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HYDROGEN AND OXYGEN SENSORS DEVELOPMENT

AESTRACT

- The task described in this report was to develop a rellable and
low cost gas sensor which would be capable of instantaneously detectlng
Ho in Ns, HQ in air, and 02 in N3. The major portion-of the tiﬁe was
‘ spent in developing edsensor which would iostantaneodsly'detett Hé to
+ 50 ppm even io-the presence of trace amount s of'otherrgeses. .

To be able to do this is of great dmportance in the‘épace program
where large amounts of oxygen and hydroéen_are hand led iﬁ cohoection'
with the‘large and complex rockets, the epace shuttle and in and around
the support‘fecilities. Leaks oust be detectedﬁquickly to preVent dis-
asteroos explosions and fires.

The device or sensor developed for this purpose through this
investigatioo prooed torbe small,rinexpensive, light, accurate and
~reliable. These sensors cao be installed in and eroudd space vehicles
and facilities and_are integrable in a warning system, utilizing either -
read-out or.computer scanning and analyzing eystem. Ooly the‘sensor
itself wee the sub ject of this study and the complete detection system,
1ncorporat1ng these sensors, must be developed for particular eppllca-

. tions to have the required characterlstics and must then be analyzed
with respect to a oumber of criteria one of them belng economxts.

The aoove approach, utilizing the'principles of flurdrcs resulted
from althorough survey of the present state:of the artrof gas detection
devices. It was determined which kind of sensors was ever orOposed
which were used and how they performed in detecting hydrogen and which
had the greatest potential for providing the ideal hydrogen detector.

The study-was conducted by surveying published worke, companyzreports,



and by direct iﬁquiry at‘sevéral-companies'éﬁd laboratories which had
been engéged iﬁ the design of éuch Sensors,

After examining the properties inherenﬁ in each of the'pfqpose&
devices, the fluidic oscillators seemed to have the_gre%test ﬁbfential'
for satisfying the requirements set down for this study 1nvolv1ng hydrogen
and oxygen powered craft and their support fac1lities;

-With this decision madé a brief 1ntroduct10n to flu1d1cs and the
analysis of fluidic c1r;u1ts forleach of two types of fluidic oscillatorS'
is presented. It covers the determination of resistance, inductance.
and capacitance oflfluidic circqiﬁs and charaéteristicé‘qf syéﬁems,con-
taining them. A description iﬁ given of the twé basic'typeé of fluidic
oscillators developed-a; the University of Florida as hydrogep detectors.i"

They are feedback oscillators, designatéd as F andﬁs sefies,,and

: ‘ ; R o T A
‘edgetone osciilatqrs, designated as M series.

A. Feedback Oscillators (F & S): The theory of operation is

presented for thié type of oscillator and the changes in design and
how'they effect the performance. The F series oscillators encompass

the pilot designs a110w1ng easy changes and variatlon of the critical
parameters to study the effects and to give‘the desire§ results. _The_

5 series being:the final product meeting the required specifications,
Results of-calculétions are compared with e£perimentalsresu1ts. Eigures
present phe varioqs stages qf the development and pErformance-Curves
give'the variation of frequency of oscillation with éoneentfa£ion of

the gas under investigation.

. B. Edgetone Oscillators (M): Again the theory of operation

of this type fluidic oscillator is presented and caiculated results

compared with results obtained during experimentation. - Perfbrmance



curves are presented.:

- Since the flui&ic oscillators are to be Qséd.as "snifférs“Aa
facuum'musp be pfovided to.aliowrfhe gas mixturé tolbé-analyzgd to be
drawn through the device. A vacuum iine'may difectiy:be prbyidéd for
operatibn of the detector. If this is not available methods of ﬁrOVid-
ing this vacuum from other sources is diséussed sQCﬁ as wéter ejéctofs
if watér lines are available, or gas.ejeétofé if air qr'gases such.as
Nitrogen are available under i:rresswe. The ejectdr design and a nlun;ber‘
of the ejectors are pfeéented. If eleétricify-is av&il#ble and does
not‘pfovi&e a hazardous condition‘either sophisticated yaéuum‘puﬁps dr

‘simple aquafium-types may be used.

The expeximental procedures uéed.to provide the pefformagcé cha;-:
acteriétics-for the various.oscillators are discus§ed Aescribihg”the,
equipment with help of sthEmatics‘aﬁd'photoérapﬁs-whefé applicab;eq'
The resulting peffdrmance.is given in graphical forﬁ.

In spmegcases-bofh Hydrogen and helium may.be'preéent'Aﬁd since-
both of them effect gas sensors similariy,'a method musE'bé.fbund'Eo ;"
~determine the conééntration of each.

fhe'methods‘uncovéred can Se grouped intO-thé‘fOIIOWihg four brbad
catégories: - | |

Pure metal response . _
- Variation in heat conductivity“
Reduction methods
Exotic processes
. From the above it was decided for the present.to Uéé:é.céppef
oxide reductioh process as this process was demonéfratéd to be capéble_

ot separation so that the concentrations of'hydroéeﬁ and helium respectively

i



could be determ1ned in a gas mlxture with air or, nitrogen. The exact

method, calculatlons and data are presented

Since under ‘severe operational éonditions the oscillétors may be
subjected to variatlons in _temperature, preséufe, and wind gusts, these
| conditions were simulated 1n the laboratory and then some oscillators
were used to monitor thé hydrqggn clouds reSulting from the auto—ignition
field tests at fhg Kennedj Space Center and the’fésults”arglshbﬁn. |
It is believed that the work presented in this repdft will materially
helﬁ the Space Program and provide new iﬁférmatiqn wifh regardito Ehé
use of fluidic oscillatofs in‘the.deteétién of.hydrogehileéks in space:
vehicles, storage and trénsfer areas.béfore tﬁesé léaks réspit-in EXplp—

sions and fires.
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Definitions of Symﬁols

-Listed in order of appearance

Vot Dené_ity
A Enthalpy
-/ Pressure
?La
V74

Time

.46 Thermal Conductivity
‘Ylg j Coordinates-
. g ) T
Bodyforcg per uhit mass
Viscosity
Volume

Temperature

?t.
/
4
.77-—
/;;J Unit normal Vector
/’ | Area '
_& ﬁechanica_l Power
Y ol Mechanical Poteﬁtiai
W Radius

/4 Wave Léngth
/lﬂy/ Wave Pfopagation Velocity
Angular frequency
_4 { Spec:'Lfic Heat Ratio
Entropy | |
Constént

Velocity of Sound

/
Shear Stress
gg' Goefficient
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Inertance per unit length
Resistance per unit iength
Capacitance per uﬁit length
Mass A |

y-1

Weight flow rate

Drag Cdeffitient
Gravi;aﬁional Aéceleration
Gés Constant

Length

Diameter (Hydraulic)
Wetted Perimeter

Specific heat, constant volume

Specific Heat, constant pressure

Mach number -
Throat, nozzle
Stagnation Pressure

Mechanical Equivalent

Sonic Velocity Reference Poiﬁt_

Nozzle jet velocity
Feedback Loop Veleocity
Reynolds numbef

Friétion Cdefficients



14 '
CURRENT SENSOR TECHNOLOGY

Introduction

Many of our space véhicles including the Saturn V Serigé as
well as thé'proposed.Space Shuttle utilize hYdrﬂgen as fuel and oxygen
as oxidizer and either helium or nitrogen as part of the purge system.’
Because of the danger of explogion.and'fire.frcm'a_hydfogén leak, it'is
desirable if not necessary to assess.nbt only {f hydrbgen is predent |
but thg level of concentration of hydrogen. Therefore,réhe.appli;atiOn
of a detector would not only give added profectiqn to the vehicle but
also to the storage and transfer areas.

At present the means for defectiﬁg a Hydrogen lesk 1s'through the
use of catalytic sensors, gas ch:omatographs_énd mass'spectrometefs.
All these devices have serious limitations...Tﬁe:catalyﬁié sensofs are
essentially warning devices and the other two methods”?equirg time t§
§011ect, transport, ﬁﬁd then analyze a sample of gas. Through computer
cdordinated sequence ghanggs the procedure for sampling which.at present
takes several minutes-éan be altered so as to sample'gaé from the
suspected area every few'Seconds. Hoﬁever, even unéer these cichmgtanéeé;
the information obtained is not the-cu£rent.status.but tﬁat of the time
wheﬂ'the sample was taken."Clearly, a device is needed which will give
an instantanéous determination of the concentration of the hydrogen in
aﬁy one of the areas monitored. |

Another device used to defect hydrﬁgen is the Thérmigtor,lit'ié
extensively applied in storage areas and at critical points along
ﬁydrogen lines such as at valvg locations. jThese deviceslhavé not-

proven themselves satisfactory even in this appiication becadag of their
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non-linear response to hydrogen concentratibns. Furtherﬁofe, there
have been occasions when the detectors have responded to He instead‘of
H, indicating a hazardous condition when there ﬁas none.

Early in this study program it was recommeﬁded that.the bésic
characﬁeristics of fluidics be applied to this problem since a‘detectﬁr
based upon these principles, e.g. a fluidic oaciilator, seemed to have
the greatesﬁ'potential of overcoming the weaknégses of the present
systems, namely that it could detect low conéenfrations oflhydrdgen‘
almost insténtenously even in the presence of hélium..

The fluidic sensor, it was felt, would when the development pro-
graﬁ is completed prove to be a.feliable, small, lﬁghf, inexpensive
and sensitive detector. Further,'this éensbr would be able to reach
alﬁdst any region since it is small aﬁd'lightweight énd its dééignAﬁquid
ailow placement in remote locatiﬁns,wheré it could instantenoqsiy sense
any changes in hydrogén concentration,

‘Inspite of the apparent advantage of the fluidic gas sensor i;
was considered‘useful te consider availéble hydrogénldeféctors which 7_
are commércially available‘to determine where additioﬁal developﬁent-

could produce significant improvemenﬁs in capébility.

Hydrogen, Helium Detectors
At present, there are several propqaed as well as dommefciallyr
Qvailable sensors for detecfing hydrogen menpiong& in the lité:éturg}
They‘are listed in Table I where it shouid be.noted.that;the foilowing
systems: | |
A. Fuel Cells
B. Polarographics

C. Kryptonate
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D. Palladium Tube
E. Sonic‘Veldcity Gas Analyzers

F. Fluidic Oscillators

were all at one time in some active stage of develoPPent,fthough?thEy
_ &ornot seem as far as we can determine, under active.devélopment now.
The above, except for item F which will be treated in_detail later, do
not appear to have great poténtial, mainly because of the complexity,
high ﬁaintenance requirements and uncertaihties of prototypeiperfo;mgnce.
Only five types of sensors are commercially.avaiiéble which can déteét
hydrogen. They are:

A, Mass'Sp3ctr6graph,

B.  Gas Cﬁrométogrgph - ' | 7 |

C. Catalytic Combustién De#icea

D. Thermal Conductivity Deviceal

E. Optica1 Interferom¢ter



Table 1 PROPOSED AND CIAL H SENSORS

CONCEPT

. COMPLIANCE REQUIREMENTS

LEVEL OP SIMPLICITY
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_ ANTICIPATED .
MAINTENANCE

Catalytic Combustion
(Commercial Equip-
ment )

Response time is less
than 2 seconds (mildly
-affected by tha presence
of helium).

Very simple. (Its
main senaing elsment

ence chambar and no
eample drawing).-

Little Required

.18 a Wheatstons Bridge.
It regquiras no refer-

Thermal Conducti-
vity (Commercial
Equipment) Note:
This would be a
very good method
of detection 1f
if the test gas could|
be passed through a
helium absorber
prior to testing.

Reaponse time is approx-
imately 1 second (greatly’
influenced by the presence
of helium).

Simple

| Little Required

Fuel Cell {(Develop-
mental State)

Response time is approxi-
mately 2 saconds. (The
fuel cell showed no
response to & propane
atmosphere. The effacts
of other hydrogen carbona
are unknown),

Average complextity
(The fuel call has
vary simple alectrid
cal circultry).

Average (Pariodic
ox{dizer replaca-
mant would ba
raquired.. It
may alao be nec-
essary to provide -
4 means to keap
the gas permedble
membrane moiat
whean no hydrogen
ig present in

the test atmos-
phare,)

Optical Inter-
ferometer (Com-
mercial Equipment)}

It hae a responpe tima of
3 seconda {it is affected
by the presence of helium)

Complex. (This 1s

a very complex pilece
of equipment. It
raquires & semple
drawing aystem, &
separates rafarence
chamber and compli~
cated slactrical
circultry., In
addition, it 1s hard
to adjust for pro-
per operation).

Averaga. (Fre-
quent calibration
of the adjust-
ment controls
would be regquired).

Polarographic
{development
atage)

It has & response tima
of 3 seconds, (it is very

| selective to hydrogen 1f

proparly adjusted)

Complex {Thias detec~
tor would be diffi-
cult to asasmble

and disassemble)

Avarage, (Frequent
eddicion of alec-
trolyta may be
necessary. This
would require
disassanbling the

- dactor).
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Kryptonste (develop-

mental stage)

It has & response tims

of 20 seconds., (This
detector has a potential
response of approximataly
1 second 1f it is opers-
ted in an air stwosphers.
At presant scata of dev-
elopment it appears to
have good selectivity

to hydrogen),.

Average Compiaxity

Larga amount of
maintenance required’
(frequent kryptonate
replacement would
probably be required).

Palladium Tube

It had a 60 second re-
aponse time and a pro-
jected maximum sensitt-
vity of 2 ppm hydrogen

in alr.

Complex

Avarage

Sanfc Wave Analyzer

It has a response time
of lass than one sscond
{affected by prasanse
of He)

Averags Canpioiiny

Avarags

Fluidie naclllator

- It has a response

time of less than
one ascond

Simple

Litcle fequlred.
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Brief Description of Operational Serisors.

See Table IT which is compiled from the Boeing Report (2),
0p1nions of which do not necessarily: reflect the Opinions of these -inves-
'tlgators

The Optical Interferometer is a very complex:and‘delicate plece of

equipment requiring frequent‘compiicated-calibration and adjustments.

The Mass Spectrometer is at present used at_tne Kennedy Space Center.
.Although it is both a sensitive and‘discriminatoryrinstrument it does
not give the desired performance because the speed of response is’ low..'
This 1is partially 80 because all gas samples must be brought to a
centralized . location required to house the complex instrument This
instrument is further dependent upon 3 power:sources, LNz, and cooling

water,

. The Gas Chromatogreph, although having a sensitinity‘Similar to
that of the mass sPectrometer; is much slower in analyzing a glven sPecr-
men and requlres-more tlme for.calibration and adjustment. The time
to sample and purge, for example,‘is four minutes, whichfser16usly_j
degrades the scanning rate;

The Catalytic Combustlon Device 1s at prelent used for hydrogen -

detection at remote locations throughout the Kennedy Space Center. These
sensors are primarily used as level detectors as their non-linear
characteristics would seem to prohibit theirluse as a gage. Some observers
feel that its potential for erratic behavior makes this sensor not as
rellable as 1s desired, and thus, the search should be continued for a

more reliable substitute, It cannot in its present form dist1ngu1sh

between hydrogen and helium.

Thermal Conductivity Detectors would appear to provide a very

. accurate and satisfactory sensor. They operate on the principle that

.
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the thermal conductivity of hydrogen is about eight times that of air.
This ratio remains constant over a relatively large temperature range;
However, slnce the thermal conduct1v1ty of He is withzn 10% of that of
Hy the sensor can become confused in the prescncc'of”He. It-is not used.
-at the Kennedy Space Center, | |
Thermal Conductivitf at 32°F

At 0.0129

Hp -0,0895

. He - 0.0802

A chart is prcvidedrin Table'Il'which éummarizés-thisudisc&ssion

in a convenient form.

i Pctentially-lmprovcd Detection Sensors
Sihce the prESent stcte of the crt in gas-detectioﬁ ic not
sat1sfactory our group suggested a break with past practices and initiated '
new and dlfferent ideas to solve the problem. Among them are_the use‘-
of fluidic-(oscillators), thermionic; and'direct.energy conversion
devices, |
Although a solution which satisfies all the real requ1rcments out- B
lined earlier may prove to be difficult to obtain, fluidic oscillators,
‘ thcrmlonic_converters and other DEC (direct cnergy conversion) devices,
etc., show the grectést prcmise. |
Althocgh all the"sensors discussed'above were considered, the
fluidic sensor appeéred to prcvide the greatest.potential,.ahd was
recommended fcr davelopment uhder'this contract.
-Further.inyestigatlons and literaturc surveys ahd cercohal:ccn-.
tacts covering fluidic éevices showed that some work hadlbeen done

using fluidic oscillators as sensors for determining gas concentrations
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OF HYDROGEN USED

TABLE 11 - SUMMARY OF HYDROGEN DETECTION METHODS

21

ENVIRONMENTAL MIX-

Density

METHOD OF RANGE OF NV
DETECTION OPERATION _ __TURES LIMITATIONS

Mass Spectromster
megsures the mass-to-
charge ratic of ionized
molecules of the sample
gas.

0.01 ppn -~ 10, 000

_ ppm with 5% uccuracy

and rasponse:time
less than 1 sec.

] Hone

Propagation
Speed of Light

bgtical Interferqmutgr

compares the spaed of
liglit through the
sample gis to the spead

of light through a rafer-

ence gas.

0.1 - 2% By tn atx
with gecuracy of
0,12

| useful - for binaf-y
. |mixture only.

Propagation
“Veloclty of Sound

“Acouatic wmeagures the

velocity of sound in
sample gas.

Mo independant system

of this type exists.
A gas chromatograph-
with & differential
analyzer using this
principle can detect
1 part per wfllion
hydrogen in air’

Useful only in
binary mixtures
(1 e, Hz + He.'

Jete. )

Thermal
Conductivity

Gas Thermal Conductivity

measuree sample ‘R4S con-

ductivity by measuring
heat transfer from ane
leg of a Wheatatone
bridge

10 ppm tn‘iqu'ﬂg

Cannot be effac-
tively used when

'both He and Hp

are present in a
carrier gae, -

Chemical Reaction

' Combustion

induces combuetion 1n
proximity of one leg
of 'a Wheatstone bridge,

No. indepandent aystem|
of this typs exists.
4 gas. chromatagraph
with a aonic detectoy
using this. ptinciple-
can detect 50 ppm to
10% Hp

Sample mst be teésted

in non-hazardous
enviromment. Cannot
distinguish betwean
hydrogen and ather
combugtible gases,
and concentrated
oxidizers,

Catalytic Combustion

meagures heat generated
by catalytic combuation
in proximity of one leg
of a Wheatstone Bridge

Fusl Cell

electrical currant ig
generated by the hydro-
gen fuel in the gll
sample. :

15 - 257 H vith
11 Full Scnlc
accurecy.

«1% Hy in gir, lower
limit at pressures
from 1 mm hg to sav-
eral pat (Prototypa
only.) -

| cannot be uaed fn an

inert atmosphere
without an ‘alr

1 lupply.

.Diuciimination

between hydrogen and
propene tested

{8ocd, but no data

on other hydro-.
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TABLE 11, Continued

'

- Empirically Observed | Kryptonate 85 : 0-3% in air . ‘ Cantot be-

Physical Reactions meagures radloactivity: 0-10% Hy in air . exposed to
| : ‘| of Krgs released from responee time. leps © atmosphare -
. Pt Oy in a hydrogen than 20 seconds that reduces
environment ‘ : Pt 0g
Fluid Flow Fluidic ] ' Conceptual stage of It 1s anticipated
Characteristics measures flow of ' davelopmeny - - -} that helium mixtures
sample gag - ’ : ‘may be confused
‘ ' with hydrogen
nixtures.
Permeability Into Palladium Tube Mem- Prototype only - Not known
Other Materials brane - hydrogen no range known Note: membrane
permeates the membrane o must: be permeable

where it is lonized ‘ to Hj only.
and the characteris- ’ .
tic-line radiation is
measured.
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in binary mixtures. This is covered in the_literéture survey below.

Fluidic Detectors

The use of fluidic oscillators for gas deﬁeéfidﬁ-is:mentioned
in the Bdeing.Reﬁort as a pq;ential device for hydrogen detection. It:
seemed.tq our gfoup that the.apparent advaﬁtégés'are‘thét it'wbula:prd-
vide a reiiable, sénsitive,"and.inexpénéiv& 6etéétor;'réqditing-1ittie_
maiﬁtenaﬁce and_caiibration.‘ It could also-be_eaéily‘éd#pted to the
detection of hydfogén-and/of helium._ in addiﬁionfthése devices cduld
be used in a;eas‘with'vaquhm lines, positive‘pfésédre éas iinés, wétef‘
lines, stéah lines, etec, since_thréugh aépiﬁa£§f~ejectors tﬁe fiﬁidié
ogcillgtor cbuld be_made té "sniff" its énvironmenf. Direct electrical
readout of Erequeﬁ@y chﬁnges apa céncentratiﬁﬁ,¢¢qu1d be made of a"

' fluidic oscillator frequency signai._. | h |

- Maﬂy‘df these readings wodld be poséible'sefIQQCQnd.through‘the
luse'of multiplexing.deﬁices._VReligbility abpaar%;to béfhigh-énd ﬁhg
.‘pésgiBility fo: qsé as a‘fife or h&drogen“défgc@or:aﬁféaré as: |
afdiétinct possiblity éinCe fhe oscillatorltanlﬁefm;de $énsiﬁ?Ye~t§
tempéréture.chaﬂges‘of‘the eﬁﬁéring éaséé.? | | |

In ordér:to detgrmine thé currént-stgte~of“the érﬁlinrfiﬁidiﬁ gas

Vdetectionré literature survey‘as welllaé'pErsoﬁél cant;g;s iﬁ¢Ludiné

visitations were conducted.

" Literature Survej and Other Information Sources.
In order to'obtain as clear a‘pictﬁre"as possible the following .
: companies wéte contacted in order to ascertain the stété'of‘the art:

Ceneral Electric '(Apollo.SYSteﬁs Tevelopment)
' (Specialty Fluidics)

Minneapolis - Honeywell
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:Bendix Corporétion
'McDonnell - Douglas Company-
Aviation EiectfoniCS'Limitéd
The Harry Diamond Laboratofies
_Corning

A few small companies and a few .individuals.

Literature was obtained pertaining to ;hése'pséiliato?s.‘
from recent fluidic conferences. In gehefal;_ﬁhere‘gppearé ﬁo bejqo.l
deveiopment effoft iﬁ any of these companies in this area with_oné cf
two exceptidha. The pertiﬁent and significant-ﬁorks fqﬁnd areléummarized:

D. E. Davis dflthe Univeréity of North Cérolina has pdblished an
af;iclé,Jbased-upon his Ph.D. work done at the Univer;ity of Florida,
sﬁowing Ehé'strong dependgncé of the-freqhéncy‘of fluidic oscilla;or§ 
on tﬁe concentfation of another gas in a'biﬁaty‘migtufe.' Thé'oécillator
hé used was of the partial‘feedﬁack ﬁype; The fesults he‘oﬁtained are
shown ih'Fig 1.. At the 1ow§r end, Davis Obtainéd unusqélly largé‘
frequency variations fof amail chaﬁgewin.Hzlcoﬁeéptratiéns, SSOO‘hz'varia;'
tion in.fiuidic.os;iilator'frequeﬁcy for'a‘G%‘éhange.in Hp poncen:rdtibn.
Tﬁis giﬁeé a scale facfor éfrappfOXimAtely 50 cps/ﬁt/sgbtior'7 ppmf.;Ihe
'sqale factor is‘uéed'heré as a meashfe_bf éenéitivipy of:the‘fluidic =
osciliétor ko changeg in tﬁe velocity of sound, in othér’wOr&s #hé
scale fagtdr,is the ratio of Ehe change‘iﬁ oscillator frequency (cps)

- divided by'the change in thé speedlof soﬁﬁd-(ft/sec).: This scaié
factor is~a constant for each device. . | | |

F.  V?llaroel and J. W. Joycejat the Hafry Diémoﬁd Laboratories.

using ao edéetong_OSCillato;-obtained the deﬁgction éu;ﬁes shown in

- Fig, 2, for the determination of the COy concentration:in air. It is



175, |

IfreqUEncy;'Hng 103

150, |-

100, |

200, L

125, |

75" — .

- Experimental Results of D. Davis

1_]Fig;'1‘ Frequency'versus'Hz Concéntration in'CQ2

2. d0. - e0.. . g0, ©100. %Hy

“93?“
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480,
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‘THEORY .

EXPERIMENTAL

‘fResultS_ _ ., ‘
F. Villarroel_and J. W. Joyce

R IO I 1t 1

o. 4, 8. 12, 9%c0

Fig. 2 Frequency versus 002.Conceﬁtration in Air



,uof interest to note that this carefully done work achieves a acalerfactoryﬂiz

of approxlmﬂtely 30 CPS/ft/sec.l The authors describe using the output ir;;u:Vfl
“of two oscillators and beating them together to increase the sensitivity?fff‘f?"
of the deteCt°T- They indicate the variation for a- given mixture was . o

‘+ 5 hz corresponding to a,* 0 1 percent 002 concentration change. s

Work done by J Simpson at McDonnel—Douglas involving the calibra-.l‘:

.tion of various pressure transducers showed that by varying the He con- f;;*]j];, fhf

icentration 1in. N2 from 0 - IOOA he could achieve approximateiy a threefoldffvrff
change in. the frequency using a fluidic oscillator. By changing the B |
dimensions of the transducer he indicates he obtained a device which would
--oscillate over the range of 35 to 105 KHz No curves are given of thell

. variation in frequency versus the variation in He :oncentration. '};;;:j;A

The General Electric Company has done some1ﬁork,in this ‘1

requency caused by

‘personnel there are well aware of the change i

.varying the amount of constituents in binary systems. Mr. Robert Rose ”[1:75"

: at the Fluidic Specialty Group in Schenectady'lnd cated that no contractual

"effort was underway in this area, though theyv ne - work for thy Navy

f_on the use of an oscillator for 02 detection ‘

Conclusion:""u"\

As a result of this study, surveying theifield it Wasrzlkift

"decided that the fluidic oscillator represented th

er or{whichﬁhaditfr

‘the greatest unexploited potential and therefore

B ing of this device should be i w.if

velopment and test- . .
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FLUIDIC OSCILLATORS

Introdﬁcﬁion

The field of using the energy in fluid streams for doing work
or controlllng action or as sensing dev1ces now referred to as FLUIDICS
or FLUERICS is relatively new, it came into being‘somé ZQ-yeérs égot
"The basis for many of the‘flu;dic‘deviqesris‘ther"Coéndé&Aeffééé whichl
fikst was u;iliéed at that time By the foundéfs of tﬁe_Haffy‘bi$m§nd‘
Laboratory. Since that time fldidic.controla hévé pfovenjtﬁgmgelveé to
he more rugéed than electronic controls, yet féﬁtcf, cheaper, and more
~reliable than .the ordinary pneumatic or hydfaulié ébﬁtrolé.

The‘tefm "fluiﬁics” has come to mean thé coﬁfréi Effohé flhidl
stream (liquid d; gas) by another stream;. UnlikegeitherAéneumatic or
hydraulic devices, fluidic devices have no moﬁing parts to wéar:out;
Because of the continuous flow througﬁ the device, most dﬁs; of:watér
parpigles will-tgnd to pass through without difficulfy;._As_a rgsulﬁ,
these devigés a%é véry reliable-and do not need cqﬁtinuédior frEﬁuent__
ad justment. - | | |

Thé épplication of‘fiuidics to the deteétion-of gasés has -not beeh ‘
entirely uﬁkﬁown. Fluidié devices have been used to detgct CarbOn
Dicoxide variations in phygiolbgical ekperiments and in_§ﬁygen7p6ntrol‘
systems fof'uﬁderséa gpplications. In each caae'thé fluidic.dévice
Qscillates‘at a bése frequgnc&'és the normal gas éonStitﬁénts_pass
through, ;frthere is any variation in the deﬁsity of the‘gas‘dug to a
change in ;hé amount of oﬁe constituent preéént,lFhe-frequencj'ﬁf oécii-
lation will change. | |

This chaﬁge-is proportional to the inverse of the square root of
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the density pf the‘gas;

There'are two basic tyees of oscillators which can.Be usea in this
'applicétion. These are shewn in Fig, 3 an& Fig. 4f.'The=former is'a
proportional amplifier with a feedback loop, the”latter-is aﬁ.eagetone
gscillator. - |

These two devices have formed the basis for the fluidic gas detectlon
devices and the Capabllltles for both these designs have been explored
in this 1nvestigatioe. In addition to the partial feedback fluldzc 7
. 0sc111ator~one‘was developed here employing very high momen tutn feadbsck,
making the'device much more_stsble and insensitive to enyirenmehtai
Vvariationsf-“Also the signal intensity is increased'eonsidErebif allow-
ing the signal to be translated into an electrieaiigetp&t without amplifi-
catien bereg needed. |

The performance characteristlcs of each of these devices is discuszed
below. ‘For clarity of presentatlon the fluidic gas sensors are d1v1dee
into two typesf The F type which ‘was the one with which’ most of the .
developmenr work was done as a feedback oscillator with external feed-
back 100ps‘so ehar'ghanges ean be made easily and'the‘effecrs qf psremeter
varietionslstudied and the resultant S series which are designed to
have the desired chsrseteriscics. 'The other;typegis.theJM series which

are .the edgetone oscillators.

Oscillator Developments

Fig, 3 and Fig. 4 show the basic design-qf the fundamental
types of oscillators which can be used as gas detectors, They are the
- feedback oscillator, basically a propcrtionsl fluidic'aﬁﬁlifterxwith.

'appropriate feedback loops, and the edgetone oscillator. -
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Both types of oscillators were designed, tested and. evaluated
‘here at the UanErSlty of Florida. o {

The F type of fluidic oscillator'wes designed'from_a HoneyWeil
block of a proportional amplifier,_which was mooifiedlsno external
feedback loops added. After preiiminary experiments which indicated a
sluggish, not very well behaved osclllator, it was decided to use the
full stream as the feedback. This almost 1007 momen tum feedback w1th
the excess air allowed to vent itself resulted in an extremely stable
osc1llator which would operate well over wide ranges of pressure dlf-
ferentisls and allowing a tremendous range of density.' Itlwould oscil-,
late with_water and gases inc1nding Hz, with oorrespondingly‘significant‘
changes in oscillating frequency. N - |
| This fluidlc oscillator proved to have a rery constant frequency
and to- produce a 51gnal of sufficient strength that it requlred no"
smpllficatlon. The S series osolllators were developed_ns1ng the .same .
princtple'as the F series. This new development nas'nsoe‘because'tbe
‘freQUency of oscillation of_the‘F series was too lowmto provide'direotly__
the sensitivity needed to detect hydrogen concentretionsras:low as
50 ppm. |

The edgetone osciiiator was given the designation M snd—tne”-
series was constructed as shown in Fig. 4, Both of these osc111stors

ould reach frequenc1es up to 60, 000 Hz with pure hydrogen gas.

In order to describe each oscillator, the follow1ng‘sectionsjsre
devoted‘in tnrn.to.the F-5 series-and'then the;M.series of fluioic
oscillators. The préséntation below incluoes theory; test:reeults:end

evaluation of the gas sensors.
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lheory of Operatlon

The fluidie oscillator, a flu1d1c ampllfier with feedhack 3

Loops is essentially a combination of properly proportioned fluid pas; :

sages, the behavior of which is described by the basic [luid flow

equations.

Conservation of Enetgy .
. Conservation of Momentum

Equation of State -

and for convenience

" Equation of Continuity =

‘Conservation of Energy

ing, leaving dnd being transformed in a fluld stream leada to the

conservat1on of energy equation ‘which can be wrltten in the . follouLng

form

e ";f f "",—3’- [« M*’-‘-*eﬂ“y--"

20 ﬁ/+;5,/,42—77+ 55 455 /J+'

/ 4 y/"_’,_

CluF A A TG 5

" where - [ is

To account for all the energy enter=s:

-

2/,
9}'/

£ ////?” "*/;‘}/ 15777 - 2urv 7z

o
-/7#/’;“ 7; 2 /,;w P /,‘/4/24«-*;172

(//
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Conservation of Momentum - : ‘
From Newton's Second Law which

states Lhat the_resultant'force acting on systems is proportionallto. ."
the time rate change of momentum fluid in é.volume Vv, the equation for
conservation of momentum in the three cdordinate'directions can be

written as Eoll owWs

L2, D
6/3' 9“; ‘*;7 /";w J//?)' 9; a;/]
* 2 (AT 9*// 45 //« 9”.* %J

C};" '9/’ 9/;? /‘?i# ;'J;- ]
9*[ /9? 9//*9;[/" -;/j I

2k

| ;‘[ /j:/- Qf:/]"}/ ///aw- 55_)_7
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Equation of State

For real substances the equation of
state which accurately describes the behavior of the substance can become
extremely complicated.

For our purposes here resonable results can be obtained by considering

which will prove to be sufficiently precise to describe the behavior of

nscillators considered in this report.

Continuity Equation - } _
: . The conservation of mass which is the

hasis of the continuity equation simplifies the theoretical treatment. of

the oscillators. It can be written as follows:

2 * e
‘ . _ . ;7- . é?-' .
1 All the above equations can be written in vector or tensor form, in
cyclindrical.or other coordinates to maké'themlmore'canQenient and '
adnpﬁable to-use in specific applicét;ons.
| Alﬁhough noné of the'éqqations'can be‘solvediaé'a.gropp‘as Qritted
abéve, by using some simplifying assumptions they‘éan'be 501V€d'eithér
by computer or in closed form. . Reasonably accurate rgsults can then
be obtéined{ | |
This isldone in the_foliowing sections to arrive at an analyt{dal
_rcpréséhtétiun'for a fluidic_osﬁillatdr's respoﬁsé under different con-

ditions.
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Propagation of Waves in Fluid Lines o
‘ ' A simplified

Lorm of the energy equation in two dimensionsg can be written as

/re///v"”/ﬂ"’*/z/m& ff-+ P/}//)?a//f

7"/? A = /c’/ vwva/ffw

P2l V5 / / L
- * | s

The expression dés_cribing ‘the change in mec-hani_cal‘power*" ﬂ// l '

| clwer.t.h‘e distance 4? is
. ez -m///ﬂ’/" a*/

Assuming small pressure and velocity changes the equations can be

linearized by assuming the following variations. in c and - 43—
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e
77

Assuming’ the wavelength /a is large compared to
the radius /L‘ of the tube one can obtain the energy equation as Tollows:
. / o -
c¥a 7 o S

NLY

/-; _ ;f/c/

?7
Y Ay

wlere /C/ is the complex speed of wave propagation and.
for small fluctuations in the fluid velocity Tl
/ 0/,5'},
. <

S, =RBe > consT

since V (2 in S term appears as squares; its contribution for .

small A can be cfor;sidered negligible.
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2’ 2e2r 4 2P

——

27 T 2 F 37 ar N

and

finally the energy equation can be expressed as

L 2P,
A2 o~

j; -—o ‘)

N\

/. o/

It is now necessary to find a relationship between /C> - and ’zg- .
this can be done through the use of the two dimensional form of the

equation of motion in cylindrical coordinates,

—/ . A S’
_2 7 ‘ . 7 |

c—?—-«?

II\

% (/a/.

In order to simplify the ‘above ekpfeséioﬁ, let us assume that

N~ .;—‘377,.-:—?—'0—- 2 % o rr3)
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For fully developed incompressible flow, from thé'Hagen—Péisseuille

equation

|

Substituting into equation (12) and with the above assumptions. one

finds the womentum equation can be expanded as

—/ - __;./ _- —/
—_ 7 2L <+ cp 4 %

| | "//4’4/
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The momentum equation can finally be expressed as

L S e o
—— = - — /e : ‘ ‘ 73/
Le Sx C 2 ‘/./

Substitution'of'equation {l4a) into (115 andTaVeraging‘one s

obtainslequation (11) in the f01l0wing'form
r¥ad Ce - °3 5 o /

‘et T=

© Taking the Lapléce Transforms of eﬁuatiOns'(lS) and~(16)

- /7/5/ - X/—”” 7
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This system when solved and inverted gives the familiar form of the

wave equation

2% @ . 2e

g2~ “efex 4:—-7:»2 27

where =&~ is the mechanical potential,

o

<= = <,

Letting

one obtains
w? - . .
=5 = Lele o~ cw KeCp

and the complex speed of wave propagation

is

N . 1 /--
/ /= /Ze( /f//r‘- £e /;’r

Q)Lg'

62.

7+
2 ve

/‘r‘ K (23
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From cquaﬁion-(23)‘it can be seen that the wavé propagation in a
pipe reaches a limit of and Equai to the velocity of sound when the
resistance.in the pipe is zero. Iﬁ‘general the velocity'will be smaller
than that of the speed of sound.

In the course of the above derivation, qqantities such as 4‘1 .. Iea

and ‘C:' the inductance, resistance and cépaéitance.for fluid lines
were deferred. These quanﬁities are further elaborated Hponﬂbelow sol

that practical evaluations can be made.

Fluidic Systems

Circuit elements andlcompénents are the leést
common deﬁominators in the fluidic field which_are interconnected to form
circuits. The designer considéring tﬁe devélophent of a fluidic system |
must realize thacrmést active fluidic devices ére 5r0qght to_function

by set qnd try ﬁethoﬁs.. Cpmprehensive analysis had 1ed.to.useful
empirical formulée and design criteria which dgfine tﬁe iqtérdépgndence

of the subply and control jets upon aéch other'and-thgir mutuai_dependénce
.Qn tﬁé intergction region, geomet;y, aspéct ratidé, output configﬁratiéﬁ,
and loading. Only computérs can cope with the mgthemaﬁica iqvolﬁedr

with purely analyticai design of fluidic compongnts;.

Passive‘elements in fluidic‘circuits such as restrictors, 1ines;if
capacitors, and inductors are generally needed when assembling fiuiaic"
eiements in analog circuits, Thus mass fiﬁw is‘conside?ed analogous
to current and pressure anglogous to voltage., A fluid impgdance pro-
duces a;ﬁresﬁure drop as a fhnctioﬁ OE-ELoﬁ ﬁhrough_it.

Flﬂid impedances are geherated A% in énalogéus eleétrical ¢ircuits
by resistance, capacitance and_inductance. Simple orifices are génerélly

used to make fluid resistance. It should be noted that when orifices
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ére used Qith 16w_p;essure.gases or inccmpressible fluids, their pres-~
sure flow characteristies follow the square law rélétibnéhip, and'hénce
are ﬁon-linear. In a pure capacitive.fluid imﬁedanpe,,the pressure drop
lags the flow by a phase angle of 90 degrees, Oﬁly compressible fluids
show capacitive effects and in low pressure designs capé?itiye effects
on most liquids are neglected, The analog of the'éléctricél Eapgéitor
is simply a-volume. Shunt capacitahce'is the only tfpé that cén be
obtained without moving parts. Series cépécitance (coupliﬁg éapacitance)l
requires a diaphragm. In an inductor, the préssure drép leads the f{low
by a phase angle of 90 degrees. An acceptable fluid,inductor can be
made from leng tubes.
Resistarnice _ .
Orifices are often used for :esistoFs_hecause
they are so easily cohstfucted._ From ihcompressi§le relétionships,
which are adequate over typical operating ranges, the weigﬁt floﬁ rate

héy be obtained from
= Cof g A P

The vglobiﬁy /’).is obtained from the-incompressible rglétion
/:)' /agf A‘p 'é-

where Zj/::is the pressure drop across the orifice. Using the perfect

gas relationship, one finds .
.—4%ﬁ‘ A {/” ;?__ -z L
The resistance IE? may then be obtained as

,_-?_4__’9= / 22[7'"4/-" el r24
£= 5% / E £)
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Laminar resistance is another manner in whiéh.a.resistance can be
generated. This is provided by laminar flow in loﬁg, smail Hiametér
passages. Calculation of resistance using incompressible flow relation-
ships give sufficient accuracy if the pressure drop‘is ﬁot large.
Laminar flow requires that the Reynolds number be.éomewhét leés_than the
cfitical. Assuming that a fuliy develqud iaminar flow‘gxists.over.tﬂe

flow length ﬁqf? » the expression for the resistance may be shown to be:

?(AP/- 32.//
[ >V A L=

o -

N 32 o £ Ry T

<= 402 - s/

where /4 is the [low area and A:’ fhe.hydraulic diameter, that is

44
o &

where _E is the wetted
~ 'perimeter,

Cagacitors

In fluidic circuits which use gas as the operat-
ing medium, the gas compressibility results in energy storage analogous
to that of a capacitor in an electronic circuit. Hence, the fluidic

capacitor is simply a volume for gas storage.
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Using Laplacian notation, it can be shown that

cr _ A R 7s
//D— Y
5 rZ)
- /4 s
| -y Y
where ¢ capacitanc = — 2
here the aapacitance & A Rg 7s (_6/
Inductors

The fiuids in fluidic passageways also have inertial
properties or inertance which can significantly effect dynamic character-
istics. :Thé inértial effects whiéh are present for both compressible

and i‘ncon;.pressible, fluid result in charactérist‘iés Sim.}_l:a}‘ to inductance

in electrical circuits. 1In this case, it can be shown that

£
A 2 g_;_j;
arP=Ls cas)

where the inductance : . ' _Z :

with 4 the crossectional area.

AP =

using Laplace notation
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With some of the characteristic behavior of fluidicrcircuitAcom-
ponents discussed fluidic circuits can be designed with desired character-

istics. One group of such circuits are the fluidic oscillators.

Feedbaék Fluidic Oscillators

The b351c prlnc1p1c of operatlon can belqeen from the d351gn
in Fig. 3 which shows a main channel or nozzle through which the £1u1d
enters. Leaving the nozzle it has two exit channels to choose from.
Some inherent imbalance and- the Cuaqdaaeffect will make it ilow.through
one of the channels. As it does so aﬁﬁaﬁﬁropriaﬁe portipn of'£he
fluid is reairéulatéd througH the feedback loop and pushes the main
Fluid stfeém to the other side. Now exiting through the other channel,
fluid is [éd back through the sEcdnd‘feedback'[oop aﬁd'pushes the‘ﬁain'

‘stream back t0 th¢ originai position. 1in thié'manner”thc main stréam
is switéhed.bgck and forth producing the osEillation3f
The nozzleé may Be convergent or convergent - divergent”ﬁp qllow
the oscillator to operate subsounically or sﬁpersonically.-
From the staﬁdard fluid.flow anaiysis (#ssuming perfe&t gas hehavior),

know1ng the cond1t1onb the oac1llaLur uperatgs betwgon, all nozzle exit -

-

conditions 4)_ 7— l/)

| etc.; can be‘calculated.
Using the
Conservation Fnergy
.-CnnéefvuLiﬁn'nr Mumen € um
Equation o) Stat¢
and .
Continuity Equation - where convenient

and using the Mach number ,(M) as the basic parameter,‘defihed as

2~
7= g



the exit comditions can be determined

/ |
g B/ .
‘ Sal e A

=7
N

/D-—:&//" tz.://yz/ ;:; /‘ZP/

e= & (/+ THEwY T (34

A= Ly T

. And more relationships could be worked out,
"If the losses are-negligible in the nozzle as they usually
are the actual values can be determined without extensive calculations

{rom "isentropic' Flow tables (Gas Tables, Keenan & Keye, Wiléy).
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The gas or gas mixture exiting from the nozzlé travels through the
channel which divides into the two‘exits Lrom which the.feedback channels
branch off, |

Since t'hese channels are ésséntially A - (although vary-
ing areas can be'treated) the flow through them can be considered Fanno
Flow,

Again.using the basic equations, Ehé properties of.the_flowihg
gas mixture can be determined for the QUasi—sﬁeady staﬁé e#isting in
the channels, 7 |

Since we huvé losses in this cage (they may however be small) the

stapgnation pressdare chnﬁges. ' ’,
o /:>° /y// /* 2 j . 2r2-/) - 334/
| J F i_‘z_//z o | | / |

7

‘or in terms of a drag cdeffigient . ,
oo moe B X Sl v
o d Edr o Ao

_/333/

or din terms of thermodynamic quantities
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 If the channel is long enough M will becomer 1 at the exit

and‘with this condition taken.as reference:

z+/
2.

It TL I

T = 7"'* /344/
S _é o o
a2V

.‘ ' . . s 7__//72 y ' ) _
cm St H 2L
/

‘+

= 4*:/7/ = /7"/ oY

o
2_
B

/r 7L

Again these equations have been worked out and the results
are available in ratio form in the gas tables, If the proper ;’

is used for the mixture at hand interpolation will give good results.
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The feédback loops which control the oscillations of the device
c-an be designed as a /’e"c*Rsystem involving resiétancés, capacitance:
and inductan&e (a'chéﬁnel, a cavity and a channel again),the‘charéétér-
‘istics of the oscillator and its sensitivi&y t0~énvironméntal paramefefs
can be controlled, |
Fig. 5. o

/ ; ‘/

The & §are the respective crossectional areas and the-/gsthe
‘respectiverlength of the channels. | o

Any flow change in the feedback. loop due to a change in temperature
or pressure (the most common vériable parametefs) can be controlled,
amplified .or cancelled éut-by the proper choice of /é; s C:‘s and"jégiL
so that tﬁe pulse switching the nozzle jet arrives stillrat the required:
time at the exit of the feedback loopf |

In this manner the oscillator can be made insensitive to temperaﬁufe
changes, to pressﬁre éhangeé.orlboth. In other words the'oééillatioﬁ
frequency becomes a function of concentration“Only. |

On the other hand if it is desired the fluidic'95cillat0r.can,be

made a temperature sensor Or préssure sSensor.

The first feedback ésciliator which was constructéd for rhis study
utilized ﬁ Honeywell proportional flﬁidic amplifier biock,ﬁmodified
.By blocking.50ﬁe of the pasSAges and adding new ones and providing
for external feeaback loops solthat éhanges in design can be made
and their effects studied. The fundamentél fréﬁuency of oscillation

or the number of pulses from each exhaust port is

L s
Y =z
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Fig, 5 R-C-R Feedback Loop
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Fig. 6 shoﬁgﬁthis-oscillator designated F-1 with its channels and
feedback 1obps. Transparént cover sheets were'prdvided'so tﬁat-the
operation could be studled with smoke maklng the flow ﬁatterné v151ble.
Ihls osclllatcr can be éperated under p051tive pfessure or by prov1d1ng
a vacuum at the outlet, the latter operation was used when it was_qsed
as a gas sensor. | |

Some of.therchaﬁnel detail is shown in-Fié.,?.L It is Eeen'that_
the maiﬁ'flow-stream.is fed back (Fig. 6) solthat good stability and
high amplitude signal dutput could'be.dﬁtained. This oéciliator_hrn—
duces a clearly audible signal. Fig. 8 sHows_thisxséﬁgloscillator with
variable resistances and variable capacitances added to the fgedback
loops so that:the fluiqic 6scilla£or cﬁaracterigtics could be coﬁtrpiled
and made to behave properly and make the'frequéqcy réspoﬁd fo'the-
vatiOUS'pgrameters as desired. |

Ihé géneral-tgst ééf-up to determiﬁe thé §er£ormance oflthe oscil;
lator is seen in Fig., ¢ and Fig., 10. Detail of the expérimentql gégipj
ment will Be discussed later. At tﬁis time iﬁ is sufficient to state
thai it w%s possible ‘to obtéin the osaillator performance with air,

N2, He Ho, 02, CHQ, and mlxtures of ‘these. gases to do th}$~w1th'vary—
ing pressure dlffe:gntials ACYOS8S the oscillatora and'bOthlundér ﬁositiye-
pressure and with é vaﬁﬁum.applied. Qtﬁer‘variables sﬁch:és éemﬁératurg
variatiqﬁs, wiﬁ& gusts, ete,, could also be intfbﬁuééd.: |

The ﬁressute pulses produced by-fhe fluidic oscillaﬁofs.weré
changed into electriéai signéls fhrough é number ofltrahgducers both
magnetiﬁ and crystal and.thg cheapest and wost satisfactory oﬁe was the -
earphone of a transistor radio. The signal prqddcéd by tﬁe F-1 Flgidic

oscillator and changed#into an electrical signal by a transistor radio
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Fig. 6 F-1 Feedback Oscillator



Fig. 7 F-1 Oscillator Channel Detail



Fig, 8 ¥F~1 Fluidic Feedback Oscillator with
Variable R-C-R Feedback Loops
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Fig, 10 Test Set-up Close-up
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earphone and displayed on an oscilloscope is shown in Fig, ll for air
with a pressure differential of 1 inch of Hg and in Fig. 12 for CHy.
It sh0u1d be noted that in the examples shown that osclllatlons were
nearly pure sine waves. |

Tests conducted using the F-1 fluidic osc111ator o determine the
response of the oscillator as the pressure drop across it ls.lncreased
is shown in Fig. 13 where the typical square root response'curve is
obtained.

Further exper1ment4 of.thls tyoe to determine the- rEePOnse to

natural gas are shown in Fig. 14.

The oscillation frequency of.the F-1 oscillator was rather low
because of the long external feedback loope; ‘To increase the sensitivity
of the oscillators the frequency of oscillation must be increased. The
easiest way tordo this is to shorten the feedcack loop lengths.- For.
this reason the F-1 oscillator was modlfled and the external feedback
,loops replaced by channels cut into the oscillator b10ck | ThlS shortened
the dlstance the switching signal had to travelrand more- than doubled
the vscillation frequency.

.This design wasldesignated as the F-2 seriesland the signals
obtained.from this unit is shown in Fig. 15 for air and in Fig. 16 for
natural gas.

Tests were conducted with the F-2 oscillatorsrusing the bellljar'
mixing chamber shown in Fig. 17 and Fig. 18 to determine the response
of thlS osc1llator to varying concentrations of CHy,. The bell Jar
allowed the EXact measuring out of gas volumes and the st1rr1ng motor
1n51de kept them well mixed. The results of these tests are presented

in Fig. 19,



(unfiltered)

© Fig. 11 F-1 Signal Trace, Air
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(unfiltered)

4

Fig}.12 F-1 Signal Trade,}éH
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(unfiltgrod)

e

“;tFiguilﬁilFWQ Sigﬁn{ Trhfh;ﬂﬁﬁf? o

st



(unfiltered)

(filtered)

Fig. 16 F-2 Signal Trace, €ﬁ4
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Fig.'l7 Positive Displacement Mixing Chambér, Sketch



Fig. 18 Positive Displacement Mixing Chamber, Photograph
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The results.fq dgtermine the pressure seﬁsitivity of—thé oécillator
to both naturalrgas and aiflaré shown in Fig. 20. |

Flow rate measuremenfé aé a fanction of the pressﬁre differential
across the fluidic oscillator are presenteﬂ.iﬁ Fig.'Zl; “These curveé
show that both flow and frequency become asymptotic'té some given
vélue as choking of the flow takes piacép  In oﬁher wordé'tﬂe oscillator
"becomes inéensitiye té further changeé iﬁ_préssure. . | |

Fig. 2ifpresenté-the‘relatioﬁshiﬁ between frequency.ratio_of a
mixture and-air.versﬁs thé velocity of sound in‘thé-mixﬁure toithat
éf air. .Thé relatioﬁship_is linear-as would_be.expected ffom_thgltheoyy;

The fréquency‘response,of tﬁe F#Z-fluidig-ﬁscillator to vérious |
pure gases is given in Fig. é3i |

The ffequency résponsg to varibuslﬁinary gas mixtures in.terms‘of
concentratipn by volume 1is presented in Fig. 24 again fqr £h¢_FJ2 feed-

back fluidic oscillator.

A theoretical analysis of the F~2 feedback fluidic oscillator can
be made as follows:

The oscillétor'épefating c@nditions are
f= ST PssA
> o= e~
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neglecting losses through the exhaust ports (for the first approxima-
tion) .
using the gas tables for air ,
W= O 7%
and the jet velocity
2x/dy /5K > /&=
/ z2. ¥/ .4‘_4—..5'32/2\

| =27 | |
— /30y o9p = P3IE Jsec

/g;‘:: xé.7¢_

From area ratios (neglecting feedback loop losses)

\-"l?eeldback | R 0‘50 . OR. | Jo a/o

4

Thus the feedback pulse velocity
: . #36 /) s&
IVEE = T 4/_‘9‘/5"'.:'

" and the oscillator frequency

g Pe //é’xé.f/or/é
%— 2. = .-?'.r £.83

Now with the approximate velocity known losses can be estimated

ﬂ » £ _5’_>.-O6Jr 4/‘0?*.3600-.{ o.074

< . f2k O 0% »
| B APY: & 4

2 ef



75

then the pressure drop can be determined using the friction factor

from the Moody chart

0P =~ :___"“. £

7 L _.
023 a..azi'x {-’/d’,ra.;,/%
< & 32.2 x/2 x 0.0

= 7_.a/-( 70 /ig' 0. & #/ﬂa

R

= 2.

The corrected 7 T _ .
L8P eyr = # 5 -0 £

L 207 o.72 ¢
Ve S A | | f
| 7= 2-ef

A PZr "/'4?-(?/ - 7P’ Sssc
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‘Same procedure as before

/. /7320 Z——_: /,_a_Soj_ fu/sEc

Further iterations will give more accurate results but even this
value agrees remarkably with the measured value, it is within less  than
2%. Actually the accuracy of manufacture of the -channels can account

for more variation than this, -

The S series oscillato;s ope;éte on the.samé priﬁcible as the F
series, they however, have been spécifiéally‘desigﬁedrto efficien#ly‘ 
providé High momentumrfeedback,'and also for the effiéight esbgpe of the
sgagnanﬁ gases. Several different sizes'and designs of-these‘bscillators‘
have been constructed., Their basip‘puipose being to‘inérease'the
sensitiviéy and maintain the stréng signal resbonse'of'tﬁe original_le
aesign; | ;

A photogfaph'of the 8;4 ‘osciila;or {the number‘référring to‘the'
size of the désign, the larger thgfﬁumbef ﬁhé smaller théldéSign) is
-shbwp.in‘Fig. 25f This flow chanﬁél desjgnfﬁrOVed to be‘éptimum and
was used in all subséquent oscillator designs. Tying the two exhaust
ports toggther and.thus rectifying the signal will give twice:fhe
frgquency which is opserved in each feedback léoé. ﬁalving the size
of the osbillator.will double the frequency of oscillatiéﬁ.

Fig. 26, Fig.;27 and Fig.728 pfésent the traces of:threé of
the S ‘series type oscillators the S-1, the S-3 and the S$-4.

Traces are shown both for air and hydrogen as the working fluid.



Fig, 25 8-4 Feedback Fluidic Oscillator
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Fig, 26 S-1 S'ignul Trace, A
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Fig. 27  5-3 Signal Trace; |
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(unfiltered)

{(filtered)

Fig. 28 S-4 Signal Trace; Air, H,
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Frequency variation with pressure curves were Dbtained and are
presgnted in Fig. 29 with the response of the 5-4 and S-6 oscillator
(which is half the size of tﬁe 544) to natural gas and air being compared.
The frequencies reported are the oneé in the feedback loop and wouid be
twice these-valueé in the output line,

H The response, aé cdn be seen, is nearly indepéndent of pressure in
the case of the S-4 feedBack oscillator.‘

Fig. 30 and Fig. 31 shoﬁ thé_S-4 and thé S-6 oscillators in the com--
plete assembly and ready to be installed for testiﬁg the response charac-
teristics, Some of thg S-6‘oscillatbrs designed operate with 3 inches
of Hg preséure differential and produce a strong 16;900 ﬁz signal under
these (air) conditions.. An analysis as shown fbf the F;l earlier gives:
~again theoretical frequencies very close to those actually mentioned.

As a iasglt of an analysis of the theory of cperétién and the
experimental results certain general characteristigs of the F aqd s
se;ies,osqillators-can be obtained.

Fig. 32 pfeSents the performance of the 5-6 fluidic féedbéék:bsciy-
lator in terms of gas concentrations of binary mixtures using the
unfettifiéd frequency as the basis for plotting.

. The S5-6 oscillgtor which was used for the field tests for monitor-
ing the Ho cioud_during the auto-ignition bﬁil-off experiments‘éperated-
in air at the hase fréquency of slightly over 16,000 Hz which‘corre;pénds
to a sensitivity of_f 30 ppm. per cycle at the fundamentgl frequenqy
"and will be increased to lower ppm values with increase in the frequency.
Sincé some interference was obsefved during the field tééts a

[ilter circuit was designed and Fig. 33 shows both the unfiltered and
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Fig. 30 Complete S-4 Feedback Oscillator
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Fig. 31 Complete S5-6 Feedback Oscillator

¥8



20000

15000

10000

Frequency - Hz

- 5000

AIR |&

85

Air and Hg
f = 8700. + 1450. C; oC _ 1  _ 66.7 ppm
- Af 4500,
Air and He :
£ - 8700. + 8100, C; AC = 1 _ 125. ppu
N NN NN NN N SN S SN B R
0.5 1.0

Concentration, C

"Fig, 32 B8S-6 Fluidiec Oscillator Performance -



86

the filtered signal trace of the $-6 fluidic feedbackqosciilator.

Summary“éf‘Generél Pfopertiés andlchéfacteristies of-the F and §
series fluidic*féedback,oscillators. | | |
| These type fluidie devices‘are essentially digital fopropbitional
ampiifiers with feedback loops. An analysis leéds to the following results.
Size: VReducing the size of the oscillator to éne half will in
géneral doublerthe frequency.

Oscillation frequency: The frequency of oscillation can be monitored

by transducers and will translate préssure pulses at the exhaust.ports
“into electrical signals. This is the fundémentél'oécillétor'frequency.
If the exhaust ports are tiéd together fhe signal frdm.thé oscillator
is rectified and twice as many pqlses are felt by the transducer thus

doubling the frequency.

Channel Depth Increase: (Aspect Ratio):
1. Increases the flow

2. At aspeét ratios of less than about four
the effect of boundary walls increases, -

3. . Other characteristics are uneffected.

Control Nozzle Area Increase:

1. Decreases control pressure necessary for
switching. - .

2, 1Increases the effect of open controls,

3. 1Increases tendency to oscillate.

Interaction Region Width Increase:

1. Increases.control_fldw-necessary tor -
" switching (up to set-back of 2 w)

2. Increases power jet pressure‘at which the
' jet attaches to both boundary walls.
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Receiver Aperture Increase:
1. Increases counterflow

2. Decreases pressure recovery

Boundary Wall Angle Increase:

1. Decreases flow for switching

2. Moves the stream attachment point downstream.

Moving:Splitter Downsﬁream'
1. Inéreaées counterflow
2, Decreages oﬁtput energy
3. Decreases pressﬁre recovery

4, -Decréases tendency to oscillate

Power Jet Pressure Increase

1. Stream attachment point moves downstream

2. Decreases control pressure

3. Control flow necessary to switching decreases"

. as percent of power jet flow,

Load Increase

1. TIncreases tendency to oscillate

2. Réducgs cbntrol,fldw necessary for switching
out of load. '

3. Increases control flow necessé:y to switeh
into load. :

88
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Edgetone Fluidic Oscillators

Parallel to the dEVeLOpﬁent of the feedback fluidic 05cillator
the\edgetone type éscillators were inveStigateﬂ and a number designed
for the purpoge of gas detection. |

With two symetrical cavi£ies placed .at each side of the main jet
coupling occuré betwéen the‘jet edge frequehcy and the éavityiresonahcé
frequeﬁcy which produces continuous oscillétidns.

With resistance of the paséages or caVitieé.negligible the wave
bropagafion ﬁeloéity ffom‘equa:ion (23) becomes equal to the vglﬁéity of
sound.

The_frequgncy at which the impedance beCoﬁes zero'deteymings the
natural freﬁuency‘of thg cavity, thus

2

7= T

Since the éffective total'paésagg 1éngth 4‘: is'0.35:incﬁes in ohe
of the designs studied the calculated-freﬁueﬁcy_df_oséi}lations shouid 
be 9428,hzl This.agrees very well with_testfrESulté. Té_operaﬁe the
dscillaéor the_internal,pressure hustxbe increased to obtain flo&,

For the ﬁscillator here this requires‘approximétely'7 inches of ﬁépef
whicﬁ‘will increase the frequency of oscillation to 10,548 éps.”LTHis
value agrees.wiﬁhin-148 cps.or 1,5% of the experiﬁentally arriﬁéd
value. | |

The oscillators of this type are designétgd as the M-series and
the experimentélly derived properties éf ﬁhese edgetone flﬁidic oscil-

lators are described on the following page.
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Edgetone Fluidic Oscillator Properties (M series):

The M series oscillators are typical edgetone fluidic
oscillators,iand if designed prcperly they can be built rapidly and
inexpensively without compromising accuracy, One such o3c111ator is
-shown iﬁ'Fié. 34. The osCillator can be madelsimpiy by driliing three
holes into a;piece of plastic or metal and inserting a brass (or-other
material) tube which has been cut as shown. | |

The picture in Flg 35 shows the complete assembly. If theVIarge
" open parts of the osclllator are covered with cover plates of some
1mperv10us materral, the oscillator will begin to osc111ate if a d1fferent1a1
pressure of approxlmately 7 inches of water is imposed across the- brass
tube.
The oscillator made_aCCOrding to the dimensions shown;in.Fng 34
wrll generallyloscillate anywhere from 10,000 to 12,000 Hz in air. The -
variation in the'frequency of oscillation is priﬁarily due to the varia-
_tion of the pressure and“oensity in the 1arge Helmholtz cavities. This
can easily be observed if one views Fig, 36 where the variation in oscil-
lation frequency with pressure is showo to be 160 cycles per.inch of
- water, . | | | - i'l
Fig, 37 glves the results obtained from a performance test of a
typical’ edgetone fluidic oscillator of the M series. Some tests were
performed usrng a pressure source of pure nitrogen which was throttled
downlto coperating pressures and the others using a.vacuum pump. Each
of the-expErimects was carried-out at room temperature to determine-the
'variation in frequency with pressure, the amplitude variation and the
variatiooin frequency of oscillationfat.a given pressure oue_to random

effects.
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It should be noted that most oscillators of this type .only oscillate
between 7‘énd 15 inches of water; genefating the maximum signal at
about 9 inches of water.

The pressure tolerance t¢ amplitude appear quite satiéfactory.and
the only‘requirement for safisfacﬁqry operatibn will Be the maintenance
of constant pressure. Since the dehsity is préssufe dEpéndeﬁt measuré~
ments should be made at constant pressure to déterminé 8énsity varia-
tions due to cﬁangeé in concentration, Although the oﬁtput éignél in-
these tésfs shoﬁéd an average variation_of three cyéleslper éecond, Undef
constant conditionms, the non*pe:manént nature-of thé test_Sét—up contributed
ﬁorthis valué. The experiméntal apparatus will be.discuﬁéed lacer, Changéé
such as using one‘éize éubing, reducing the number of valves in the line,
making all connections rigid reduced the system v;riation to plus or
minus one cycle per second, |

Fig. 38 shows that the preséuré response may be varied as desired:
with the M oscillétor in order tb change its seﬁsitivity.- The figure
 éhows that'if the pressure level is increased in the osciilapor to
se§era1 inches of mercury.the sensitivity can be arobped to as low as
31 cps per inch éf water. |

Fig. 39 and Fig. 40 show the response of the H series_oscillatpr,'
at room‘températurez to varying concentratiops.of hydrogen and- helium
in nitrogen. The éraphs show‘that the sensitivity of the oséil@ator
to‘heliqm is 35 ppm/cycle and for that of hydrogen is 25 ppm/cygie.

Thé trace of the output of the M-5 oscillatorldisplayed_on an
oscilloscope.when measuring pure hydfogen is shown-in Fig. 41. The
M-3 edgetone fluidicloséilla;or operating on éir and natural gas is

displayed again as a trace on an oscilloscope in Fig. 42.
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ENERGY SOURGCES FOR FLUIDIC OSCILLATOR OPERATION

Introduction

At the béginning of thié study the directions were not té
worry about the source to operate ﬁhe-fluidiq oséillétors. Whatever
was‘ﬁeeded would be made available. |

Later in the study, however, after tﬂe fluidic osqillatpfs were
designed énd evaluated and confidence had been gained in the éﬁi}iﬁy to
give them the desired characteristics, éttention was paid tq‘phe'source
ar éources‘whiéﬁ might operate these gas sensors.

Vacuum ‘ ‘ _ -
The simplest source for operating the gas sensor or

fluidic oscillator is a vacuum line to whicﬁ the oscillator can be con-
nected.. In thisfménner.the_gas to be.saﬁpled is drawn through the.sensor
which in turn responds to gas deﬁsity Ehangés with changes in oscillatioh
frequency. Since these sensors can be made with véry small ports and
channels they do not require much flow throuéh them‘énd'will'operate with
little pressure differential across them, |

Compressed Air

Since the gas to be sampled must be dfawn-
through the sensor é vacuum.mqst be prbvided for its operation. This
can be done by letting compressed air expand through a nozzlé,.or
venturi, or ejecfor (aépirator) which in turn can pro&uce'the vacﬁum
required to operate the fluidic oscillator. |

Compressed Gas

A compressed gas source such as Nitrogen,
Helium, etc. can be used instead of air if available and advantageous
and again nozzles, venturies or ejectors can be used to provide'the‘“

required vacuum for the sensor operation.
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Gas Compressor

Under certain cnnditions it nay ;e-advantngeoue
to compress the gas to be saﬁpled and-then let it expand.to the'atmosphere
or to an available vacuum through the gas sensor. In other instances

the gas to be sampled may be under p051t1ve pressure S0 it can directly

be expanded through the fluidic device. |

- High or Low Pressure Steam

If a steam line is available either
high or.low pressutre the steam can be used in a_nnzzle,.venturi; or
ejector to nroduce the vacuum whichlis needed for the operatian of the
fluidic gas sensor, |

Water Lines - : : h
1f water lines are handy they can be used by .

having the water flow through a nozzle, venturi or ejectot to prndnce
the vacuum needed to operate the fluidic sensors. o

This had tn be done when the fluidic gas sensors were used in the
field to npnitor‘hydrogen clnuds in cnnnection with the anto—ignition
experiments carried out at the Kennedy Space Center. The only sourcer
available was a water line to which a garden hose could be connected
to allow_the mount ing of the gas sensor'where it was'needed..'A'water‘
ejector or aspirator was used to provide the vacuum needed for the
operation of the oscillators.

rIn this last case the water pressure varied quite a'bit‘se that
a surge tenk_was added on the vacuum side, Thus the fluidic.oscil-
lator saw essentially a constant vacuum and operated at a constant

pressure differential across {t.

E jectors

Fig. 43 shows a few commercially available water ejectors'nr
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aspirators and they, when connected to an ordiﬁary.faucet.or gafden.

hose will pfOVide the needed vacuum for operation.of the'fluidic oscil-

lators. These ejectors can also be used on compressed éir, gas or steam

but are not very efficient since their gas consumption.is rather:hiéh.
Fig. 44 A and B shows a few ejectors desiéned'for gas supply aﬁd

they will muéh more efficiently provide-the vac@um to.opéraférthe fluidicr

oscillators.

Sandwich Modules
The cémmercial ejectors discussed aboye are units bf themselveé

and must be connected by flexiblg hose to the fluidic gas-senSOr;i'They
can ge moﬁnted'right néxt to the sensor or some distance aﬁaft, The
ejectors designed under this project are made about the same size as
the gaslsensor and can be mounted right together as an iﬁtegral_ﬁnit with
internal connecting ports and the only'cdnnecfion tb'thefﬂevice is a |
pressure.iine and leading away is tﬁe electricaliwire carrying the'Signﬁl
from the transducer, Fig. 45. Somewhat more noise was obseryéd when the
latter design of the very compact éandWichlwaslused, It is.believed

- however that the noise can be reduced by internal isolation techniques.

EXPERIMENTAL APPARATUS AND EQUIPMENT

- Introduction

To test and evaluate the fluidic oscillators and ﬁo determine
their characteristics two laboratory set-ups were used, These laboratory
systems had to be éble to allow for accurate mixing ratios qf géses 50
"that the gas compositions were known down to parts per ﬁillidn and the

signal from the transducer had to be analyzed with great enough’ accuracy



Fig., 43 Water Ejectors
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Fig. 44~-B Ejector Design, Photograph
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Fig., 456

Sandwich Design (Ejector & Oscillator

Combined)
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to detect thé éhanges';n frequency with gas concéntrationrﬁf 6ther para-
meters of inférésﬁ. To.ahalyze the signal from the transducef an oscil-
Ioscope was used which d1splayed the sxgnal trace and éhowed the purity -
of‘the sine wéve or distortion, noise, etc. A Polaroid camera attached
to this oScilloscopg allowed the taking of pictures of.thé traces for
detailed analysis and for the permanent record,

The signailfrom the transducer was élsﬁ fédrﬁo a digital elébtronic',
‘counter which gave a‘direct‘read*out‘of ﬁhe frequency at which thé'gas‘
sensor Was.éperatiﬁg.

For most cases in this studf‘wigh sensors épera;ing atgfreéuenéies
of somewhat more than 16,000 Hz the signal was strong énpggh so it could
be used direcply. However in the fiéld.when a 1000 ft traﬁsmission iine'
had to be used a p:e-ampiifiér was used to changé:thgféignal to ;_lpw
impedanée for transmissioﬁ. |

The Positive Displacement System

One of the methods:used to
determine the fluidic gas sensor characteristics was the positive dis-
placement method. A-glasé jar was inverted-in a water bath. : ThlS jar
orlglnally completely filled with water which was saturated with the
gases to be used was then filled‘WLth each gas in turn.r By th;s method_
'thé proportions of each gas could be determined very aécurately.dn'thé‘
volume scale on the side of the glass jar. The glass jar had a counter-
welght whlch allowed control of the pressure inside of the jar withln
certain llmlts. One could run the experiment at atmOSphe:ic pressure.'
.ab0ve and below, |

A stirring motor, which was explosion:proqf.siqce some of thé _

mixtures used were of the explosive type, Rept the gases in the jar well
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mixed at all times so that the mixture éoncentration teméingd éonstant.
Fig. 19, | | |

During the oscillator ﬁperation the frequency &ould ge detérmined,
the flow rate by timing ﬁhe mqtion of the bell jar, the préssu;e éif-
ferential across the fluidic'device and the signature of the signﬁl.

The carefully prepared gas mixtures cﬁuld then be made to flow
-throﬁgh the gas_senéor either by forcing theﬁ tﬁrough Ey‘ﬁressurizing
the gas by_submerging the beil jaf_or could be made to flow throﬁgh the
fluidic device by applying a vacuum at the exit of the device. |

Tﬁis vacuun was produced by‘a'yacuum pump in somé cases aﬁd by
ejectors in other cases. |

-Fig. 46 shows fﬁe system which alloﬁs the testing of the'fluidic
oscillator with positive pressure either by supplying pure gases or a
mixture or bf providing a vacuum by meansﬂof a‘vacuum.ﬁump orfan.ejecﬁdr.
The surge tank evens out‘any'pulsétions from thé pumb.br the fluctua-
tions of the supply ﬁreséure for the ejector, Positive'pfgssupe sources
may eésil& be regulated by commercial regulatdrs. A heedle_valve'haé
Seen'placed in the line to control the pressure aCrosé ;ﬁe oscillator

“so that the pressure versus frequency response can be obtained,

The Steady Flow System S _
' : The second system developed for the. evalua-

. tion of thelfluidic gas sensors is the steady flow system shown iﬁ:
Fig.L47‘aﬁd Fig. 48. Each of the prifices in the sfstem has been célif
brated and ﬁhe&prESSuré'across each is determined by a mqhometé%. Once -
the.pressUre differential is known the flow rate is given gince the

supply pressure is held constant by regulators on the compressed gas

tanké {N7, He, Hy, etc.). Shut-off valves are inserted at different:
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Fig. 48 Steady Flow System Photograph
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pointé within the system so that pressure ﬁan be cut off without chéngf
ing the peedle valve settings. The operation of the s&steﬁ is initiated
by ﬁaking certain that the shut;off valves in the system are all closed. -
The regulators on the hydrogen and nitrogen bottles are set to 30 and

40 psig respectively. If the needle valves have not been previously
set, they should be closed. The pressure regulator in the system shoulq
also be shut down to prevent flow in the system. The shut-off vélveS'
should all be opened to their fullest ektént. Care ﬁust be exérciéed

or the manometers will overflow due to the.excessive pressures occuring
on one side of the orifice. The needle vaive on the nitrogen side of
the system should bé_partialiy 0penea, and the regulétor partially opened
sé that flow will take placer Ad justment between the settings of thé
pressure regulator and needle valve will be required to obtain the cor-
rect amount of flow. That flow which is obtained when the.oscillator is
ovperating with a signal of satisfactory amplitude is the desired flow.
of nitrogen, The by-pass valvé arouﬁd the oscillatof may He‘used to
obtain the proper signal amplitude. Since the by-pass valve dﬁes not
“effect the mixture ratios it can be conveniently varied at will, It
should be noted that all flow ﬁasses through the flow meter iﬁ order to
double check the resulfslobtained. The flow of hydrogen may néw be
initiated into the system by opéning.the neédle valve.on the ‘hydrogen
side.

Manometer, flow, ana frequency data are obtained to determine the
fe3ponse characteristics of the oscillator to hydrogen. A similar
procedure can be used to determine the response characteristics of the
oscillatqr to heliup. The results of response curves were previously

shown.
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DETECIION OF GHp in TERTIARY MIXTURES

Detection of GH2 and GHe in the Presence of Other Gases

It is necessary to determine the presence pf hydrogen.not only

in the presenée of nitrogen, which is often used as a_ﬁurge gas, but
also in the pfesenée of trace amounts of other gases such as ﬁeliﬁm;.
Helium, because of its lightness and other physiéal'broperties will some-
times cause hydrogen detectors to act as if hy&rogen is preseﬁp, thus
causing alarﬁs to belactivated unnecessarilyf |

In order to use a fluidic oscillator to detect the presence ofl
one gas mixed with another, if both.gases are known, it is only neces-
sary to determine the change iﬁ frequéncy of the oscillétor. 'This ié
sufficient to determine the percentage chénge.in the composition of the
mixture. " If, however, it ié required to also detect.the presence of a
third gas, it is no-longer sufficient to simply record the change in
fféquency because the changeICOuld occur from many diffeﬁént combinations
of the heliuﬁ or hydrogen. Therefore in order té determine the composi-
tion qf'the known mixture, 1t is necessary to conduct another'independent
experiment, In'order‘to determine Qhat type df expérimeht-should bér
performed, it wés decided to make an éxtensive search of the literature;
The results of that experimént combined with the frequency'chénge obtained
from the fluidic oscillator W6u1d'yieid sufficient information to determine
the exact composition of the mixture.

rAftef a lengthy literature search the following list of mefhpds
were seléctea as possible candidates for the secqnd experiment. VThéy
are listed below In four broad categories. |

A. a. Pd wire, resistance changgs with Hy concehtfatian

b, Pd;Ag bimetallic strip



114

- B. a. Variation in heat conductivity
C. a. Reductioh of Cu0 by Hy
b. Reduction 6f other metallicloxides suchlas Co0
c. Use‘of depléted uranium

D. a. Use of porcelain bacteriological thimble, with
maximum pore dimension of 1.3 microns

b. Use of spectral analisis

c. Use of absorption microcell for the detection of
Hy (Fuel Cell)

d. Liquification of gaseous components
e. Use of a permeable membrane

f. Diffusion separators

. The above summary constituted the most promising processes
discussed in the listerature. Others were cited, however their applica-
tion was so limited that it would prove of little use in the present

application.

In category A, the properties'of palladium aﬁd its alioys‘are
used to.detect the presence of hydrogen. Pélladium wire can he used.
to detéct hydrogen even in the ﬁfesencé of helium. The device operates’
on the pfinciple that when hydrogen is-abéorbed onlthe wire, the resistance
changes. ‘The change can be measured so as t§ detéermine if hydrogen is
present. | |

Palladium when combined #ith Ag and made up into a bimetallic
strip, can'also be used to detect tﬁe presence of hydfogen. The articlé
does not indicate the effect of heiium. It, however, does state thét
the bimetallic strip has been used to detect hydrogen in cdncentrations

as low as 50 ppm.
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In category B, the variagion of thermal éonductivity is used to
determine ﬁhe concentration of hydfogen in a mixture. Because of the
large difference in the thermal conductivities of-nitfogen and hydrogen
measurements of thermal conductivity to detefﬁine hydrogen éohéentrations
can be accurate to 10 ppm. However, since the thermal conductivity of |
hydrogen is only 10% greater than that of helium this proqeduré would
not be expected to obtain the same accufac§ betﬁeen these gases;

In category C are lumped those processes which through oxidation or
reduction will remove hydrogen from ﬁhe system, .Hydrogen fembval éan
occur through either the reduction of Cu0 or other metailic oxides such
as Co0Q or through the oxidation of uranium by hydrogen. The former
process is relatively Wéll known from eiementary chemistry. The reduc-
tion of Cul by hydrogen is a process that hés:an.end result of Cu and
water. |

The proéess occurs at room.tehperature, hdwever,lﬁecause of the
absérption of the resulting water vapor, the surfgce is coated with
water which rapidly prevents further reaction. Thus it is necessary
to ;aise-the temperature near 212°F in ofder to drive‘the absorbed-water
out and permit the rgaction to continue, Tbié process will cqntinﬁe
to remove hydrogen as long as Cu0 is present. Eveﬁtqal.repiénishment is
necéssary and ﬁnder certéin coﬁditions this may be inconﬁenient._fThe
latter method described above uses depleted sintered uranium is ﬁf
special interest since when once placed in the systeﬁ it caﬁ be indef-
initely fevitalized from a remote position. This of course is a distinct
advantage over the similar system ufilizing Cud. The system works as
‘follows if it is desired to determine if there is He in the'system, the

sintered uranium is heated to between 200%and 250°C. Under this condition
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Uty is forﬁed, thus removing hydrogen Irom the system. Nhén the test

is completed, hydrogen may be driveﬁ out of uranium by heating to befwéen‘
300°and 400°C. The hydrogen released from the uranium permiﬁs the system
to be usgd over many times.

In category D are other methodologies such as diffusion éeparators,
pﬁrcelain bacteriologicalVthimbles, fuel cells, permeable membfanes, etc,
These methods are considered of doubtful'value, because of thgif buik,
slowness‘or insufficient development data which éppears to make them, at
this time, poor choices for any significant committment, They may, ﬁt '
some future time, prove useful,

The CuO'reductiSn system was chosen as the most feasible pfﬁcedure
for the Qemonstration that fluidic éséiilatoré can be used to detect
hydrogen in the presence df_helium and nitfogeﬁ..‘Since the CuOIis also
readily available and poses no other problems it was selected ﬁor use
.in‘the demonstration for this study. |

The procedure, test apparatus and caleulations made to determine the
amount of nitrogen, hydrogen, and helium in a gas mixture with CuQ is

described carefully below.

Fluidic Concentration Determination of the Components in a
Mixture of No, Hj, and He through CuQ Reduction

- In some cases there may be H, in He or both of tﬁese gaséé
in a nitfogen or air atmosﬁhere. Under those ¢0n51tions it;ﬁill be
necessary to be able to establish the'concentratiop of the Hzlin the
mixture of gases. This is so because the Hy méy produce a2 hazardous
conditioﬁ while .the He does not. Preseﬁtly,used sensors have ‘many

drawbacks for the separation of He and Hj. They either bécome confused
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by the presence of béth gases and cannot distinguish Between.theﬁ or
are so slow that a fire and or explosion may havé.occﬁrred before the
presence of the hydrogeﬁ has been detected.

For thé separate détection bf the concéﬁtrétioh Sf He and the 
goﬁcentration of Hy two flﬁidic.oscillators were used. The fi:sﬁ one
senses the mixture as it is. Then ﬁhe gas mixture is passed Ehrough a
filter which will absorb some portion of the Hy and then through tﬁe
second fluidic oscillator. |

Since both oécillators'afe calibrated for frequency'changés with
He and with Hz coﬁégntratidns'their respective deviati@n from Fhe base"
frequencyraliows the detgrmination of boﬁh the.émounts of‘Hé and Hp
present. | |

For the puquée of demonstrating this method a'systém using Cu0
whiéh is used to oxidize_part_of the Hy in the syéteﬁ provéd to be very .
satisfactory perfﬁrming as éxpected.

Fig.‘49'pfesents a schematic sketch of the System‘indicating the
flow paths of the gas mixture and.the location of the fluidic oscillators.
Fig. 50 shows thé separation column a photogpapﬁ'to indicatg'wﬁét the
system actually loogs like.

‘In the actual opef%tion the Cu0 is firsﬁ heated (for ;énvéniehce
by an electric coil wﬁich can Be completely sealed) to about 220°F§
~A1though the reaction between the Cu0 and Hp océugs neaf rosm tempera-

- ture, thé reaction product is Qater and this water'will.adhere'to the
Cu0 matrix unless it is driven off by heat. A cooling bath is provided_.
50 Ehaﬁ_thefinitial gas mixture and the treated oﬁg (the one which had
some of the'Hz‘remoyed) are at the same tempéréture,. This procédure
simplifies‘thé data interpretation since no temperature co;reqtidns

are necessary.,
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Fig. 50 S&paration Column, Photograph
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In the teét set-up ﬁitrogep flow is initiated at a féﬁe so that botﬁ
oscillators A and.ﬁ will oscillate. Heliuﬁ flow is then initiated. Since
the Helium does not'interact with the Cu0 the amount of Helium can be
determined by using the previous calibrétion.of;éhe'oscillators. If.
then Hydrogen.ié_permitted to flow.through the calibrated orifice-thé
amount of Hy flowing through-the system is independently known. The |
system is designed so that each gas soufde‘can_be,controlled indeﬁendently
Wifhout effectingrthé flow of the_othef gaséé.

As sooﬁ as tﬁe system stabilizes the total cﬁange in the dsciliator
frequencies can be meésured.

Fig. 51&schematically indicates tﬂese phénoﬁena and tﬁe mathemaﬁical

formulation of them.

A% . measured frém base //I‘/z

4% = /_f/ AA/ f/_f/ ‘ /3%)
2t (32 ) 2t + /_f/ AN

24, = AK - I
2 7 _
Ade = ake A

Ca C/.
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Since only small qoncentrationsroflhydrogen and helidm are to be
detected the equations (39) and (40) can be linearized and Ehe subscripts
(1) and (2) refer to oscillators (A) and (B) respectively. For the

2

‘linearized equations and  , . have been detefmined by
Ofec Il |

previous tests gnd their:values may be given respectively as 0.03125
and 0.04.. | | | |

Tests conduéted with the expérimeptél appératUsfas shown'in-Fig. 49J
\resulted in a reduction of approximatély 9.4% of the hydrogeﬁ'ﬁhen flow-'
iné err the CuO for.the flowrates énd system used. ' The actugl varia-
tion obtained for different céncentratioﬁs_of:ﬁyarégen-are_shqwn in
Fig.;52.

The‘équatidns for the twb oséiilators (A)qbefére the duO absorption

chamber and (B} after the absorptionrchamber_bécome

yrs - o. owz.s'z;#gc + 0 o¢ A% (%42

LYy = 0 03/25 A/Ve + o. 04‘4/5’ +0706
- | | 43)

Since the cooling coils Brought the temperature of the gas mixture
back to its original temperéture:when it entered (B),xnﬁ‘témpefature
“effect need to be”i;cluded. 1f this is noé ddné other terms.mustlbe
ad&éd‘to the equation for oécillatér {(B). The term added ﬁill be a

constant- for a given experiméntal arrangement.



Percent Hydrogen Absorbed

- [e]
o—
¥ T T ) 1
1, 20 3. 4, 5.  %H,

Fig. 52 Hydrogeh‘Absbrbed in the Separation Columnl*

€T



124

When the equations (42) and (43) are subtracted the resulting

equat ion may be written as

(F-4Fa) = 04 ak (o0.094) 94/

Thus from the above equation.the hydrogen concentration A ’VZC

may hé determined.
Ak, = 26596 (A -afs)  r45)

Fig., 53 gives.the results of two osc¢illators. used in this.system
but operating at slightly different frequency. It can be seen with
only Ng the oscillators operate at theif base frequencies. Then withr.
He added the fréquencies increase and do so proportionaté}y since eéch
oscillator sees thg same mixture. When, hqwever, Hp is added the CuO.
filter absorbs some of the Hy before it gets to the second osciilator
and so it sees a different mixture compasition, Graphically this can
he Obsérvéd by the considerable change in slope of thelliﬁeg cuﬂnecting

the frequency points for different mixture compositions.



FREQUENCY, KHz

i4

[
(o]

12

N.+He

! N2+He+H2

12,170

12,500

14,000

11,660
12,000
12,910

bl| =t
[

1,042
1.042

1,082

BEFORE H,
FILTER

- FILTER

 AFTER H,
FILTER

! MIXTURE

Nz + He~

-N2 + He .+ HZ

Fig. 53 H2¥He Separation and Concentration Determination

A WITHOUT H_

A



126

EFFECT OF THE ENVIRONMENT

Environmental cénditions or changeslin'the environment can have an -
effect upon the‘fluidic osaillétor. 1f desirable it could even be ﬁadel
to be a sensor for such chéﬂges, at other times , however, it is-desirable
to have the oscillatér not effected by these envirbnmental changes and .
'dnly have it sensitive to the particular parameter under study. Much
éaq be done through design, isolation and operating range énd conditions
to bring oﬁt these factors or éuppress them, Some of.theﬁ afe méﬁtioned
below.‘ | |

Pressure ‘ _ S
The operating pressure of a fluidie oascillator may effect

the frequency at which it oscillates and chariges in this pressure may
change the_osciliatdr frequency. Thus the OSCillatOf ﬁén be a'pressﬁre
sensor. On the ofher hand if pressure changes are not to effect the
oscillating frequency several ﬁefhods can be used to ﬁrévide this.

If a constant pressurg-soﬁrce, well regﬁlafed is.avéilable then
this problem.dogs not exist. If the pressﬁre source change§ a surge
tank can bg.interposed betweeﬁ the sourcé ahd‘the fluidic device and
.1the-pressure changes will be damped out by the time it gets ﬁb the
fluidic oscillator. Another ?ossiblility_is to operate the oscillator,
and this is Especially cohvgnient when using thé flui&iﬁ déﬁi;é as a ..
'_sniffer, with the exit pressure bélow the critical pressure ‘of ;he primary
nozzle. In this manner any pressure variationé on the downstream side
willtnot'effect the flow rates and thus give a stéble frequency. Putting
resistaﬁces, capacitances and inducfaﬁces iﬁ thelfeedback loopland
ad justing these valﬁes it is possible to eliminate these effects and

make the fluidic device pressure insensitive. See the frequency vs
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pressure plots,

TemEerature

Besically the fluidic oscillators are able to sense
changes in temperature since the wave propagat1on veloc1ty is related
to the speed of sound Thls variation is. proportional to the square
root of the absolute temperature. This effect can be enhanced or sup-
pressed as ateve threugh proper design and operating.reege and. conditions.. -
The oscillator can be made a temperature Sensor or to be -very insensi-
tive te temperature. |

Since the temperature effect can be predlcted by theory it can
be eancelled out also by the electronlc cond1t1on1ng of the 51gnal as
long as there is a temperature sensar (thermocouple) near thelsensor.
Another alternative is the uge of two fluidic oscillators wrth the same
temperature effect and they can bE‘beating ageinst eech otﬁer so that
their change in frequency qee to temperature does notlhaye any effeet;
upon the beat frequency. |

Fig. 54 shows the test set-up and Fig. 55 the uncorrected or unsep—
pressed temperature 1requency variation for the M type osc111ator and

how the theoretical prediction and the experimental data agree,

Humidity

Humidity has a relatively small effectlupcn the frequency
in the‘normal range of variation._ It has its effect through the effected
density change which is always rather small., ‘Fig. 56 gives a graph Whlch
shows the effect of humldlty upon the sonic velocity which plays an -
important role in the performance characteristics of the fluidic oscil-
Fator. This is plotted against H, content and indicates that & change
of 100% in RCldthE Humidity which is 1mp0551b1e to encounter has only

about one‘half of one percent effect upon the velocity of - sound.
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Wind . : _ ‘
it is forseen that these oscillators, if widely used, will
bhe placed in situations where théy_will be exposed to(Wind.

In order to develop meaﬁingful data a fan was used-and:thé oscil-
lator orienfed from 0 degrees (straight intb the ﬁind) to‘lSO‘degréés
(straighﬁ downwind) and the frequency variation from basg ffequen;y
recorded. “Fig. 57. The variation in frequency was less than(one:half
percent for 60 MPH wind.velocity.

When a small vertical tube was placed ovef theriniét to the fluidic-
oscillator shielding from the wind by héving.tﬁe.tubg opgnings-horizdntal,
no.éffect‘was noticed, Thus it seems fgasible'to:shield the dscillato:_ |
against wind. |

If the unit.ié'qot shielded against wind some of th; sloﬁ variétions
due to-wind can bé ele;tronically'filteréd‘out 6f theusignal ffoﬁ Ehg'
transduéei. The actual wiﬁd velocities were measured Qith,a velométer.
All.tests indicatéd'relatiﬁe insénsitiyiﬁy:to Qiﬂd b?th'ﬁélocity and
direction. |

Rain _ : :
Some of the oscillators were used in the rain during the

auto-ignition exﬁeriments to sniffl the Hy cloud. It_wés noticed that:

on océasions the flﬁidic osciLlator picketJupVA rain;&fOP éﬁd moméntarily
'theroséiliation stopped or was greatly reduced for a sméll:fréction of

a secondland then recovered by puiiing the thér through and operated

as if it had never been disturbed, fhus it is a éelf healiﬁg device
which eveﬁ if momentarily discurbed will return to ptoﬁer operating con-
ditions in a short tiﬁe,_ Tﬁe sharp drops and fiseé;wére very typical

and not easily confused with gas concentration measurements.
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Dust
In the field tests which were carried out at the Kennedy

Space Center under rather severe conditions dust never caused any dif-~

ficulties. If a dust particle should be drawn in it would go right through

the device at worst only momentarily disturbing the'oﬁerétioﬁ.‘ If con-
ditions should be extreme as in a sandblast a¥éa then filters'couid be
pn£ over or in fromt of the device or it could be designed with passages
lérge enough to let the particles pass. 'Under'thﬁsé éoﬁditions éioy

anq long range chénges in the fiuidic 0scil1atof-cha:actgristics ;ould

occur by slow corrosion of the passage way walls.,

Other envrionmental effects could possibly be thought'of but the

major ones were mentioned here and difficulties are not anticipated..

ELECTRONIC INSTRUMENTATION AND SIGNAL PROCESSING

Introduction

Wi;h the fluidic oscillator developed ana bperating properly
with the required characteristics the results of'the oscillator must
be sent back‘to the central monitoring and control station. For #his
purpose it was necessary and most convenient to rransduce the pressure
pulses into an electrical signal. This sigﬁél was thenréént, either
directly or amplified, through a transmission line and finally processed
to give read-out or operate some indicators or be recorded for later
analysis, | |

To go to an electrical output is not necessafy and not the only

way but it was found most convenient in this investigation.
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Transducer and Signal Amplification

The use of transducers tolchange.the pressure phlsés.either
direct or rectified'from thé fluidic oscillator - gas senséf_into
electrical outﬁut did not turn out to be a problem, .?ﬁé'detectorS'or
‘transducers used were earphones packégéd by Calectro C.C; Eiectronigs,
a Division of Hydrometals‘inc. and are nofﬁally uSed‘ﬁith'tranSistof
radibs. Thése earphones are standard catalog i;éms-ahd éte avqilable
at Laféyette Electronic Retail Stpfes fof less than‘one‘doliar.

The signals generated by the f-L, F-Z{ and.S-& oscillators have
Sufficienﬁ amplitude that the transducers can be used without amplifica;'
tion as input to oscilloscopes, éoﬁntgrslor tapg_récorders eVen'afterr
heing_tfansmitted‘through long transmiésion 1inesf The outpqt'dnder
these conditions is ffom_O.ZZ to 1.5 Qolts;

For the M series or the high frequency féedback,oscillatofs such
qslthe 5-b signal ampiifiéation is required. _ihé aﬁplifier cén bera
commercial model or as shown here is a JO DB amplifier désigned7and con-
structed'in our laboratory. Fig. 58. An.amplifier‘df this kina‘Will'
be iné%pensive.' The actﬁal amplitude of the output i§ controllgd'by‘é
pdtentiometer to keep them from overloading the moniﬁoriggrdevices.'

. Signal Conditioning

After thg'signal ig changed from pressure bulsés to electficél‘
signals, amplified or not as needed, the rest of-the e1ectronic instrumentas-
tion is morelor less standard as needed for signal cénditioﬁing and
processing to give the résults in therdesired form, A threshéld signal
can be used subsequently to trigger an alarm sysfém based.upon a‘ﬁreF.
détermined'hydrogeﬁ mixture level, or a cbntinudus-monitpring sysﬁem

may be eﬁployed'to measure actual percentages of hydrogen in the mixture.
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The necessary control signals can be derived either from a tuned
“parallel LC resonant circuit or through a frequency discriminat0r1
1 .

Warning or Continuous Readout Systems

- Fluidic Threshold Detector, The fiuidic oscillation'bf.

the hydrogen detectéf is coupled acousticélly_to a'mégnetic or crystal
pick-up deiivering an electrical carrier signal of, ieF us.say fﬁr the
sénsitivity desifed"heré, 16,000 Hz for the base ﬁ?quency in air.'.As
hydrogen is‘introduced into the air, the carfief freqﬁency'i;cfeasés as
a f&nction of.the concentration in the mixture.

This Erequencg dev1at10n.cén now be used in a threshold clrcult
to trigger an alarm for a preset hydrogen 1evel Fig. 59 shows a
%chematlc dlagram for such a fluidic threshold: detector. The acéusticai
51gndl is coupled out from the f1u1d1c detectér.and fed into the magnetic.
pick—up. This ampllfled or not admplified electrical SLgnal of a [requency
of about 16, ,000 Hz is passed through a LC taak c1rcu1t which is Luned to
-:resonance at 16,000 Hz. Since this tuned LC circuit is in series with
the éignal path it will have ma#imumlimpedanceiat this frequénéy‘and
‘act as a wave trap, blocking the signal. .Whenj”hpwevér,'the gaé_cpn-
centration qhénges as hydrogén is introduced, thé fréquency wili change
and the tgﬁk.Circuit will now have an ouﬁput‘which is s@bséQuéﬁtly.
f8ct£fied and then‘put'acrbss.a threShold'bias_éircﬁit ﬁhich is'adjus;able.

: if the frequency changes suff;ciently'bécéﬁée of fhé hydrdggn con-
centfatioﬁ, the rectified output eventually'eéceeds thg threshoid'leQel‘
of the bias cifcuit and an output will become available to frigger the
alarm circuit which Fouldlbe in the form of a meter, a light or an

audible sound.
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Continuous.Flui&ic Detector, Whereas the pééviously
described detector circuit furnishes an Butput onlylaEOQe preset thres- -
hold level, the deteétor now under discussion will monit§r the hydrogen
level continqohély;.providing an outbﬁt reading at all times.

In principle the electronic ciréuiﬁ is Siﬁple.r.%he IE;OOO_HZ
sigﬁaL'from the mégnétic or crystal pick-up is sent to a ™ diécfimihator‘
whose output‘is direcfly proportionai ﬁo thg amount df hydrqgen in the
mixture. | “ o

Since the ocutput signal is a‘risiﬁg DC Qoltage; éuch aﬁ output.
signal-the;eforercan_Se_rgad directlyraéross a vo;t meter which isfcali4
brated in_percent of hjdrogen de#eétéd.- |

Fig. 60 shows the schematic-circuifldiagram of chis continuous

monitoring fluidic detector.
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OPERATIONAL TESTS AT THE KENNEDY SPACE CENTER

Since under another coﬁtract, directéa by the pfiﬁcipal invéstigator{
large Hy clouds were produced by miQing of LHy and LOz;it was dcéidéd to
take the fluidic EAS SEensors énd investigate their response‘ghafaéter-'
istics under actual field coﬂditions.

ﬁuring.thé first of these experiments both the F and the M series
were'investigated. .The oscillators aﬁailable at_ﬁha;rtimgnwere'able“tq‘_'
detect hydrogen concentrations to‘j‘ﬁo pbm. | |

The testé.were a true field operation. The only source supply, to
operéte the fluidic gas sensors from, wﬁs_;lgarden hqée which necessitated’
the use of a water ejectér‘which was supplying ﬁhefﬁacuuﬁ needed ﬁo
operate the "sniffers".

The pressure pulsatibns‘from the fluidié osqillator were trénsfbrmed
by a éimple transistor radio earéhone (transducer)'in;o.an electrical
signal which was then-transmitte& throggh a 400 ft, cablé_to the test
control area whe;e the sighal was fed into a tape fécordér. IThE'recorder'
had a loﬁdspeaker sd that the sensé£ operation coﬁld be ﬁonitoréd. The
SEnsor_itseIf‘was mounted about 20 feet‘from the au;é-ignition test stand
and downwind from it. The higher oscillator freduencj was 12,200le.‘

During the'tesflthe oscillator Qés-frequentlyrobsefﬁed_;o be
covered by the Hp cioud'or immersed iﬁ the 1dwéf pértion of:the cloud.
Each timé at the time of iﬁmersion, the signal was heard.to~rapidly rise
to inaudibility over the speaker gystem of the ;edofder. N

- The recordings made‘on cassetts which ware later_pfocessed'at thé_
University, by using a frequency to DC ponvertér_and thus having a DC
signal output proportional to the ‘frequency. A ﬁypicai run.is shown'in

Fig. 61. The peaks shown corresbond with the pattern observed at the
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oite. Calculations indicate that a maximum.of 2.5 percent hydrogen was
1ntercepted by the fluidic sensor. This low concehtfa%ion was due.to
the buoyancy of the hydrogen and the rather far location of the sensor.
It was observed that most of the time the hydrogen cloud was mov1ng
away above the sensor and the higher concentrations were actually present
at the top of the cloud |

The tests clearly showed that the flULdiC 05c111ators the gao
sensors, had a very vrapid response and very qu1Ck recovery'raté.to the
presence of hydrogen. |

The above tests.were conducted io'COoroination with toerauto-igoitioh
expefimeots using 6 and 60 pounds of propellants.r |

By the time the auto-ignition experiﬁents proceeoed to the 240
1b. quantities high'frequeocy stoble foedback gao'senoors.were developed
and they were then used during the boil-off éxperimonos again tied in
with theoauto—ignition experiments.

The high frequency oscillators operating abovo‘lé,OOU Hz.were again
operated from a water ejector which provided the vacuum and then tho
signal poeamplified was fed through a 1000 fc cable to on osoilloscope

Vto monltor the actual operatlon of the device and then to a tape

recorder whlch could record up to about 30,000 Hz. The §ensor was

‘moved much closer into the cloud only a few feet from ;he tEot eqoip-
ment and the sensor was in'the thick cloud of hydrogonhvapor. During
the:first day the concentration was so high in rainy weather that the
cold cloud actually froze the rain andrafter a while froze up the osc11-r
lator at the very high concentration of above.50% hydrogen vapor. When
the concentration decreased and the temporature rose agaio'ohe oscillator

unfroze and performed perfectly not béing bothered by the rain.
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The next day a thermocouple was provided to monitor- the actual

temperature of the hydrogen cloud and it dlpped ‘at times below 200 F.
All the data was taken with the s type OSClllator which has the

. feedback loops internally arranged and cut out of the’ plastlc meodule.

The predicted performance is shown'in Fig. 62. This figure'giﬁes
the pressure changes; the temperature changes, the actual frequency as
a function of concentration of hydrogen, ' Because of the cooling effect
of thé hydrcgen’cloud so close to‘its.source_of generatlon the frequencj
of the fluidic device firét increases with:coﬁcéﬁtratidn and then |
Qecreasas, Actually this temperature is a douﬁie-check on thé opéfatioﬁ
of the oséiliator since the heat balancé-so_glose tO‘Che_driginrbf the
cloud gives very good concentration résﬁlts.

Somé.interfergnte wi;h all the othé; equipmeqﬁ incl#ding‘f%uctuajr
tions of the water.p;essufe were observed but atl thesé.effeqcé goﬁld :
be.filtgred out by eiectronic Signal conditioning. Fig.‘63 showé'agéin

the results from the boil-off experiments with'the S seriés bscillators;
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VARIATION OF FREQUENCY OF THE OSCILLATOR
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-DISCUSSION AND EVALUATTON

General
The general characteristics of the fluidic oscillators_
used as gés sensoré havebeen:described in detail aboveﬁgiying their
actual performance data. 1In this section the performance will bé evaluated
~on an oﬁjective basis and the various questions discussed which are paft
of the contract evaluation-requirementé and part 6f our owh éperation |
criteria. | | |

The original idea of uéing the Fluidic oseillator as a gaS‘sensof
was grqﬁosed becéuse‘the*conventiqnal techniques'had very seribus short-
comings somé of them not allowing theﬁ td meet the operafional require-
ments . Probably thé most important feature of the fluidic oscillator
is that it can sense the gas conqentraﬁiop instantaneéusly. chér reliable
means of détermining_the gas concéntraﬁions depend'ﬁpon sampling methods |
which because éf the nature of their ope;étion'requiré time. | | |

Furthermore fhe éas sensor of the fluidic oécillator type is
éimple, can be designed and mass produced very"quiékly.and inexpengivelj,
it is smali, light and reliable, self repairing qf ﬁealing_and has beén
shown to meet the operational requirement desifed‘ﬁere. |

Two types qf-éenéor have been déveloped;the.feédback't&pe and
the edgétone type. More controi can be applied-to the féedbaﬁk type
and it, for this reasdn, looks more promising. It c#ﬁ be désigned'to
have certain characteristics, to go so far as negaﬁivé préssﬁfe and
‘tempéréture'gééfficients.

Iﬁ is-possible to uge almost any sourcerof supply power, such as
. elecpriqity;'high preésure air or gas lines, high pressure sgeaﬁ lineé,

low pressure air, gas or steam lines, water lines, etc. "By using
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ejectors the vacuum needed for the fluidic oscillator to be used as a
sniffer can be‘pr@vidéd ana the whole uhit can be péttéd to be a small
 box which only has,to_be connec;ed ﬁo the power source. fig._Bé;

It should be said that.the ob jective of this ;qnfréct was té.devélqﬁ
a sensor and not a systeﬁ. Before the applicability of the sensor is
‘evaluated in an integrated sys;em_ghis system mhst cafefullﬁ;bg analyzédu
mdéfly from an economic point of view.

Performance Characteristics 'and Control

It'waslseen from the
earlier data and discussion that the oscillatorsrcén be designed to give
high frequency of oséillations or low frEqugnciesg The lower'frequencies
usually give a higher signal amplitude in the transducer and so-it‘may |
undér certain conditions.be advantageous to electroﬁically either multiply
the frequéncy or héve the electronic system wofk:dn'fractiqnal cycle
sensitivity to give th¢ * 5d parts pér millioﬁ'desifed.

The oscillators used here could go down to about:i;30 ﬁpm and it

‘was shown that cutting the size of the S type feedback oscillator in
Half doubled its oscillation frequency. The fluidic devi;es qould by
p:qper_design, although.more work is needed in thig a£¢a, be made inseﬁ-

‘sitive to preésure Jr temperature or béth. Thg easiest method to do
Fhis was with the F series oscillators which had'gx;efnai feedback 1oops
which could be changed and resisténces, capagitancés_and inductances ali
of the variéble type inserted. By such methods it is believed almngt
all desi:ed.charaétéristics can be given t; an oscillator within c@rtain
operating reqqirements; | |

Detailed Discussion

The fluidic oscillator as a gas sehﬁdr is

a very simple device which can be made very broad in its operating
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characteristics. Some of the F type oscillators can 6petate~on_water at
aboﬁt 30 Hz and up and on air at several hundred or thbusand ﬁz and'

éven with ﬁz up to about E0,000‘HZL ,All thié,the.samé'osciilator without
modifications. | |

Most of the oscillators buil£ had a much closer range and were |
Adésigﬁed‘for.a gpecific purpose,  They één be ;onSidéred a néw*type
hydrogen sensor with an accuracy as high as.desired;"Some of the oscil-
latof% used,-not on this project but on others,'in Sur labo¥atory opérated
at about and above 200,000 Hz. At these high'fréquencies‘the accuracy
apd sensitivity are greatly improved but the tfansdﬁcer and recorder
system increase in cost and comﬁlexity manifold. |

The f[luidic oscillators used in this work héd a:basé freﬁﬁéncy in
air just above 16;000 Hz giving almost four times thag freqﬁen;y wiEh
pure Hjy.

Theag senéors have an instan;eous_SEnsing capaBility'and recovery
rate of the same order. At 16,000 Hz the oscillaéicn frequency of the
device could be héld within one cycle. |

The fluidic deviées éould be designed so as to be almos# iﬁdgpéﬁdéht
of pressure and ﬁemperétﬁre although'more work is needed to elimiﬁété
the empiricism from;the design. The o§ci11ators_proved to be linear
in responsé_to concentrations of gases.

They could be made to resﬁond to a desired gas like H, By using two
oscillatorsraﬁd a filter which partially absorbed the gas. Since the
devicé is esseﬁtially éassive-if_cannbt.provide a source of igﬁition.-

it is eaéily maintained and has proved in field teéts to have seif
Healiﬁg characteristics it is reliable and light.in_weight and.simple.

Mass production from metal or plastic, once the basic unit has been
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developed, éhould be very inexpensive and faét.

. The pressure pulses fr@m the unit Eén be changed into electrical
signéls by very inexpenéivg (transiscor earphone) transducers to broVide
display on an oscillosédpe, a signal for recording onitape; £o power a
meter for éiﬁple readout or\it éan be iﬁtegrated into a warning system.

ﬁepéndipg upon the power source.available to‘drive-thesé fluidic
deﬁiCES‘théy are very flexible with simple auxiliéfy-équipment. Erobably
the simﬁlest is the ejector type which can provide the needeq vacuuﬁ
from a liquid or gas pressure‘SOurée usuallylavailablé;' ﬁapuraliy,_ﬁumps,
large reserﬁoirs under pfessure or bbiling off yaéofs can_be used.

From fhe above discussion it can be seen that the fluiﬂic gas_Sensor
is a simple, reliable device which.can‘be designed to meet desired char-
acteriétics énd requifements and can do so iﬁexpensively éﬁd Wifh safety.

Certain criteria were laid downm aﬁ.fheldﬁtset of:this proiECﬁ énd'
‘they Eave been met and demonstrated. The sygtems héve'dﬁne tﬁe*;ask
they were required to do and showed their reliabifitf but havé pot ét

" this time been optimized nor integrated into a whole survgillance:systeﬁ.

The eiecﬁrical system to utilize and display the éignal'profided
by the transducer coﬁpled to the fluidic oscillator wasidiscussed.abqve.
It really was not part of this investigafion as éuch but had to bé
developed to display and analyze the dufpuf from the gas sensors.

The‘signal amplification and Conditioning,'howevef, can be. done
many different ;ays and even though we, in man? céses.-designed OUT ' OwWn
circuits to séveltime and cut costs much of commerciél_eqﬁipméntravéilf
able could ﬁave been used.

| It‘is_believed that this investigation as‘?éported Bere haé'made'a-
significant contribution to‘tﬁe_gas sensér fechﬁqlogy and has proQiQed

the basis for new systems with capabilities heretofore unavailable.
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CONCLUSIONS

Based upon the work carried out under thls contract the followxng

conc lusions can be ‘drawn:

1.

The Fluidic Oscillator'caﬁ bc used aé a gas sedsor givigg bofh '
the sensitivity and stability as well‘as'flexigilicy reQuired.
Both types the feed-back and the edgetone fluidic oscillators
can. sense Hyp wich an aecuracy of better'than'ﬁ 50 ppm.

The sensors can be made to respond to the éas deéired and
with two oscillators and-an Hz_absorptioﬁ.filter can distin-

gulsh between Hy and He.

_The accuracy and reproductibillty of the fluidic oscillator

was shown to be within one cycle at 16,000 Hz even with a

water ejector as the driving power.
The response of the fluidic oscillator is.insﬁancéneous
probably one of the greatest advantages of the device, as

well as instantaneous in recovery.

‘The effects of temperature, pressure, wind, rain, etc. can

be taken care:of by proper design,and the device'becoméé
rather inéensitive to environmental ccuditipns.

The fiuidic'uscillator is 1inegr in réspdnsé.to gas.coqcentra-
tions which makes Calibration much easier.

Since the fluidic device ic essentially passive it cannot-
prcvide a source of ignition in case it is to be used as gas
seﬁsor in explosive mixtures. |

The fluidic gas sensor not having any moving parts is Very

rellable and has self-healing qualitles when such things as

rain drops or dust particles enter the dev1ce Only for an

instance will ‘the effects be felt,
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Simple tfansistor radio earphones can be used as'trqnsduéers
chaﬁging the pressure pulses into electrical Signais which
can.be displayed on oscilloscopes, recdrdédz or used‘fqr
meter read-out, |
The output signal caﬁ'éasily.be integrated intﬁ a warning-system
by using a'threshold)véltagercqrresponding to a_cértain criticalz
conﬁentratioé Eriggering the system.
The-size and the weightVOf the unit éfe‘very small.ahd’the
sources from which therdévicés céﬁ be Opera?ed éfe quite

flexible such as a vacuum line, high and low pressure steam and

-gas lines, water lines, small rotary or vibrator pumps, etc.

The sensors can be designed for'ﬁhe ranges.fequited and the
electrqnic system made to-givé thé desired output. rThé
frequencies can be in;reased in'ﬁhé device or by,eléctronic
multiplicétion to give the désiréd_féad-oqtg

Thg cést of the sensor‘itsélf should Ee Qery small ﬁhen ﬁass
produced. When a syStém'is considefed_to be used for a
particularrapplication the Systeﬁ cost.must be cgnsidered.wﬁich

was, however, not part of this investigation.

The operational characteristics as described in the main body

of the report can be coﬁtfblled by the design and auxiliary
equipment., Introducing resistances, capacitances and induct-
ances into the feedback loops allows deaigns which make the

gas sensor insensitive to pressure and temperature changes.

~The sensors seemed to be maintenance free and safe as well

"as reliable 'in operation as was demonstrated when Ho clouds

were monitored in the field during the auto-ignition experi-

ments at Kennedy Space Center,
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