mechanical design requirements werec
also reviewed. While the chopper disc would be fragile, both alumina and
beryllia should withstand the rotational stresses. The mechanical tolerances
would be quite severe. For example, the shuaft and chopper blade should be very
perpendicular, with an allowable tolerance of about 0.001 inch (per inch along
the radius) wobble of the disc. Fabrication of a chopper with hollow reference
chambers appeared to be feasible, but it was apparent that a significant
development program beyond the scope of this contract would have been required.
A rotating magnet version, discussed in Subsection 2.2.2, has some advantages
in this regard.

Conclusion--Jn summary, the study revealed that a practical chopper at reason-
abie cost would have such a large thermal coefficient of susceptibility that

it would te necessary to control the sensor temperature at 170°C. One of the
major anticlpated advantages of the Greene-Hummel approach could not, there-
fcre, be realized within the scope of this contract. This was a maiar fac or
leading to the ultimate selection of the RF sensor (which also requires temper-
ature control) for the laboratory model.

2.1.3 Impact of Pickup Cuil and Preamplifier Noise on S/N

Preamplifier input current and voltage noise limit the signal-to-noise ratio
(5/N) attainable with a sensor of given mass. Within a given mass restraint,
the S/N can be optimized by proper selection of chopping frequency, coil
resistance and inductance, and other design parameters.

The optimization of S/N by control of design tradeoffs was a major goal of the
analytical studies. In particular, 1t was necessary that all feasible means of
improving the magnitude of the signal be cvaluated from the standpoint of their
impact upon noise, since the basic goal was improvement of S/N (see Table IV).
Briefly stated, this study indicated that while S/N could be optimized by
sclection ot design parameters, the limiting S/N for a sensor of about five
pounds would be marginal. and would be set by the input voltage and current
noise parameters of the preamplifier.

Preamplifier Voltage Noise--The most fundamental parameter is the input voltage
noise, E;, of the preamplifier, because no design parameters affect chis noise

source (except amplifier temperature). The net nolse is the square roo. of the
sum of the squares of the individual noise component amplitudes. Completely
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Table 1V. Summary of Impact of Electronic Noise Sources

Preamplifier voltage noise

¢ Most fundamental parameter, since it cannot be
influenced by design parameters (except operating
temperature). Optimum system S/N occurs when other
sources are equal to or less than amplifier voltage
noise.

Preggpllfiet cuirent noise

e Resistive component can be made negligible.

e Capacitive component is negligible at useful chopper
fraquencies.

e Inductive component sets maximum limits upon number of
coil turns and chopper frequency.

Johnson noise

¢ Can be made negligible compared to amplifier noise.

Interconnecting cable

e Not feasible; preamplifier must be located in sensor.

¢liminating Johnson noisc, J,, and the noise generated by the preamplifier
input current noise, I,, will wake the system noise proportional to Ep.
Reducing Jp and I, generated noise so that each ia equal to E, will only
increase total noise by the square root of 3, or 1.7. 1In optimizing the
design parameters that affect both signal and noise, therefore, it is
practical to make the other noise components equal to the noise from the
E, component.

Preamplifier Current Noise--The preamplifier input current noise, I,, gener-
ates an equivalent voltage noise, e,, which is the product of I, and the input
impedance, Z,. The pickup coil impedance is complex, consisting of coil re-
sistance, capacitance, and inductance. The equivalent voltage noise, eq,
includes, therefore, resistive, er, and reactive, e. and e}, components. The
inductive component, e}, increases with frequency, which is a factor making
the preamplifier noise as well as the aignal dependent upon chopper

frequency, w.

The inductive component is also proportional to coil inductance, L, which in-
creases with the square of the number of coil turns. Signal, however, increases
at & linear rate with the number of turns, which means that for a given chopper
frequency there will be a maximum S/N as the number of turns is increased. The
maxinum S/N occura when the inductive current noise component, e wLIl,, equals
the preamplifier voltage noise.

11




The capacitive component, er, 18 negligible fur frequencieas significantly lover
: than the resonant frequency of the coil, which i8 a necessary condition for

i other reasons. The resistive compcnent, ep, is not frequency dependent. It

i may be made negligible compared to ey by selection of a coll wire size that
wil) make the coil resistance, R, negligible compared to wl. The other fac-
tors affecting coll resistance~-pole size, numder of turns, length of ceil,
and voil temperature--must also be considered in the selection of wire size.

Johnson Noise--The Johnson noise, J,, is proportional to the square root of
the coil impedance. Calculations indicate that for a practical sensor with
a solid-state preamplifier, the Johnaon noise will be negligible compared to
the amplifier current generated noise, e,.

Effect of Pole Area on Noise--Fur a given magnetomotive force, both the aignal
and the inductive component of noise, e, increase linearly with pole area.
This means of increasing signal 1s preferred over increasing the number of
turas, N, since e, increases as N, while the signal increases linearly with
N. Pole area should, therefore, be maximized for a given sensor mass.

Maximizing the Magnetomotive Force~-Once the design parameters are optimized,
as briefly discucecd above, the only means of improving S/N is to increase
the magnetomotive force to increase the flux in the gap. Maximizing the
magnetomotlve force for a sensor of given mass {s, therefore, desirable.
However, it must be noted that the maximum useful magnetomotive force is
determined by the allowable flux density for the core material, and also by
the value of the incremental permeability of the material when operating at
maximum flux density. It is the product of the two which must be maximized.

Interconnecting Cable Noise--Finally, it should be noted that the ute of an
interconnecting cable does not appear to be feasible because of cable-gener-
ated noise. It was concluded that the preamplifier must be located wicthin
the sensor.

Discussed next is the required preamplifier bandwidth, which is an important
factor in connection with preamplifier noise.

e L et Y o X

2.1.4 Impact of Preamplifier Bandpass Requirement of Preamplitier Noilse

The preamplifier bandpass requirement was found to be much more severe than
it was originelly believed to be. The major impact was to lower the S/N in
the pregmplifier, setting a maximum limit upon preamplifier gain.

2.1.4.1 Derivation of Required Bandpass

R

Computer simulation was employed to determine the harmonic content, and hence
the required preamplifier bandpasu, of the semi-sinusoidal waveform expected
from the sensor pickup coil. Typical signal waveforms for two conditions are
shown in Figure 4. When the reference and sample waveforms are of equal
amplitude, the harmonic content is low, but for zero oxygen it was shown that
there was significant content (0.37X) out to the 2lst ha.monic. For a band-
width which included only the fifth harmonic, the computer reconstruction
indicated peak amplitudes of +8 and ~4X would be seen instead of zero in the
zero oxygen interval.

P
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.increases as the square root of the bandwidth. The preamplifier gain wmust be

REFERENCE 5% 0,
SIGNAL SAMPLE $IGNAL

\/'—- SANPLE SIGNAL —.I
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Figure 4. Output of Pickup Coil Assumed for Computer Analysis of
Preamplifier Bandpass Requirements

Since the true output could be expecred to be much more complicated than that
agsumed (Figure 4), it is probable that the bandpass requirements would have
been more severe than those for the assumed vaveform. It was therefore cop- :
cluded that the preamplifier baudpass should be at least ten times the chopper- '\
generated fundamental frequency to avoid significant crosstalk between ;

reference and sample cycles.

2.1.4.2
The major impact of preamplifier bandwidth is upon the total rams noise, which

lmpact of the Determined Bandwidth

such that peak noise is not clipped if the noise is to be successfully elim-
inated by reducing the bandpass after demodulation. Since a typical solid- 1
state preamplifier can provide $10 V output without clipping, the peak noige .

must not exceed 10 microvolts if the gain is to be one million. Sample cal- :

culations for a five-pound sensor indicated that preamplifier noise of less

than 0.5 microvolt could be realized for the required bandpass with the ampli- N
fier at 25°C. This is comparable to the signal for 0.5% 0z at STP. Reduction .
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of the bandpass after demodulation to 0.1 He (by integrating for 10 seconds)
would further reduce the output noise by & factor of about 100. Increasing
the amplifier tempersture would increase the noise considerably, but sstisfac-
tory performance up to 123°C might be achievable provided the auplifier is
Jocated in the sensor, with no interconnecting cable noime.

In this connection, it ie important to note that the performance and life
expeltancy of a preamp)ifier operatiag at 170°C are unknown, but it is almost
certain that the sensor would not remain within apecifications above 125°C, and
it is probable that the amplifier would be permanently damaged within a short
timo {f opersated at 170°C. In this regard the RF sensor lias a distinct advan-
tage, in that it is possible to make a solid-state oscillator oparate at 170°C.

2.1.4.3 Alternatives Considered

Seveval alternative mechanical designs of the modifiod Greene-Hummel sensor are
connidered in the following paragraphs. The foregoing discussions of electronic
noise and preamplifier bandwidth requirements also apply to these desigu
alternatives.

2.2 Alternative Designs
2.2.1 Evaelvation of the Hornfeck Multiple Pole Approach

A sengor design utilizing multiple poles and pickup coils symmetrically arrayed
about the axis of rotution of the chopper has mechanical deaign advantages com-
pared to an asymmetrical sensor having one large pole and pickup coil. There
may also be advantages with regard to adjusting the inductive noise component
to optimum for the maximum chopper apead allowable mechanically.

A literature search conducted in the initial phases of thrR contract revealed
U.S. Patent No. 2 467 211, issued to A.J. Hornfeck on April 12, 1949. This
patent describes an oxygen sensor similar to Greene's excapt for the use of
multiple poles sycmetrically arrayed about the axis of chopper rotation (see
Figure 5). This approach has mechanical design advantages, and also allows
more freedom in the selection of design parameters for optimizing weight ve.
sensltivity and for the control of the inductive noise component to maximize
S/N at maximum allowable chopper speed. But it also has significant
disadvantages.

2.2.1.1 Disadvantages

The major disadvantuye of utilizing multiple poles and colls lies in the geo-
metrical relationshlp between the areas of each pole and the number of poles.

1he area per pule decreases approximately a:z the square of the number of the
poles, n, when the desirable condition that there be four cliopper segments
between adjacent poles (each of the same irea as the poles) is imposed. The
signal decreases as the number of poles {ncreases, but for the same totul

number of coil turns (divided between n small c¢oils connected in series-aiding)
+he inductance cecreases more rapidly. Consequently, for a given magnetomotive
force and sensor gize, the S/N (for the inductive noise component only) increases
linearly with n. This permits more freedom for the optimization of total S/N at,
say, a desirable maximum chopper =peed. On the other hand, decreasing che sirnal
by increasing n is feasible only to thez limit set by the preamplifier voltage
noise.
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2.2.1.2  Advantages

Using n small colls in series that have the same total number of turns as a single
large cotl 1equires a sasaller mass of copper. The multiple pole approsch, there-
fcre, provides more freedom of choice in optimization of mass to sensitivity of
the aensor. The cofl total length also is less, aaking the coil resistance
smaller for a given total number of turnrs and wire size. Thias factor makes it
sasier to make the Johnson noise and the resistive component of amplifier current
noise negligible compared to the other noise svurce).

Better mechanical rigidity is one of the major structural advantages of the
sytmetrical wultiple pole structure. The analyticel study revealed that mechan-~
ical modulation of the pole gap is & nolse source of concern. Specifically, the
taxinum random frequency modulation of the gap must be less than about one part
in 100 million for the frequency spectrum covered by the preamplifier bandpass.
Secondly, gap modulation at the chopper fundamental frequency must be stable to
within about ona part in one billion to cause lese than a one-percent oxygen
arror (worst case). The atudy indicated that such mechanical stadility should
be feasible with materials with very high Young's modulus, such as the ferrites.

2.2.1.3 Alternative Hultiglc Pule Arrangement

In the event that a prototype sensor had shown excessive noise due to gap modu-
lation and/or due to stray flux linkages with the sugnetic structure, anothaer
multiple pole arrangement could have been employed to cancel such noise. In

this configuration & double array of poles is employed. The two sets of prles
and coils are located on two circles of different radius, both conceantric with
the chopper axis., The chopper is formed with zero-zero-zero-reference-zero~etc.
sequence on one circle, and zero-sample-zero-sero-zerc-samply, etc. ssquence on
the other. The two chopper and pole arrays are staggered in angle, so that when
the colls are connected in series-opposing, the net esignal 1s zero-reference-
zero~sample. The "up-scale" reference chopper assgment is more diamagnetic than
the zero, so that when inverted by connecting thome coils in oppoeition the net
output reference appears as an up-scale (paramagnetic) signal. The smaller poles
of the inner circle arc fitted with coils of proportionately more turns to pro-
vide equal signals for «qual modulation and stray flux linkages. Connection of
the coils in series-opposing provides cancellation of all common-mode mechanical
wmodulation and stray field effects. Since only one-half of the total coil is
active at any time, the sensor S/N for electronic noise is reduced by a factor

of two, all other corditiors being equal.

2.2.2 Evaluation of the Rotating Magnetic Field Concept

A sensor design concept utilizing an outer flux path rotating around & stationary
center magnet has the advantage of s large signal-to-weight ratio, but it is
probably not feasible becsuse it is not posaible to have bearing tolerances
that restrict the gap modulation to one part in one million.

Yet another mechanical design variation was conaidered briefly. 1In this version
8 hollov cylindrical magnetic structure is rotated about a fixed permanent wag-
net. The chopper consists of material in the cylindrical gap betwean the magnet
and tha cylindrical outer magnetic return path. The arrangeasnt, illustrated in
FPigure 6, can be fairly long, increasing the pole area compared to that realizable
with the thin chopper disc rotuting in a plane discussed praviously.
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FLOW-THROUGH SAMPLE CELL END-TO-END
CENTER MAGMET STATIONARY

OUTER FLUX PATH ROTATION ~ 3 600 rpm
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f Tigure 6. Rotating Magnetic Field
4 Concept-—End Vies
]
1 The advantages ave:

] large pole area, providing large aignal-to-weight vatio.

° Fabrication of hollow chopper refersnce segments is relatively simple,
possibly making operation without chermal control feasibls.

The major disadvantages are:

° Rotation of the magnet and pickup coil 1is precluded by pickup coil
slip-ring noise. Rotation of the outer structure is difficule.

The impossibility of having bearing tolerances capable of restricting
gap modulation to one part in one million is obvious. While the gap
wodulation of this structure would tend to Le self-cancelling, it is
not clear that such modulation would not make this design totally
impossible.
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2.2.3 Rationale for Selection of the RF Over the Greene-Hummel Approach

The analytical studies disclosed unexpected limitations of the Greene-Hummel
approach which made it less attractive for further development than the RF
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sensot. Furthermore, it was datermined that the RF sensor perforamance could
be considorably improved by using recent advances in electronics.

2.2.3.1 Limictations of Greene-Hummel Approach

The analytical study of the Greene-Hummel sensor and the various modifications
of it disclnged that major limitations were to be expected for a $- (or even
15-) 1b sensvr. These limitations are summarized below, roughly in order of
their fundamental impact on the development of a fuel-tank oxygen sensor:

The signal will be about onae maicitivolt per peccent Oz (STP).

The S/N ratio for a solid-state, low-nolse preamplifier at 25°C would
be satiefactory, but it would be marginal at 125°C (or le2s), and the
preamplifier would he either inopecative at 170°C or damaged by the
exposure.

° ' Remote location of the preanplifier is not feaaible because of cadle
noise, necessitating cooling to less than 125°C, waich is not practical,

APV

] The diamagnetic susceptibiliry of all solid chopper materials is so
large that control of the sensor at maximum temperature (170°C) would
s by necessary.

. A vacuum tube preamplifier operating at 170°C wmight be feasible, but
micrephonic noise might then become the limiting factor.

] A complete prototype scnsor would be required to verify the predicted
performance, since none of the components could te tested withaut all
of the others.

I G

While these factore did not preciude the possibillity of making a Greena-Hummel
type sensor perform satisfactorily, they certainly reduced the probabilicy of
success within a reascnable development cost and ulrimata production cost.
Bettar approaches wers sought, leading to the selection of the RF ssusor.

i 2.2.3.2 Adventages of the RF Sensor Approach
The basic RF sansor concept is not new, but all reported results showed that it {
feli short of meeting the required oxygen reiolution by a factor of about 100, !

even under the beat of laboratory conditicna, For this reason it was not con-
sidered in the initia) review of possible upproaches. Later, howsver, in che
analytical study of tho capabilities cf this approach, rhe latecr advances in
the state of the art of electronics were applied. It was concluded that with
modern techniquas and components the RF approach was preferable to the Grenne-
Husmel (see Table V). The Major advantages compared to the Greene-Hurmel
approach are:

. Signal level in the several-volt range, with measurement determined
by the period of a beat frequency.

™ A solid-atate osci)lator operating at 170°C is feaaible, while a
low-noise, solid-gtate amplifier is not feasible.

. Temperature ccntrol is mandatory for the RF sensor, but the study
indicated that it would aleo be required for the Gresane~Hummel seneor.
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Table V. Summary of Advantages of RF Approach
over Greene-Hummel Approach

t

; : RF Compared to

i ¢ Factor Compared Creene-Hummel

f t e Signal Level - much better

E ; ® Complexity of electronics = less complex

[ é ® Reliability of electronics - bhetter

! 4 ¢ Thermal errors -~ better control required

: £ e Pressure errors - same

: H e Critical tolerances - much less critical

; é e Ultimate weight - considerably less

: 4 e Ultimate power - probably less

! { e Ultimate cost (production =~ considerably less

! E model)
f 4
g 2
é * Feasibility of each major component of the RF sensor could be demon- ]

E strated independently, reducing the risk of development funds involved
in the other approach.

v RO
"

® The RF sensor components are inherently of lower mass.
i f The precision required for mechanical components is inherently less
: severe.
e The ultimate cost of production model sensors should be less chan for j

the Greene-Hummel sensorx.
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A decision was made to pursuve the RF approach only, since funding did not permit
paralilel efforts. Section 3 describes the RF sensor in greater detail.

3.0 SYSTEM DESCRIPTION

4 ek il b

Fo L e

3.1 Overall System Description {

The system is basically very simple. The essence of the oxygen measurement is I
a change in frequency of a radio-frequency (RF) oscillator due to the paramag- g ;
netism of oxygen. :

Come e
ator.

The main elements of the RF oxygen sensor are a sampling chamber, a radio-frequency
) oscillator, a zero reference "chopper," a reference crystal oscillator, and a 2
. chopper actuator. The inductor (sensing coil) of the RF oscillator is enclosed iy }
in the sampling chamber. The frequency of oscillation shifts in direct proportion
: to the partial pressure of oxygen due to the effect of its unique paramagnetic
* ¢ property on the flux field of the inductor. The change in the RF oscillator $
) results in a difference frequency. This is digitized and fed into a binary up- -
down counter. During a 1l3-second interval, eight '"up" counting periods occur 1
t with the chopper in the sampling chamber and eight 'down' counting periods with
H . the sample gas in the chamber. At the end of the 13-second period, the data on
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the oxygen concentration are converted to an analog vutput for recording and/
i or direct meter readout. It should be noted that the specification allows a
30-second readout period. Our output would be more accurate if the data were
averaged over this period of time. However, our analyses indicated that
system accuracy would be adequate even though a 13-second period is used,

The sampling chamber and sensing coil, along with the oscillator electronics,
are designed to operate in a thermally controlled zone. This zone would be
| held at 170 $1°C. The laboratory breadboard model developed used a manually
f tuned frequency synthesizer, Hewlett-Packard Model No. 3100A, in place of a

crystal o cillator. A flight unit would use a crystal oscillator with a
nhase-locked loop.

The RF sensor approach provides a theoretical resolution of about 0.04X 0, at
sea level. At altitudes or pressures differing from one atmosphere, an abso-
lute pressure measurement 1s necessary to be able to convert the oxygen partial

pressure measurement to percent oxygen by volume. This was not implemented in
the breadboard model.

The system was breadboarded in two mecharical configurations, MOD I and MOD II1
(see Figures 7 and 8). As a result of testing the first MOD I configuration,
it was evident that to achieve, the desired resolution and accuracy the system
; would have to be designed and a&ssembled to be insensitive to mechanical vibra-
tions that are synchronous to the chopping frequencies. The MOD II configur-
ation included design changes to provide the mechanical stability that was
determined to be needed for successful operation (see Subsection 4.2.1).

Details of the two mechanical designs and the electronics are presented in
the following paragraphs.

e & o iy

3.2 Electronics
3.2.1 Overall Electronics Design

Pt et

Except for the signal measurement and conditioning circuits, all circuits and
components are standard off-the-shelf items or of common design.

. The overall electronics associated with the signal measurement and conditioning
is shown in the block diagram in Figure 9. The oscillator circuit is the only

portion of the electronics that would need to be exposed to the fuel-tank

; environment. It is shown attached to the outer shield in the photos of Figures

: 7 and 8. The rest of the electronics fabricated tor the breadboard are housed

in the separate chassis shown in Figures 10, 11, and 12.

Supporting electronic circuits used in operating the breadboard include a
stepper motor and ramping driver, motor position sensor and control, and temper-
ature controller. These are off the shelf or of common design and discussion

of them does not contribute to the explanation of the measuring system.

3.2.2 Fuuctional Description of the Measurement Oscillator

The critical part of the electronics 1s the measurement oscillator, since a !
difference in oscillator frequencies between when the sensing coil is sur-
rounded by an air mixture and when it is surrounded by a zero reference is
the basls for the oxygen measurement. The required osciilator stability is

20
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Figure 7. Configurétion of MOD I Laboratory
Breadboard Model
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Figure 8. Configuration of MOD II Laboratory
Breadboard Model
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Figure 10. Bandpass Filter
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Figure 11. Digital £lectronics
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Digital-to-Analog Converter

Figure 12.
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! met by the inherent design of the oscillator, by the fact that stability is

i required for only 738 ms, and by the addition of a phase-locked loop that
tunes the cryuvtal oscillator to maintain the requirad 22.2 kHz beat frequency.

; ; The heart of the system is the measurement oscillator. The schematic for
’ this circuit is shown in Figure 13.

3.2.2.1 Coil Q Requirement for Optimum Signal

The inductor, L1, of the tank circuit is the "seneing" coil. This inductor is
formed of 5 turns of Litz wire approximately 1 in. in diameter and 3/8 in.
long. The Lite wire is made of 104 braided strands of 44-gage wire with
varnish insulation and a cotton cover. This permits operation to 125°C.

r The Q of the coil should be 200 for obtaining an optimum signal. We have
achieved a Q of 92 in the breadboard. This might be improved with an opti-
mum Litz wire of a larger number of strands of smaller diameter, e.g., 450
strands of 60-gage wire. This was not available off the shelf, although
similar wires have been made.

3.2.2.2 Basis for the Oxygen Maasurement

The difference in the oscillator frequency when the sensing coil is surrounded
by an air mixture compared to that when the coil is surrounded by the zero
reference chopper is the basis ior the oxygen measurement. The nominal
oscillator frequency is 2.8638 MHz. The frequency change between the rero
reference and 21X atmospheric oxygen is approximately 1/2 Hz. Obviously

b oscillator stability is a major requirement. The required stability during

| the measurement period is indicated in the following calculations.

TET wWaharme— v 0

3.2.2.3 Calculation of the Required Oscillator Stability

From the literature, the volume susceptibility of 100X oxygen at 0°C and one
atmosphere 1s 1.95 x 1076, Assuming the chopper is zero, the change in volume
susceptibility is

-

TR AT TR e s

4nK = 1.95 x 1076
At 170°C, the operating temperature of the sensor

2
-6(273 -
4rK = 1.95 x 10 (443) - 0.74 x 10

For 2 psia pressure at this temperature

4k = 0.74 x 107 x

5

- 0.10 x 1078

2
14.7
for 0.1X resolution,

| 4nK = 0.10 x 1077
This implies an oecillator stability of

-1
0.10 x 107°

= 1 part in 1010
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However, a novel feature of thia approach is that this stability is only
required during the sampling interval of 738 ms. Tests have shown the
breadboard oscillator to remain stable to 0.01 ppm for one hour or more,

3.2.2.4 Need for Phase Locking

In the breadboard, the clock frequancy must be manually retuned to maintain
the 22.2 kHz differunce freaquency. If the measure oscillator drifts, the
amplituyde of the signal from the low-pass filter will drop and noise will
increase. Within the limits of the filter bandwidth, alight changes are
cancelled out by the up~down counting logic. To permit long-term operation,
a phase~locked loop must be added. This will sunitor the 22.2-kHez signal
and correct it to maintain that frequency by varying the bias to an E-CAP
that will modulate the 45~MHz crystal clock. That is, during the zero- o
reference interval, the difference frequency ie varied to bring the
difference frequency back to 22.2 kliz. 1In the breadboard, the 45 MHz io
supplied by & manually tuned frequemcy synthesizer, Hewlett-Packard Model

3 NO. SIOOA‘

3. 2.3 Calculation of System Resolution

The system resolution can theoretically meet the 0.l-percent specification
requirement. The following calculations determine the system vesolution:

T A

The number of counts in the binary output is givem by

N = dp ( fl ) fcl'To

u fl-fz

W PP

where
P "o
Sy -9l __T {22
: L« 1.007 x 10 (2 AR
T

1
. | ]
—SL© . 45,4656 x 10° x LB

«guuprewrt

= 1.34 x 108

g

1 _ 2.8638 x 10°
£ -1 22.2

- 129

Thus

n
N - 17 4 .__.P_T-— __0—2.
“170 **\2 psiaf\ 1X
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The counting resolution per counting period is estimated to be 0.41 counts
per reasuremant. Since share are 8 measurements per 12 seconde, the rms error
will be

0.41 V'8 = 1.16 counts rma/12 s
Thus, the ocutput resolution will be

328 < 0.07x 0, at 2 peta and 170%C

The maximum number of counts accumulated during a 12-second pariod at 170°C
can be estimated as

- 25 puia}fi3% 02 -
N 17.4 ( 2 paic)( 1% 03 3 262

This would require a 12-bit counter. However, the ocutput during ambient
laboratory tests would be

Npg = (%:—;-)(—21—1) = 5 935, requiring a 13-bit countar.

The breadboard has a l4-bit counter to permit testing with higher oxygen
concentrations.

The output of the binary counter is put through a digital-to-analog converter
to permit continuous recording of the output. This analog output could be
supplied to a meter to provide a direct reading of percent oxygen concentration.
However, 1f the meter wvere scaled for sea level, then to operate at pressuraes
other than sea level, a pressura correction would have to be made to convertg
the partial pressure measurement of oxygen to & volume percentage reading. A
pressure transducer wda not incorporated into the breadboard.

3.3 Mechanical
3.3.1 Details of the Mechanical Design

The mechanical deeign wust contain the flux surrounding the sensing coil and
alternately expuse the flux field to sample gas and a zero reference chopper.
The chopper actuation must be precisely timed and muat not mechanically dis-
turb the system even to the extent of a fraction of a microinch.

3.3.1.1 Impact of MOD I Teats

The MOD I tests indicated the criticalicy of relative movements between partas
associated with che sampling volume. It also showed that vibrations imparted
to the oscillator electronics were a noise source. The magnitude of the
noise level and drift rate was excessive. However, as the tests did indicate
that oxygen msasureménts were being achieved, it was decided to redesign the
assembly and eliminate the identified noise sources. To accomplish this, a
completely new mechanical assembly was made. The layout of MOD II is shown
in Figure 14. The photograph, Figure 15, shows the major parts.
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Figure 14. Mechanical Configuration of Aircrafte Fuel
Tank 02 Sensor

Figure 15. MOD II--Internal Parta
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3.3.1.2  MOD I Chopper Design

The chopper in this assembly ies actuated through a slotted-yoks linear drive.
The chopper shaft is positioned by two linear dall bushings. Thess bushings
absord the slight couple introduced into the chopper shaft by the slotted-yoke
drive. Vary close axial alignment 1a thus maintained so the chopper can move
without touching the innar shield or the sensing coil mount. Chopper clear-
ances are held to .010 inch to "chop" as large & sampling vulume as possidble.

3.3.13 Flug Pield Contsigment

The flux field contaimnment was improved by closely fitting the lower shield
around the Vaspel shaft. The upper and lower plates are now 1/8-in. copper
plate, vhere previously a screen was used. The sensing coil mount is now
clamped by an interference fit under the upper and plate. The three radial
arms of the coil mount were previously simply held by friction in slots in
the inner shield.

3.3.1.4 Coil Mount and Chopper Material

Both the coil mount and chopper are made of Vespel instead of Teflon. The
Vegpel ia dimensionally stable, is much harder, is machinable to close toler-
ances, and has acceptable electrical properties. It is also resistant to
hydrocarbons in jet fyel.

3.3.1.8% Stepper Motor

The MOD I stepper motor was retained as the actuator, as all the drive elec-
tronice were available and positioning accuracy with this method has bdeen
proven. The stepper motor inherently generates vibrations and ultimataly
should be replaced as the prime mover. A viscous damper and rubber mount
wvere used to minimige vibration transmiswion to the chopper housing.

The bulk and weight of the breadboard wodel would be reduced considerably
in a flight configuration model.

4.0 TRST S
4.1 Static Tasts

4.1.1 Testing to Determine How to Achieve Maximum Inductance

Tests of different gap avreas as well as the effects of shielding, different
ferrite materials for the inductor core, and different coil configurations of
an air core inductor were made to determine the maximum inductance that could
be acted on by the paramagnetisa of oxygen to result in the largest frequency
change of the sensing oscillator. Based on these results and availadle
material, ve evolved an air core inductor coil of 1 in. OD by 3/8 in. long,
with a Q of 92,

As part of the development effort, tasts were conducted on subassemblies to
optimize the design. These tests are designated "static" tests to differ-
entiate them from the operational system tests.

A major problem in the development of this system wvas associated with the
sensing oscillator. There wvas difficulty in determining how to achieve the
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maximun inductance that could be acted on by the paramagnetism of oxygen to
result in the largest possible frequency changs of the senesing ocscillator.

The inductor was firat configured ap a toroid wmade of ferrite. Por this con-
figuration a 1/2=cm gap with a 1-ca* gap area would be chopped by a baryllium
oxide zero reference. This gap should control 90X of the inductance, giving
the desired frequency change. Calculations indicated a Q of 200 was possible
with a 0.6 uH inductor. However, when tesasted, the inductance was lov by a
factor of eight. It was concluded that this wes due to flux lsakage fields.
Consequently, the ratio of the gap area to gap length was increased and
slectrostatic shislding was added to prevent the stray fields. While
improvements resulted, only about 30X of the inductance was controlled by

the gap, and Qa less than 100 were obtained.

Various other ferrite compositious were oxamined and also other inductor con-
figurations. A gapped cup design was alsc tested. Instead of flat pole faces,
two cups-~each about 1/2 in. in diameter and containing a central rod--were
positioned with the opposing faces 1/8 inch apart. Agsin, results were
improved but not enough to provide adequate signal.

An air-core coil was the final alternative. Here control of the flux was
simplified since 1t could be contained in an electrostatic shield. The main
pProblems were then to maximize the Q and determine how the chopping action could
be implemented. Instead of simply chopping a gap, the coil had to dbe surrounded
830 all the volume within the electrostatic shield could be filled alternately
with sample gas and sero-reference material. An inductor 1-3/8 in. OD by 5/8
in. long wam made of solid 10-gage wire. This required an electrostatic shield
4 in. ID by 3-1/2 in. long, which would have required a chopper the size of an
automotive engine piston. Tests using different sample gases, without a
chopper, proved that oxygen did cause a ahift in the oscillator frequency in
cloae agreement with the calculated value.

Effort was then directed at rcducing the coil size so a minimum sample volume
could ba obtained that would be poesible to chop. As wa were operating on a
frequency range of 2.5 MHx, conductivity was confined to the surface and,
therefore, the larger the surface aresa, the smaller the inductor could be made.
Calculations showed that multistranded Litz wire would be an advantage. A
183-strand, 44-gage wire could be made into a coil 3/ 4 in. OD by 1/ 4 in.
long. A 4l3-strand inductor might be as small as 3/8 in. OD by 1/3 in. long.
Such wires huve been made commercially, but because we were limited by off-the-
shelf availability, we could not optimisze coil sire and therefore used a 104-
strand, 44-gage ronstruction for the MOD I and MOD II teats. This resulted

in a coil 1 in. OD by 3/8 in. long, with a Q of ¥%2.

4.1.2 Testing the Chopper to Determine Positioning and Timing Accuracy

Tests were conducted to determine the chopper allowable drive pnlse rate, posi-
tioning accuracy, and residual vibration. As a result, the time allowed to move
the chopper {rom one position to another was increased from 23 to 69 ms and
settling time was increased from 23 to 46 ms.

A second major problem was in actuating the chopper to move it in and out of
the sampling volume within the required time inturvals and with precise
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positioning. It wee decided to use a stepper motor to do thiu. A Slosyn
Model MO§)-FDO9 was selected. It 1s designed to rotete 1.8 degress for every
timing pulse applied to its field coils.

To msove the chopper in or out requires 180 degrees of rotation or 100 pulses.
S8ince the movement must be accomplished in 69 me, the average pi:lese rate must
be 1 430 per second. The motor can respond to 10 000 pulses/s but cannot

start or atop at that rate without slewing or missing some pulses. As we

must maintain precise synchronization, no slippage is allowable. It was
therefore necessary to deaign a pulse generator that would apply pulees at

a low starting and stopping rate. A pulse train, starting at 500 pulsea/s,
ramping to 1 600 and then returning to 300, was designed. A $-ki potentiometer
was attached to the motor shaft to check its position and motor reaponsa.

Tests were then tade to detsrmine the allowable drive pulse rate, positioning
accuracy, and residual vibration. The tests consisted of allowing the motor
to move the chopper in and out 100 times while monitoring the resistance of
the readout potentiometer. This was done st nominal stepping rates of 1 540
pulses/s for the high-speed portion of the motion, and repeated at 1 925 and
2 220 pulsas/e. At ] 540 and 1 925 pulses/s, operation was correct, while it
wvas erratic at 2 220 pulses/s. This means that the 69-ms period is adequate
for the chopper movement but cannot be reduced to 23 ms, which was the
original time used in designing the logic.

A measureaent was made to observe the braking characteristics of the motor by
applying 5 V to the readout pot and cbserving the waveform on a scope. We
observed a l4-degree peak-to-peak, 4-ms period oscillation which decayed sin-
usoidally as the motor came to rest. The ringing was still noticeadle 30 ms
afcer the and of tho pulses. The logic allowed for a 23-ms settling period
before sampling data was taken. The logic was revised to allow 46 ws to
assure that the chopper had come to a complete stop.

4.2 Functional Teats (MOD I)
4.2.1 Test Resultas for the MOD I Configuration

The MOD I teating validated the basic wmeasurement concept and lad to an under-
standing of the sources of drift and noise.

Tests were conducted on two different ayatam configurations. The first con-
figuration, MOD 1, served to prove that the basic measurement concept was

valid; that is, that low concentrations of oxygen could be detected in the
prasence of nitrogen, carbon dioxide, and fuel vapors. HKowever, the MOD 1
configuration also revealed technical problems that would have to be over-

crme to achieve the accuracy, resolution, and atability required for a prac-
tical instrument. Proof that these problems are solvable with continued
developmant is evident from the improved performanca of the MOD Il configuration.

Measurements were made on the MOD I system with nitrogen, 5 and 10% oxygen in
nitrogen, 10X carbon dioxide in nitrogen, air (21X 02), and propane. The
reaults of these tests are shown in the strip chart recording of Figure 16.
It is apparent that the response is repeatable with the different test gaees.
Carbon dioxide and nitrogen have substantially an ideutical response. The
response tu an increasing oxygen concentration appears to be linear, which is
as Lt should be.
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The results of the MOD I test are not precise because of a noise level of
approximately +3X oxygen plus drifting. The drifting was not caused by
temperature changes, since the temperature was monitored and was never
changed more than 1°C during the test. Changes up to 1°C per 100 seconds
should not affect the output.

To determine drift and noise level, the system was operated continuously for

a period of seven days. During this time it was simply exposed to ambient air.
The output was recorded on a strip chart. At the end of the seven-day peried,
the chopper was stopped and the electronic noise level determined. This showed
that the system was capable of operating continuously. The output tended to
drift slowly with a random pattern. The noise level increased several fold
periodically and then returned to its normal level without adjustments.

As a result of these tests, we gained considerable insight into the sources of
the noise and the drifting, which are discussed in the following paragraphs.

4.2.2 Noige Sources Related to Output Counts and Frequency Changes

Before examining the sources of the noise and drift, we summarize the general
scale o effects leading to the oxygen measurements. Output counts and fre-
quency changes are the two parameters of interest.

At 170°C and for the chopper operating on all of the volume in which the mag-~
netic field from the sense coil lies, the following equation relates the output

number of counts, N 170° to the oxygen concentration, n02, at a total pressure,

PT:

P N At v g AT T BT Y e R e SR RN Y T T

Fr "102)
Ny70 = 17.4% (Tss_iz) (_1_2_ . 1)

Because of the T'-2 dependence of paramagnetism in a gas, this equation becomes
at 25°C

e v—

P

b : ( PT ) no 2
ke = * .
N25 = 38.5 2 psia 1X @

. or referred to one atmosphere pressure

(o) ()
N2s = 283* \7%w/\ 12/ 3

*The calculation ~f these constants is provided in Section 3.0, System
Description
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Under laboratory conditions where PT

Nam = 5 935 counts (4)

= 1 atm and no, = 21X, then

This number is 5 to 10X high because the chopper fills only 90 to 95X of the
field volume.

The outputs given by equations (1) through (4) reflect frequency changes given
by

P "o
FRREN
; |17o 3:3 x 107 \ 7 psta/\ IR (5)

at 170°C, and at 25°C by

P, "o

of -9 T __l)

T l2s = §.6 x 10 (1 ar.m)( X/’ (6)
in that &N = 3.43 x 10'° (-A?f) %0
or ON = 1.2 x 10° [af (8)

Hz]"®

4.2.3 Measurement of Electronic Noise with Chopper not Moving
4.2.3.1 Pulse-Height Analyzer Measurement

Using a pulse-height analyzer, che measured rms electronic noise at room tempera-
ture when the chopper was not moving was 8.5 counts. This corresponds to 0.49%
oxygen at 170°C and a total pressure of 2 psia, or to 0.035% oxygen at 25°C and

1 atmosphere. This noise level resulted from rms frequency shifts of 2.5 x 10-10
parts in 2.86 MHz or 7.15 x 104 Hz. Clearly, if this variation bad been the only
noise source, then we should have achieved a nearly noise-free measurement of the
21% oxygen in the earth's atmosphere at sea level.

4.2.3.2 Strip Chart Recorder Measurement

When the electronic noise (chopper not moving) was recorded on a strip chart
(Figure 17), however, it was approximately equivalent to 1-1/2% oxygen. The
apparent increase in noise when measured on a strip chart as compared to the
pulse-height analyzer was due to the manner in which the bits from the binary
counter were transferred through the digital-to-analog converter. Also, the
theoretical output is 50 chart divisions for 21% oxygen, or 2.38 divisions per

1% oxygen. However, we only saw a change of about 0.84 divisions per 1X increase
in oxygen. Since the electronic noise is independent of chopper operation, the
oxygen equivalent is 1.5 ¢+ 2.38, or 0.63%. This is about 178 counts.
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4.2.4 Investigation of Noise and Drift From Chopper Operation

Chopper operation produced both baseline drifts and an increased noise level.
After analytical and experimental investigations, the most prcbahle cause
appeared to be mechanical instabilities involving the magnetic field from the
sense coil.

When the chopper was operated, two degrading effects appeared. First, monotonic
drifts with instantaneous rates near 600 counts/min. lasted for periods of sev-
eral wminutes, producing baseline changes up to 16 000 counts in about 1/2 hour.
This drift did not always have a constant rate but did appear to maintain the
same sign for times approaching one hour, although it sometimes flattened out or
reversed in longer periocds. Second, the random scatter about a line of constant
drift was about 100 counts, rms, in comparison to 8.5 counts for the still chopper.
Results this good were only achieved after securing the oscillator to the chopper
barrel, inserting a flexible coupling in the motor shaft, isolating the motor
from the choppar itself, and tightening both the upper and lower screens as
much as possible. The chopper wes initially synchronized manually, and no
mechanical stops were present for further synchronization. An optical syn-
chronizer was available but was not used because of instabilities caused by the
temporary flexible coupling in the motor shaft.

Diamagnetic Effects of Teflon Chopper--We investigated various causes of these
drifts both analytically and experimentally. For example, using an 8-digit
counter we measured the diamagnetic effect of the Teflon chopper body after
eliminating its dielectric effects with a high-resistivity Aquadag (graphite)
coating. The frequency shift caused by the Teflon was about 20 Hz, corresponding
to 240 000 counts at the output (see equation (8)). We can explain this fre-
quency shift by a mass susceptibility of 0.4 x 106, which is a value typical

for organic compounds.

In order to obtain shifts near 16 000 counts, we had to assume that the effect of
Teflon changed 6.7% in about 1/2 hour. However, temperature was not likely to
cause such changes because the diamagnetism of a solid depends only to a small
extent on temperature at a rate near 10 ppm/°C. Thus a 6.7X change would have
required an impossible temperature transient.

Furthermore, the positioning accuracy of the plunger at the ends of its travel
was not likely to have caused these shifts. Because the crankshaft wrist~-pin
design for the chopper drive produces a quadratic (cosine) dependence for the
motion of the chopper near the limits of its travel, small angular displacements
of the motor shaft would produce even smaller changes in the chopper position
when it stops. For example, if the chopper travels 1 in. for 180 shaft degrees,
then a 1.8-degree shaft error, corresponding to one step of the motor, would pro-
duce only a 0.25-mil error in the rest position of the chopper. Thus, if the
Teflon diamagnetic offset of 240 000 counts had been linearly related to the
chopper motion, this rather large angular error would have translated into 690
counts. However, the magnetic field from the coil was concentrated near the
coil itself and not near the boundaries of the Teflon chopper at rest, making
the output dependence on the chopper position less than linear and indicating
that about 3 counts was a reasonable estimate for the effect of a 1l.8-degree
shatt error. Thus, we do not consider the diamagnetic offset from the Teflon
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chopper to have been a likely cause of the 16 000 count drifts. Dielectric
effects after the Aquadag shieiding were probably smaller than the diamagnetic
effects and thus could also be eliminated.

Effects of Thermal Transients--We also considered thermal transients causing
errors as & result of the 10 ppm/°C temperature coefficient of the oacillator.
Assuming & large temperature change of 10°C applied with a 1000~s time constant
to produce a change lasting over 16 minutes, then the largest effect on the
output would be 0.5 counts, neglecting the effects of the nonzero dead time
during the chopper motion. This thermal transient would have caused frequency
drift rates of 3 He/10 s, which were in fact occasionally present during tests
with the static chopper. Under those ccnditions, including the delay for
chopper motion, noise levels were small compared to 100 counts and no offset
effects approaching 16 000 counts in the baseline were ever cbserved. Thus,
the temperature coeffici{ent of the oscillator 1s not likely to have been the
source of these drifts.

Conclusion—We were thus led to the conclusion that various mechanical insta-
bilities directly involving the magnetic field from the sense coil were the
most likely saource of the baseline drifts and increased noise level. In order
to obtain a baseline drift in distinction to random noise, the coil inductance
would have to vary relatively rapidly in synchronism with the chopper, and then
the amount of this modulation would have to change slowly over time periods
approaching one hour. In order to obtain a 16 000-count baseline drift, equa-
tion (7) indicates that the modulation in frequency would have to be at least
0.5 ppm, corresponding to an inductance modulation of 1 ppm. We investigated
several sources of wodulation of this magnitude, which are discussed in the
following paragraphs.

4.2.5 Effects of Screen and Metallic Crankshaft Modulations on Baseline
Drift and Noise Level

Both screen motion and the metallic crankshaft were secondary contributors to
the noise and baseline drift. Screen noise was considerably reduced by adding
stiffening; and it was expected that improving the ghielding between the crank
and the coil, securing the shielding better, and properly synchronizing the
chopper motor would reduce the effects of the metallic crankshaft.

Screen Motion--It was realized that the noise level was extremely sensitive to
the rigidity of the mounting of the upper and lower screens. The addition of
stiffening members to the screens was necessary to obtain any consistent data

on a scale of 16 000 counts. This fact was not surprising ir that the screens
determined about 2X of the inductance, and thus motions of 50 microinches could
caugse sudden 16 000-count steps. This problem was compounded by the gas-derived
pulsations applied to the screens by the chopper motion and the insecure nature
of the get-screw fastening for the upper screen. The set screws vere a partic-
ular problem in that if they were set tight enough to hold the acreen firmly
then they tended t. #arp the chopper barrel, causing the Teflon plunger to hang
up on its sides or to touch the coil itself. Although we improved the noise
related to the screens considerably, we could not eliminate screen motion as one
possible cause of the baseline drift, and it almost certainly contributed to the
100~count random noise, which corresponds to 0.3 microinch varfations in the dis-
placements of the screens.
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Metallic Crankshaft--We also hypothesized that the metallic crankshaft could
nodulate the small amount of magnetic field leaking through the slot in the lower
screen for the connecting rod to the plunger. In order to test this hypothesie,
we operated the chopper motor and crankshaft wicth the connecting rod disconnected
from the crank. 1In this configuration a relatively constant offset of 1 300
counts appeared, indicating that the crank could modulate about 0.08 ppa of the
field. This value was not inconsistent with the fact that a screwdriver placed
in the region of the crank caused a frequency shift of less than 0.1 ppa.

Under these conditions the baseline exhibited an rms noise of about 50 counts,
and once in a one-hour run jumped by about 250 counts. This 500% jump could have
resulted from 4 change in the shielding provided by the lower screen or from a
3-step (5.4~degree) variation in the motor synchronization, which was running
open loop. Thus, the crank was not the primary cause of the baseline drifts

and noise, although it did produce effects that had to be eliminated. 1t was
expected that these effects could be reduced by improving the shielding between
the crank and the coil, securing this shield more rigidly, and insuring that the
motor was properly synchronized. Preferably, the plunger should be driven through
a small round hole instead of the large slot necessary to pass a connecting rod.
A linear drive for the plunger as provided by a cam-and-rod configuration would
probably remove this offset entirely.

Conclusion-~Although screen moticn and the metallic crankshaft contributed to
the noise and baseline drift, the motion of the Teflon plunger bearing on the
chopper barrel appeared to be the principal source of the baseline driftc.

4.2.5.1 Effects of Motion of Teflon Plunger on Bageline Drift and Noise Level

The Teflon plunger bearing on the chopper barrel on both the up and down stroke
caused modulation of the coil and movement of the oscillator circuit board,
resulting in considerable noise and baseline drift.

Clearly two things not yet considered can move and therefore could have caused
large effects on noise and baseline drift; namely, the coil itself and critical
components on the oscillator circuit board. If this motion were repeatable for
successive operations of the chopper, then a synchronously-modulated signal of
constant amplitude would have resulted and would have produced a constant offset
of the baseline, which could bhe removed by electronic means. However, the
drifting baseline that was observed implied that the magnitude of this synchro-
nous motion changed slowly with time as the chopper operated.

A possibla source of this type of motion resulted from using a crank-wristpin
drive for the plunger. It is inherent in this type of drive that the plunger
must bear upon one side of the chopper barrel on the up stroke and then cn the
other side during the down stroke. The magnitude of the radial component of
force depends on the angle between the connecting rod and the vertical and thus
causes small deflections of the chopper barrel which are synchronous with the
chopper motion.

Because only friction held the three-legged Teflon coi’ block in the center of
the barrel, it was not difficult to imagine that the deflections of the barrel
caused the coil to move back and forth about its nominal position. A l-ppm

modulation in inductance of this form would have caused a 17 000-couprt offset
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: in the bassline. 1f the magnitude of this displacement changed at an average rate
| rate of 0.7X per 12-s sampling interval as a result of slippage or Teflon cold~

é flow, it would have caused the observed baseline drift of 600 counts/min. 1If

{ this effect had been caused by friction-controlled slippage, we would not have

g expected it to be uniform in time but rather to have occurred in spurts, whereas

‘ coldflovw would have been expectesd to be rather constant.

: Both effects appeared present in the measured data in that sudden jumps between
: r 500 and 2 000 counts were superimposed on the 600 counts/min. average drift.

Teflon shavings found in the vent holes in the barrel added evidence that the
plunger was bearing on the sides of the barrel.

We could estimate the coil motion required to produce a l-ppm inductance shift
by observing that the berrel reduced the inductance of the coil by about 10X.
Thus, motion of the coil of about 15 microinch in the 1l.5-inch-diametecr barrel
in synchronism with the motion of the plunger would cause a sufficient change
in inductance to account for a 17 000-count offset. The baseline drift could

‘ then be explained by a change in this modulation of 0.1 microinch per 12-second
: sample. This modulation and drift rate did not appear inconsistent with the
materials involved and the drive mechanism, and clearly could continue for wmany
: hours before being constrained or reversed.

| Thus, it appeared essential that the plunger no longer be permitted to bear upon
7 the barrel which shields the coll. Any necessary radial components of force
would have to be absorbed by hearings outside of the chopper barrel and isolated
from it. A Teflon or Vespel rod would have to be constrained to drive the plun-
| ger in a purely linear fashion with sufficient clearance and correct tolerances
E to inaure that the plunger touched neither the barrel nor the coil at any time
| during its motion. Finaliy, the coil would have to be mounted to the barrel

: in such a8 way that it could not wander about. To prevent relative motion
between the coil holder and barrel, the three arms of the coil holder would have
to be pinned with considerable force. (A nonsynchronous slow creep of the Teflon
caused by coldflow is no worse than a slow temperature change and thus would not
be particularly serious. It *g variations of the amplitude of motions which are
synchronous with the motion the plunger which must be totally avoided.)

The oscillator mounting alsc appeared to be a source of excessive random noise
in the MOD I configuration and may also have contributed to the baseline drifts.
The oscillator mounting also appeared to be a source of excessive random noise
in the MOD I configuraticn and may also have contributed to the baseline drifts.
The cscillator circuit board therefore was not mounted rigidly to the chopper
barrel but to a copper shield, which in turn was glued to the crankhousing. In
addition, the shield around the oscillator was not tight, and enough field
leakage occurred in some configurations to cause frequency shifts approaching
100 Hez, depending oun the pls- 1ent . he outer shield. Also, it is possible
that sensitive component:e -suclar . waith the tank circuit, such as the wires
from the measure coil and the coupling transformer, may have vibrated synchro-
nously with the chopper motion, adding to offsets and baseline drifts. The
output and power cables freely suspended from the end of the oscillator box
added to these mechanical instabilities.
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These oscillator-related drifts and ... .se sources should also be removed by
increased mechanical rigidity. The circuit components would ideally be in the
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form of a hybrid integrated circuit. The oscillator mounting should be an
integral part of the housing.

Conclugion--Thc analyses of the NOD I test resulta indicated many areas vhere
changes could bs made to subatantially reduce the noise and drift. The chopper-
oscillator assembly vas redesigned to incorporate as many of thess changes as
possible in a breadboard-type assembly. The MOD II unit was than tested to
deternine the extent of improvement resulting from the changes. Test results
for the MOD Il unit are given in the following pages.

4.3 Functional Tests (MOD Il)
4.3.1 Overall Performance of the MOV II

| The MOD Il tests show & drsmatic improvement in performance over those of MOD I.
The results support our conclusion that mechanical instability and vibrations

; were the major problems with MOD I. FPFurther improvements can be made in known

; areas with a high probability of meeting all performance requiremants.

Performance Summary--MOD 1I i{s & completaly nev wmechanical design, including the
substitution of Vespel for the Teflon chopper. When testing was started on the
nev asseably, output was erratic with full-acale noise. It was then reslized
that the Aquadag coating had not beer applied to the Vespel chopper. When this
was done, the noise level immediately dropped. At times, when sensing room air,
b the system noise did not exceed the electronic noise with the chopper stopped

: (see Figure 18). This would permit resolution approaching 1% of oxygen! Further,
‘ the output did not drift more than 2X oxygen equivalent during operation over a
' 10~hour period. A section of recording typical of this performance is shown in
i Figure 19. These results are indeed dramatic proof that our assessment of rhe
MOD I problems was correct and, furthsr, that with continued development the
gystem should meet all the accuracy and atatility requirements.

: Noise Level Problems--However, problems still exist with MOD II as evidenced by
a gradual increase in the noise level. After 16 hours of operation (overanight)
the noise had increased to about 10X oxygen equivalent, but without any signifi-
cant drift from the atmospheric oxygen baseline. As noted in the subsection on
electronic design (3.2.2), any drift in frequency of the free-running measure

: oscillator will change the beat frequency from the crystal oscillator. The low-
pass filter has a very narrow bandpass and a shift from the 22.2 kHz difference
- frequency will cause an increase in noise. Manual tuning of the crystal oacil-
lator (a frequency synthesizer in this case) is then necessary to regain the
22,2 kHz beat frequency and maximize the signal through the filter. However,

in this case peaking the signal only decreased the noise to 4 to 5% oxygen
equivalent. This indicated an additional noise source or sources existed.

; On rapping on the sensor housing, the noise level jumped to 25 to 30X oxygen

f reading and output became erratic. The system was examined thoroughly to deter-
mine whether parts had looasened or were defective. A bare wire located in the
logic electronics was discovered to be ligntly contacting the chassis cover.
This was a major contributor to the problem, but others =mtill existed after
two days of probing The noise level remained slightly above that which existed
during the fairst day of testing.
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A S~minute run with 100X oxygen was made. The zero position was ghifted in

44

4.3.2 {{] 9 8

A 2-1/2-hour continuous test of MOD Il1 showed excellent repesatability and sta-
bility in its responee to various gases and concentrations of oxygen.

Gas _Sample Test--A test vae made with a series of gas aamples to show the
response to carbon dioxide, nitrogen, propane, and varying oxygen concentra-
tions. Theae tests were all made at ambient laboratory temperature and pressure.
The results are shown on the chart in Figure 20. The chart covers about 2-1/2
hours of operation. The repeatability and stadbilicty can be veen to be excellent.
The response hetween nitrogen and air (21X Oz, 79X N2) is about 18 chart
divietons with the D/A converter in a X1 mode. This is approximately the same
level of output as for the MOD I unit. It is only about 36X of the theoretical
response which would give 50 divieions for a 21X change in oxygen concentration.

Interpretation of Strip Chart Recordipg--There are several reasons for the less
than theoretical output. The major ones are the low Q of the coil, flux
leakage, and less than 100X chopping of the sample volume. With the noise level
of about 2X oxygen equivalent observed during the last sampling tests, a factor
of two increase in signal would permit wmeasurements approaching 1X of true value.
I1f the systam noise level had been as low as recorded during the early testing
(see Figure 18), then the increased signal would have provided performance very
nearly meeting the ultimate requirement. We feel a8 factor of two increase in
signal is practical to achieve.

A brief run was made with the D/A converter in the X2 mode. It can be ssen that
this improves the resolution of the measurement, as the noise is not amplified
by a factor of two. This is because the system i{s not analog based. However,
because of the statistical manner in which the data are handled, if the noilse

wxceeds a certain number of counts it then {s more visible as a spike on the X2
scale.

The relative response to the different gases is the same as found with MOD I.
Nitrogen and carbon dioxide have a similar response, whereas 5X oxygen in
nitrogen is clearly measurable. The output is linearly proportional to oxygen
concentration (really partial pressure) in accordance with theory. Propane
appears more diamagnetic than nitrogen, with about 5 chart divisious greater
change from the room air baseline. However, sample data are available to
prove this is not true; it 18 only -1X compared to oxygen at 100X. Therefore,
we should only see about the same change as with nitrogen, which is -0.6%.

The reason for the observed result is that the propane is supplied frow a stor-
age bottle where it is contained as a liquid under about 100 psi pressure. Its
evaporation causes a large temperature drop. The sample flow rate was 2 000
cc/min., through about 5 feet of plastic tubing. Wichout a heat exchanger to
warm the propane, it caused a thermal transient in excess of the allowable 1°C
per 100 seconds. With the seusing coil and electronics in a thermally controlled

gone and adequate sample conditioning, no difference in response between propane
and nitrogen should be seen.

order to keep the reading on the chart. It is interesting to note the low
noise level of this measurement. Again, the response is seen to be linear.
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Conclusions--Although tests with the MOD 1I unit were brief, cthe data are con-
clusive in showing that this concept 1s indeed feasidle, and we have high [
confidence that it could be developed to a practical level. 1

5.0 CONCLUSIONS AND RECOMMENDATIONS i
5.1 Discussion of Recosmended Development Program

Based on the demonstrated capability of the breadboard, and particularly in
view of the significant improvemant batwaen MOD I and MOD II, we believe 1
further development of this concept is wost desirable.

) Step One
As & first step in continuing development, we suggest additional
testing with MOD II. This system can withstand temperatures up
to 125°C; however, tests thus far have been limited to room
teapsrature. Based on the known availability of components for
170°C operation, MOD 1I performance at 125°C would provide valid
data for pradicting 170°C resultcs.

With the addition of the frequancy control circuitry (phase-locked
loop), long-term operating characteristice cuuld be assessed. With
the implementation of thermal control, sample conditioning, potting,
and vigidizing of the electronics as well as a continued debugging,
the ultimate accuracy and stability of the electronics could be
¢losely approached.

° Step Two
Aspsuming favorable results from this first step, we suggeat next
going to an engineering model. This would incorporate the improve-
ments from the MOD II tests into a unit configured for fuel-tank
installetion. After completion of tests with the enginearing
model to varify the acceptability of the design, & production
prototype would be fabricated. This unit would be used for final
qualification tests to assure full compliance with all flight
operational requirements.
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