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This report doousnts the work 5 b North Americen Ruckewell

through its Space Division in fulfillment of a Task Authoriza-
tion entitled, "Measiwarent Coxponent Technology,® epanscred by the
National Asronautics and Space Administration'’s George C. Marshall Space
Flight Canter, Huntsville, Alabama, under cantract M¥AS7-200 in accardance
with Task Authorization 2026~TA~36. The work vas performed by members of the
Electrical and Elactronics Systems branch of the Space Systams and Ar.u~
cetiors Division during the period July 12, 1971 through October 13, 1972.
NASA techmical monitors were Messr . W. T. Escue, S&B~-ASTR-IM, H. S. Herman

and R. C. Hbldar, SeP-ASTR-IMP, J. F. Ramlot, S¢E-ASTR-I and J. E. Zimmermen,
SEE~-ASTR-IMT .

The report consists of three volusss, of which this is Volwe I1I.

Volime
mmbers, document mmbers and vol e titles axre listed below.

volume I -~ Cryogenic Pressure Measwemant Technology and Subjects
Allied to Presmmxe Transducers. Documant Number
SD72-8A~0156~" .

volume I - Liquid Detecriion Measurement Technclogy and Cryogenic
Flow Measw.anant Technology. Docusment. Mumber
SD72-8A~0156-2,

Volame III - Cryogenic
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THIS REPURT DOCUMENTS THE RESULTS OF AN INVESTIGATION INTO THE
AVAILABILITY AND PERFURMANCE CAPABILITY OF MEASUREMENT COMPONENTS In
THE AREA OF CRYOGENIC TEMPERATUKRZ, PRESSURE, FLOW AND LIQUID JETEC-
TION COMPONENTS AND HIGH TEMPLRATURE STRAIN GAGES. IN ADDITION,
TECHNICAL SUBJECTS ALLIED TO THE COMPONENTS WERE RESEARCHED AND DIS-
CUSSED. THESE SELECTED MREAS OF INVESTIGATION WERE: (1) HIGH
PRESSURE FLANGE SEALS, (2) HYDROGEN EMBRITTLEMENT OF PRESSURE TRANS-
DUCER DIAPHRAGMS, (3) THE EFFECTS OF CLOSE-COUPLED VERSUS REMOTE
TRANSDUCER INSTALIATION ON PRESSURE MEASUREMENT, (4) TEMPERATURE
TRANSDUCER CONFIGURATION EXFECTS ON MEASUREMENTS, AND (5) TBCHNIQUES
+ IN TEMPERATURE COMPENSATION OF STRAIN GAGE PRESSURE TRANSDUCERS.

THE PURPOSE OF THE PROGRAM WAS TO INVESTIGATE THE LATEST DESIGN AND
APPLICATION TBCHNIQUES IN MEASUREMENT COMPONENT TECHNGLOGY AND TO
OOCUMENT THIS INFORMATION ALONG WITH REOOMMENOATIONS FOR UPGRADING

' MEASUREMENT OOQMPONENT DESIGNS FOR FUTURE S-II DERIVATIVE APPLICATIONS.
RECOMMENDATIONS ARE PROVIDED FOR UPGRADING EXISTING STATE-OF-THE-ART
IN COMPONENT DESIGN, WHERE REQUIPED, TO SATISFY PERFORMANCE REQUIRE-
MENTS OF S~I1 DERIVATIVE VEHICLES.
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1.0 DITRODUCTION

As space missions become sore complex and mpre demanding, the requirements on
measurerments grow more and more difficult. Oonstant improvemsnts in measure-
ment tochniques and accuracy are being sought by design engincers for a wore
accurate eviluation of system performances. Ever increasing seve-ity in
operating envirommernts requires a contimiad search for new designs and
techniques.

Greate: reliability of equpment is required as space missions grow mre
cavplex. Lower component weight, swaller s ze and lower electrical power
consumption are sought as sussion duration grows longar. All of these factors
and many more require that moasurement capebilities be upgraded to meet these
new domands. The purpoee of this study is to satisfy some aspects of this
need with an investigation into measwement component technology.

S-I1 derivative systems, inciuding the Spece Tug, Orbicing Propellant Depot
{OPD) , Expendable Second Stage (ESS), and Chemical Interarbital Shuttle (CIS)
iTpose many new performance requiremsnts on measurement COEponants not
currently required by the S-I1 stage or the Sa*xum V wehicle.

Higher maasuremant accuracy, long term cperation in hagh: anxd low temperatuve
environments, repeated operations in relatively high vibration envircomments,
long term shelf life and repeated reuses are some of the more important per-
formance requirements. Light weight, small package size, simplified wi.ri.ng
requiremants, low electrical power, and sisplified maintenance procedirus
are other desirable characteristics for future spece vehicles.

This program investigated the availability and performance capebility of
specific measuremant components in the area of cryogenic tamperature, pres-
sure, flow and liquid detection comporwnts and high tasperature strain gages.
The study conducted a systematic survey of manufacturers to establish
prfmmmmmumaofmtm In casas
where current state-of-the-art equipment cannot meet pexformance

for future space missions, the 4design shortommings are identified and recom-

in the report where thase considerztions were an important part of the
measuramant. The results of the investigation were intended to rrovide a
useful reference source tor design anc componant infarmation for the
selection. and application of the measurament traneducers of this investi-
gation.

In addition, specific technical topics auxd':ouammttypaor
ccrponents were regearched and are discussed in this report. Items selected
tor investigation as part of this stuuy were selected for the problem natize
of the itam or for the techrical value of the researched information as a
roference source for new dasigns. Selectsd areas for inwestigation were

(1) high prussurc flange seals, and (2) hydrogn embrittlunent of preossure

e




g g anPe T

—— e e A s el S e e odin AR m e a - adh

——— - ——— = -

- ¥ North Amencan Rockwel

transducer materials. Other topics which involve application were (1) the
effects of close~coupled versus rerote transducer installation on pressure
measurements, (2) temperature transducer configuration effects on measure-
ments, and (3) techniques in tamperature campensation of clcse-coupled strain
gage pressure transducers.

These specific measurement camponent capabilities and technical topics are
contained 1n three wolumes. Voluwe I contains Cryogenic Pressure Measurement
Technology, ''igh Pressure Flange Seals, Hydrogen Ambrittlement of Pressure
Transducer ! .erials, the Effect of Close-Coupled Versus Remote Tranaducer
Installations on Pressure Measurements, ard Technigues in Temperature Com~

Measurement Technology and High Temperatuxe Strain Gage Techiology.

CRYOGENIC PRESSURE MEASUREMENT TECHNOLOGY

The 1nvestigation into cryogenic pressure transiucer technology was made by
conducting a survey »f marufacturers to establish transducer capability of
currently available equipment. The requiremant established for the search
was to locate an instrument capable of operating with liguid oxygen or
liquid hydrogen systams of a space vehicle while maintaining temperature
sensitivity errors within 2 percent ot full scale.

gt

Since the investigation did not result in meeting this design yoal, a litera-
ture research was conducted to identify problem areas which contribute to
this transducer performance limitation.

|
|
|
|
F
| -
[
[
|7

This report presents the results of the indu-trial survey and the literature
research.

HIGH PRESSURE FLANGE SEALS

Consideration of a high pressure (5000 pei) transducer for applications whose
design concept utilized flanged mounting precipitated this investigation. The
regearch work primarily addresses itself to the search for a metallic seal

to attain optimm sealing for low tesperature, high pressure systers. The
investigation relied principally upon published literature as the source frr
information. 4

HYDROGEN EMBRITTLEMENT OF PRESSURE TRANSDUCER MATERIALS

o

The hydrogen ambrittlement investigation utilizad published literature for .
abtaining information on the susceptibility of transducer materials to the -

- ambrittlement problem. The investigation emphasized the practical approach X
by categorizing transducer metals with respect to embrittlament susceptubility.
The investigation did not deal with the atomic structure or metal lurgical

aspacts of metals.

-2- 272-8A-015%~) :
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ducer installation effects on measurement accuracy was presentad in this
report for reference infarmation to transducer users. The discussion in the
report was based on information derived fram Saturn S-II flight tests and
laboratory wark performed in conjunction with investigations into the Saturn
S-11 low fiequency oscillatior phenamenon. Data distortion due to line length
18 illustrated and corrective methods are delineated.
TECHNIQUES IN TEMPERATURE CUMPENSATION OF STRAIN GAGE PRESSURE TRANSDUCERS
Arother topic presented in the report 1s based on investigations of tespera-
ture sensitivity problems of strain gage pressure trannducers. Since the
Saturn S-11 low frequr~cy os8cillation phenomenon resulted in utilizing close-
coupled strain gage tr. sducers on the LOX feadlines of engine 1 and 5, an
investigation was made to establish techniques availablc for compensation of
tamperature sensitivity errors. This information is provided in this report
as reference material.

CRYOGENIC MASS FLOW MEAGURBMENT TECHNOLOGY

The flow investigation researchad current technology for systems capable of
cryogenic tenperature flow measurements. Manufacturers were contacted for
information on their product line of flowmeters which indicated promise of
meeting an application requiring a mass gas fiowmeter.

A hypothetical cagse for a cryogenic temperature gas flow measurement was
~stablighed for the purpose ot assessing whether any of the cand.date gystems
would be acceptable for this case. The report provides the technical dis-
cussions resulting fram thas evaluation as well as descriptions of indi-
vidual manufacturexs systems.

CRYOGENIC LIQUID DETECTION MEASUREMFNT TBCHNC' OGY

The cryogenic liquid detection technology portion of this study was limited
to an 1ndustrial surwy. Mamufacturers of positive and low gravity dete tion
systems were contacted and their equipment and, ‘n same cases, eng erimental
concepts, are presented. The report describes each gystem including theory
of operation, accuracy, Stability, power requirements, and the gravitatiocnal
environmmnt in which the system is designed to perfomm.

Space Division

North Amencan Rockwel
THE EFFECTS OF CLOSE~COUPLED VERSUS REMUTE TRANSDUCER INSTALLATION ON
PRESSJRE MEASUREMENTS
A technical discussion on the effects of close-coupled vers''s remote trans-

CRYOGENIC TEMPERATURE MEASUFEMENT TBCHNOLOGY

The investigation into cryogenic temperature transducer technology was made
iy conducting a survey of marufacturers to establish the capability of ~ur-
rent)y available equipment to meet cryogenic system requirements. In con-
junction with this survey, a literature search was conductsd to identify
new devzlopments in temperature msasuring techniques. The methods of tempera-
ture measuring discussed are resistance temperature transducers made fram
different metals as ssnsing elamants, themistors, and thermoocouples. Alse
included is a discussion of meariring bridges used to determine the resistance )
of the temperature probe.
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— N . . [ ——

REPRODUCIBILITY OF THE ORIGINAL PAGE IS POOR____ 4 -

-

ity

|



it —— i —— — o — - i T P o N L T W N W W i

3
- ; -
{
8y.ace Division -,
. Morth Amencan Rockwel ¥
Yy
: |
R HIGH TEMPERATURE STRAIN GAGE TECHNOLOGY '
{ Although ftrain measuring techniques have progressed rapidly since the ;';
. development of the first strain gage, the requirements for their use have I.’
advanced much faster. This 1s especially true far obtaining f1 tht load ;

measurements on high speed wehicles operating in the earth's atmosphere.

The asrovdynamuc heat associated with this high speed flight can be a major . ;
cause of strain gage error. Teamperatures up tn 1890 F are anticipated on .
the aerodynamic surfaces of a mach 6 vehicle operating at 90,000 feet.

Strain gage output due to thermal stresseg at these high temperatures can L
produce load measurement errors greater than those due to gage performence -
characteristics. To obtain accurate tlight load measurements these errors :

rust be eliminated in the strain gage design.

SR PR N € b P

The mrpose of this section of the components technology report is to veview
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3 various strain sensing devices and evaluate their performance in a 1500 F A
3 to 2000 F thenmal environment. a
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The followir, is a brief review of the significent fac’.s contained in the
rydy ofﬂv*hn-volmm. Tr ummry is oontained in each of the three
atvwee in onder that the readsr n. .t hewe sufficicnt information to evaluats

ns nead to review each volume's tax® in detail.

-olume 1 contains the following topics: Cryogenic Pressure Transducer Tech—
wlogy, High Pres;mwre Flange Seals, Hydrogen twbrittlemeat of Tranaducer
daterials, ths Effect of Close~-Ooapled Versus Nmote Transducer Installations
on Pressure Tranaduocers, and Technigues in Temperature Cospensction of Strain
u._.e?tum.

volume II cortains the following topacs. Cryogenic Mass Flow Measuremmnt

Volume 111 contains two topics: Cryogenic Temperature Measuremant Technology
and High Temperature Strain Gage Techswlogy.

CRYOGENIC PSESSURE TRANSDUCER TECHNOLICY

Pressure measuresants for spece vehicle cryogenic systame such as for liguic
oxygen and liguid hydrogen tanks, tranefer limes und engine systems, have
al'ays presentad a special challsnge to inetrumsntation engincers and msasure~
oert wers alike. These cryogenic liquids, especially ligquid hydrogen, posssss
mmy properties vhich pose problams for designers. Primarily, these

are associated with low tesperature envirarmsnts and with the highly volacile
nature of the liquid. The roet comon «ppreach to measring presemme in these
systams is to connec the pruseure transducer away from the extrams low tam—
reratyre vironment by connecting the transducer to the senee port by
length of sese line which provides a themmal buffer for the traneducer.
This tedmigw ie satisfactory for only stsady-state or elowly changing
reaguscmants.  For oscillating or fast chasying pressure sysems the vola-
tility of *h  iquid creates thexmal dynamic oscillations and the ssnse line
reduces freq..wcy reepones both of vhich reduoe meesmenant fidslity mavkedly.

This investigation was mrformed to ressarch currantly awailable dsaigns
Meaﬂdbeutihnﬂﬂawmﬂchmmmmm
to an accusecy of 2 peroent evsluding other enviromental ezror sow 4.
DIxuiries made to 50 mawfacturers resulted in seven favorable
responsse from s indioating tha availability of transducers opersbie
et systams of liquid axygertor liguid hydrogen. Hsnulacturers
favorsbly to the survey were:
Manufacturer Transiuosy Type
Bell & Howall/Oomsolidated Electrodynanics Unbondsd gtrain Gage
Enans Inc, Potantiomoter
Ganisco Teclowlogy Corp. Bonded Strain Gage
Ristlar Instrusent Corp. Piezoslectric
MB Rlectronics Bondad Strain Gage
mnmmme. fisposited Strain Gage

-8 E72-60~0156-3
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A nurber of other manufactirers are known to have developed preseure trane-
ducers cperable in cryogenic systems but chese designs are availsble on
special order only and thus ware not included in this study primarily due to
‘ the lack of descriptive information on the instrsaents.

PP

This investigation concluded that for the meny ap; “ication conditions of

a space vehicle, none of the candidate inatruments could meet the design
gaal of 2 percent temperature sengitivity error. Based on this conclusion,
problems contributing to tesperature sensitivity wese investigated through
research >f published docusents.

The single moét important error source for nstryems fouwd Ly che researchers
1s the difference in temperature conditions between instnment cal.bration
and the using temperature envirormsnt. Normally transducers are calibrated
under a sweady state, uniform temperature environment, usually at the

liquid nitrogen temperatures. In field applications tamperature gradients
occur between the front face of the transhucer to the aft end of the
instrument. For trarsducers with tesperature compensation provisions such

as the strain qage designs, the compensation thermistors and resistors are
located in the aft end of the irstnment. Thus design alone aontribu 2s to
a sagnificant error found by one researcher to be as much as 100 percent FS
for tranaducers that .ndicated less than 6 percent FS shift in standard = eady
state temperature tests.

A definite wmprovement 1n low temperature performance can be achueved on the
part of inetrument users by providing installation designs which minimize
thermal gradients, such as by insulating the transducer, and by calibrating
instruments under conditions of usage as cloeely as possible.

The conclusion of this investigation is that for applications requiring good
temperature compensation, small size, low heat capacity and high fregquency
response '.1th the capability of measuring both steady state and dynamic s
‘egponses a ndw transducer design '8 required. Based on the information
peovided by researchars some degign features known to provide desirable
performance characteristics are: fl.sh cdiaphragm design with diaphragn
machines integral with the case, small case size with short body length
and low thermal mass, strain gage design with gages mechanically coupled

to the diaphragm in an unbonded configuration, temperature compensation
circuitry located in the same thermal envirormment as the strain gages and
transducer installation provigions which facilitate insulation provisions
to minimize thermal gradients.

HIGH PRESSURE FLANGE SEALS

This irvestigation primarily address~< itself to the search fo. ¢ wmtallic
seal fc: cryogenic temperature and up to 5000 psig pressure appli_stions.

1 The leskage rate for a seal depends on fluid properties, surface topography,
. pressure diflerential, hardnass of the sealing material, and sealing contac
. stress.
!
<
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Seating load is en importent pasaswter in flanged comections. The lower it
is, the ammller the required flanges and bolting. Seating load is normally
(

expressed 1n pounds per inch (lbvin) of seel ciramference and may range from
100 to S00 lb/in, depending on the dsseign.

Contact strees at the sealing inverface partially determines leakage rate and
is a function of seating losd and contact area. The pressure differential
acroes the interfacs, if lagh enough, may add or subtract significantly from

Metal seals capable of very luw leskage rates must plistically deform at the
sealing interface. With subsequent installations, the ssal coating must
try to conform to a new set of peaks and valleys and intimecy of interface
is consequantly reducel.

Pregsmure oompensstion, scmetimes called pressure emergization, pressure actua-
tion, or pressure assistance, is the beneficial effect of pressmwe upon the
seal contact. The gecsetry of many ssals is such that fluid pressure

the contact stress, thus tending to overcome the increesed possibility of
leaxage due to the preseure. The preseure effect is negligible except at
hagh preseares - 1000 ps. or rore.

Cavity requirenents of the seel must provide for corz.ct (limited) deflection
of the seal, location of the seal, structural support for high messure, and
proper surface finish.

The chcice of ssal matarials is usually detarmined by the operating temperature,
although corroaion resistance, fluid oampatibility, and radiation effects may
also be major considerstions. Most setal seals contain two materials, a
resilient, basic~shepe metal and a soft coating.

The costing matarial is ususlly a pure metal (silver, gold, nickel, or copper)
or a plastic dispersion coating smuch as Teflom. oeting materisls are chosen
on the basis of softness, corroeion resistance, texperatwre resistance, and
cost. Silver is used in the majority of low and high temperature applications
and is one of the least costly.

Resilient metal seals combine the efficiency of elastomaric O-rings with the
extonded tesperature capability of metal gaskets. The basic structural elasmnt
is usually a high-strength me:al, and a soft ooating of metal or plastic pro-
vides the actual sealing. Like O-rings, these seals are sslf-energizing, have
swall crose sections, require light closing forcea, are oftsn reusable, and

-1~ S072-800156~3
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h've indefinite life. Unlike O-rings, however, they are relatively wgpensive,
and aveilability is somshat lisdted.

Resiliant setal ssals can be coneidered as the wmpst pramising for achieving
seal integrity for high preseure and cryogmnic enwirommants, A

loadad jyoint with a groove type ssal installstion should provide the optimm
joint confiquration.

HYDROGEN BERITTLIMNT OF TRNETUCER NRTERIALL

edrittlenant as a problem for instrumantation . Primarily, this
uncertainty results from the fact that most testing has besn acoamplished at
10,000 pai and pressumes for liguid or gaseous systams on Saturn

Ganerally, it is concluded that no peublems exist for satsrials most aften
for traneducer

.
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.. accurste msasuresant of Jelity of a cryogenic liocuid can only be
quwnMammmummm.
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data were reviewed. After analyzing all candidate systexs, previcusly run
test data, test facilities and the National Purean of Standards at Boulder,
xrvasmluhidatmﬁmhdamhhmofmqu\em
mn"s. TwWo systar types looked promising — the turbine-capacitance densi-
tom ¢ r inforential meter and the haat transfer mass mrentum meter. Of

taes Luo svstems, anly the inferential turbine candidate had some data at

A Cryngenic gas tempcoature and hence (s the recummended cholce.

CRYOGINIC LIQUID OETBECTION THCHNOLOGY

This section covered twelwe propeliant gaging sy:teme otfered Ly nine manu-
facturers. Five of the systems ave agplicable t) positiwe g applications ard
ven are applicable to both positive and 2ero y usage. Thew: Systems can

be further categorized into fiwe basic operating princij les. These are point
sengor, capacitance probe, radio frequency, intidsonic, au nucleonic systems.
Point sensors and capecitance prabes are only usaful 1n jositive g environments.
The infrasonic and nucleonic systems are applicable in - g enviranments,
however, both Jdesigns are still in ce develuta L stage and ot “tus tume
upose a hagh weight penally to obtain good accura~™:.

;
a
:
il

Since under both zero g and positive g environ-
ments, no single concept of prupellant gaging provides the desired accuracy
under of the study indicate that the radio
llant monitoring during zero qravaity periods
when propellant tanks are less than half full. Owing periods of positive g
the hest aocuracy especially during
propellant loading and for sonitoring the liquid level with tanks full.
to be a systan utilizing both the KF
systen and discrete level sensors for all phases of the wehicle operation.

Ommarcia) cryogenic thermometars are availbble which are capable, under
mmny.nuunlmcamum,ofpncum“mum+oosx. However,
such precision can anly be obtained under static or quiescent conditionc,

recuired to reapand to rapid temperature fluctuations
such a8 coour in the cooldown of propellan® lines, the indicated tespsrature
may depart signifiomntly from the"trus” temperature. The loss in validity
~f the measuremant does not reflect a degradation in accuracy of the
teRperature peneor, but rathsy indicates that the temperature of tie 8ensor
is not at all timss the saxe as the surrowmdings.

e terms “accouracy” and “reproducibility” require some explanation partsining
to temperature traneducers. Aocwracy is the significence with which the
thermosater can indicate the absolute thearmmdynemic tempezature. This incliiss
axTors of calibwstion as woll as exrors due Lo nonreproducibility. Reproduci-
pility is the variability cbesrved in repeating a given measurement using

-0 - 8072-80~0156-3
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*“ferent thermometars of the eame type. Changes prx® wmd by thermal cycling
~f the thearmosmeter to and fram bient are also includel in this
~arameter.

merature sensor materials can be dividsd into three categaries: pure metals,
~~r-retals, .nd thermpelectric devioss called thermocouplee. While there exist
© rmimber of pure metals that are sore or lees suitable for resistanc: therm-
‘etry, platims, primarily baceuse of many favorable characteristics, has
eome predominant as a tesperature EBAAring elament. Desirable features
such as ready availability in high purity and extensive knowledge about
tlatinm’'s behavior down to 20 K hawe tended to perpetusate its use. Its
principal disadventages are low resistivity and ingensitivity below about 10 K.

Copper, rickel ard aungsten have also been exploited as temperature sensing
eclemonts. Ooprer is inexpensive and has a very linear temperature/resistance
.-lationship.  pper has poorer stability and reproducibility than platimam
and 1ts low resgistivity i1s undesirable when a high resistance element is
rvuired for temperature measuremants Lelow 100 K. Nickel is widely used over
e temperature range of 170 K to 575 K; however, this report was primerily
Joncerned with temperatures below 100 K and at this temperature, very little
*.°rt tas been done with nickel. Tungsten sensors are less stable than other
ivtal sensors because full annealing is impractical. At low temperatures tre
~reentage chasge in resistance per degree s mxch less than platinum.
- =ssten's qreat mechanicel strength allows extremely fine wires resulting
sanvenicnce for manufacturing sensors having high resistance values,
‘t *nis is not important unleee the probe -egistance must be larger than
" er 6 thousand ohms.

~-wctals such as semioonductors, carbon resistors, and thermistors are used
- ‘omperatire sensing devices in the ‘boratory with some advantages over

. ire metals. The greatsr disadvant . for their usage on a space vehicle
within the teqr.ature range of 20 + 100 K tend to discount them as a serious
consideration unless {urther dywelomnant and knowledge is purrued.

Germanium semiconductors are available from several comsgrcial sources. The
sonsing elemant is & small single crystal with high resistivity. The resistance/
temperature relationship is wery cosplex and requiree memy calibration points
wher, used over a wide tesperature range. The reproducibility is poor and
thermal cycli g causes soms drift to oocur. This affects their interchange-
ability drastically.

carbon resigstors have been used as temperature sensors st extremely low
. -ratures. Carbon has a high sensitivity in tle tenperature range of 0.1 K
- wout 20 K; however, above 20 K the dR/AT is very unstable.

Cormastors are Lnespensive and very sensitive to tumperature. They are small
insizeuﬂ!uwahmminj.vity. Ttermistors have a nonlinear R-T re-
‘.tionship and poor stability. Because of the nonlinearity, nunerous cali-
Lnnmpomummqund A single thermistor is ganerally unsuited for

tomperature spans bacause its resistance goes from welues which are so
x;ﬁwhmm:wmmnmwwmhmﬁmcm—
m*mnnlllgnloummmw Several themmistors must be used
+a cover 8 wide temperature span.
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Thermocruples in amparigon with other tesperature sensors have cartain advan-
tages. The tesperature sensitivity span can be amall, and is more flexible
for installation. The thermoocouple is a device of comparatively low cost,
high. accuracy, wide msasuremsnt range, fast tharmal response, ruggednees,

and reliability. Some of the more obvicus disadvantages are the very low
autput voltage requuaring nore oomplex and costly sigal conditioning equip~
ment, and the hamogeneity of the materials used tn mamufacture tharzboouples
1s such that interchangeability without camplete recalibration is impractical.

¥mrmobjeeu‘.ve analysis of the different methads of tempersture msasurament
m'thszotolooxnngn,Uatdmmdnnl.emncmuphdnn.ishut
suited for measurements where high accuracy and stability is required. The
thermistor is best for point massurements and the thermocouple best for high
tapperatures or fcr vough indication of tempsratures.

Reg1stance bridges are used as a comparison device for measuring precise
resistance ratio relative to tamperature change of a platimm thermometer.

In meking comparison resistance msasuremsnts for attainment of a high degres
of precision, of the order of 1.0 PPM, the following design considerations
should be evaluatad whan selecting a particular bridge design: effects of laad
resistance, thermoelectric enf's, self-heating, reactance, bridge linsarity,
noise, interaction, ridge sensitivity, and accuracy.

Prom the nummrous available bridge designs, a designer has to determine as to
which of the bridge designs is most suitable for use for a particular desigr
upplication. Therefore, in order to eetablish a msthodical design approach,
these numerous bridges are described in its bagic form as either a full or
half bridge. These besic k idges are then eveluated for its adventagas and
disadvantages based on applicable drsign considerations. In the prooess of
evaluation, these basic bridgss are rsconfigqured for use as either symmctric
or asymetric confiquration and as a low lewel or high level bridge cutput
based on the impc.tance of a particular design consideration. A table
depicting the advantages and disadventages relative to the various design
amsiderations has besn prepared to provide direction in the design approach.

Lead resistance is widsly acceptad as a major problem in a tesperature measure-
mant system design. Becaude of this problem, mwerdus Ixidges such as Musller,
Smith, Seimens and msaarcus others have been developed since 1£71. Each bridge
has merits in leadwire resistance coupensation, and therefore each is dis-
cussed in this report. Variations used in these bridges can then be adaptad
to the basic bridge selectsd for the bast luad resistance compensation.

HIGH TEMPERATURE STRAIN GAGE TECHNOLOGY

The obijective of this saction of the components technology report was to review
current strain sensing devices and evaluate their performance in a 1500 F to
2000 F airborne thermsl envirorsmnt. The evaluation consists of camparing
gage principles of operation, gage mmterials, gage attach methods, installation
techniques, perlformence characteristics and gage aveilability.
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A literature survey was conducted which resulted in the selectinn of three
strain sensing devices for evaluation:

~. Electrical resistance strain gage
t. Elecirical capacitance strain cage
c. Thermal-null strain sensor

The resistance strain gage oparates on the principle that whan a load 1s
aplied on any meterial, that material will expand or contract
strain within the material. If a grid of wire is bonded to

it will stretch or be strained exactly as the surface of the test miterial
1s ctrained. This stretching and conpressing of the grid wire causcs a
change .n the electrical resistance of the wire whuch is proportional to
the strain in the test wesber.

E

Qv of the majar omtributors to errors in high terperature strain gage
applications is the erfocts of apparent strain In a resistance gage,
aprare~t strain causes a chang. in -esistance of a mamted gage due to a
change in tesperature without an applied lced on the test specimen. In an
effort to reduce this apparent strain error, temperatire carpensation is
includad in the gage degigns.

Many resistance gage alloys have been teste? in an effort to extend the
ooy tamperature limits. Most alloys exhibit a solid salution phase change
below 1200 F. This phase changn causes an anomaly in the resistance vs.
wepperature curve and yields an unsatisfactory alloy for high tenperature
strain gage usage. Platinum-tungsten alloys are currently the best available
tor high tesperature resistance strain gages.

Attactment of high texperatire resistance strain gages can be acoomplished
by using ceramic cament, alumimm oxide flame spray or by welding. The method
used depends upon the matgrial of the test speciman.

There are meny resistance gages an the market today. However, only a rejative
few advertise the capebilicy of operating at 1500 F and none at 2000 F.

Since 1968, Hughes Aircraft, and Wright Patterson Air Force Flight Dynamics
Laboratory have coordinated on the developsant of a high tesperature cap~-
citance struil gge. This gage operates on the principle that veriations in
the gaje dimensions caused by strain in the test specismen will change the
cupacitance of the gsge. This changs in capenitance is then directly pro-
portional to the strain in the test specimen. The configuration selectad
for the cepacitance gege was a parsllel plates gage mounted in a rhombic
‘rame. The gage oconsistad of a capacitance waffer containing stainless
stcel plates with mica dielectric insulators rownted in a stainless steel
rhombic stress frame.
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3.0 CRYOGENIC TEMPERATURE MEASUREMENT TBCHNULOGY
3.1 INTRODUCTION

Cryogenic temperature measurements are apong the most numerous and important
measurenents on space vehicles containing cryogenic liquid propellant.
Typical measurements required are for engine system perfarmance evaluations,
propellant conditioning Jata, tank and feedline insulation perfarmance,
propellant quantity and loading data, liguid-gas detection and strati-
fication data. The high)y wolatile nature of liquid hydrogen and liguid
axygen make it mandatory for saf:ty consideyations that temperature measure-
ments be accurate and reliable.

Tesperature measurerents fundamsntally give information reganling the energy
level or thexmal potential of a subst:noe. A taperatwre history indicates
vhether the energy level of a substance is increasing, ducreasing, or remaining
congtant. However, the tamperature that a sensor actually senses may be
Juite different fram the tsmperature you want to measure. Proper choice of

a tenperature sensing device depends pramarily on the following considera-
tions: range, accuracy, and installation.

The tegperature range of a msasurosent, in many ases, can imsediataly identify
the kind of sensor nesdad. For exsmple, if the temperature range is 1000 to
3000 F, the choice of a sansor narrows to either of several types of cosmer—
cially available thermocouples. However, if the tesperature renge is -350
to -100 P, the choice widens to include several typss of theomcouples,
resistance tharmometers, thermistors or evan semiconductors. Accuracy re-
quiremencs inpoese addi%ional restrictions. Two factors must be reviewed.
The fisst is t.e inherent accuracy ot the meamwring device. This includes
repeatability and stability, and represents the best accuracy that can be
achisved wnder ideal conditions. The ssoond factur, usually more important,
is the inaccuracy of the actual measuremsnt caused by envirommental effects,
method of imstallacion and use.

Puture space vehicles require msasuremsnt accuracies of 1 to 2 percent of
full range for many measuregents. These accuracy values require that extreme
care bs awrcised in the neasurement system design, selection, and application
of transducers.

mum:mummmamw region betwesn 20 ¥ and
100 K which enconpasees the ummwwmofwm nitrogen,

and hydrogen. These three fluids are most cammonly used in space vehicle
applications for propellants and pressurization.

Most cryogenic tespsrature measuraments today are made by utilizing platimm
resistance chermoxmsters, and tharmocouples. However, recant progress
ué on the possibility of using other sensors such as carton resistance thermo-

meters, themmistors, and semiconductrrs.
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This report investigated each of the above mentioned types weighing the
. disadventages, and applicaticn areas of each type versus the
other. Also discusead is the role of resistance bridgee in platimm wire
resistance thermomstry. Howevaer, deeign consideratione discussed here wmay
be usaful relative to strain gace measurements and aleo to othar types of
*epperature measuring sensors such as tharmistors and othar resistive type
thermometers. The intant of this saction is to establish a methodical
approach to designing a resistance bridge associated with platimmm wire
thermmorater for use on a madium to a large scale space wehicle.

3.2 TEMPERATURE MEASURING TBCHNIQUES

3.2.1  Definition of Terss , 1

Accur - The ratio of the error to che full-scale output (usually expressed
in + --—— per omnt of full scale output®) or the ratio of the error

as
to the output, expresead in percent.

Conduction Error - The error in a tesperative traneducer due to hsat con-
the sansing elemant and the mounting -f the transducer.

Bwirommental Conditions - Specified extexmal conditions (e.g., shock, vibratinn,
tenperature) to vhich a transducer may be expogsed during shipping, storage,
handling, and operation.

Ecror ~ The algeitraic difference betwean the indicatad value and the true
value of the messurand, usually expressed in perocent of he full scale
autput, sametimes expressad in percent of the ocutput reading of the txrans-
ducer .

%-mwmwﬁamiMmm)m
aczro8s tation terminals of a transducer.

Linearity - Tha error resulting from mechanical defarmation of the trani-
causad by mamnting the transducer and meking all measurand and elect-
rical connections.

Range - The measurand values, over which a transducer is intended wo measure,
specified by their uppar and lower limitse.

Time - The time interval, after a specified cwerload, aftexr which
a 2gain parforms w.thin its specified tolerances.

%ﬁ%&iﬁ-'ﬂn&ﬂtﬂdamﬂwmwmm
sae measurand value is applied to it repeatedly, under the sams
conditions, and in the same direction.

Resolution - The magnituda of output step changes (wgpressed in per cent of
output) as the measurand is continuously varied over the range.

Time - The length of time required for the output of a transducer to
%wuwfumdtutmmuammotamp
change of msasurand.

-1 - S0712-80-0156-3
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Self-tsating ~ Internal heatirg resulting fram electrical ensrgy diseipated

AT the tranetuone,

%_hgﬂmt—htpﬁoftmmmmwuw
measurand.

Sensitavity - The ratio of the change in transducer output to a change in
the value of the measuwand.

Stabilig-ﬂaabilityctauuﬂmxmminiupufmxﬂm
ts specifiad operating life and storage life.

Strain Exror - The error resulting from a strain imposed on a surfave to
Wiich the transducer is mounted.

Thermal Coefficient of Rasistance - The relative change in resistance of a
conductor Or samiconuCtor per unit change in temperature mver a stated
range of temparature expressed in olms per ol per degree F or C.

3.2.2 Metals

The electrical resistance of pure matals varias w.th temperature fram about
0.3 to 0.6 percant resistance change per degree K (Kelvin) at room tamperature.
Metallic sensors referred to as resistance temperature transducers (RTT)

are moet commonly platimse and nickel; however, copper, tungeten and nickel-
alloy sensors are also used.

Matarials \wed for the resistance elements are chosen on the basis of their:
a. Tenperature Coefficient of Resistance

The sensitivity of the transducer is a function of the tenperature coeffi-
cient of resistance ar the change in resistance for & unit change in
tesporatire. The highar the coefficient of resistance, the larger the
resistance change for a given tampaerature espan and the more sensitive
the tranaducer. The normal range of values for tha K factor (a measure
of the tasperature coefficient) is from 0.002 to 0.0035 ohme/chayF for
conductor matarials used as resistance thermometers. Thin ecuatey to a
resistance change of about 0.3 to 0.6 parcent per degree centigrade or
Ralvin.

he k factor is defined by the equation:
R
K'('Eo_") AT
Here, Rp is the resistance of the elemant at same ounvenient temperature,
normally 20 C, T the tesperature deviation from 20 C, and R the net

resistance at the calculated temperature. This equation holds reasonably
wall over large temperature changes.
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Figure 3.2.2~1 corpares vericus resistance type tenparature sensors over
ﬁwtgnqeofoxheﬁxtm&atzox. Figure 3.2.2-2 expends this
ﬁlgw--‘mmmmmawtr*wpon 2713 K

Resistivity

As with the coefficient of resistance the higher the elament rezixuance
the more convenient it is for meammwemant Total elamnt resist-
inime Jiameter
that the wire may be dresn which in tum is a function utbex of

aveilable in 0.007 inch diameter while tungeten with its high tensile

use” 1 in 4 large mmber of applications, it
of envirormental conditions such as

aﬂinﬂamofdmlﬂauymuw fluids.

In addition, it -mst be chei.cally and metallurgically stahle over long

Linearity
This charactaristic is also dasirable in thut it sisplifies the relation-
ship between resistance and terparature, calibration and soaling

Table 3.2.2-1 suwmarizes e propertiss of varicus oonductors vwhich have
besn used as elements in resistance temparature tranaduxwrs. Included in
the data presented ave the resistance at 273 K in olms pur ciroular mil
foot, the tesperatiwe ccefficient of resistance in chma/olm/K, the approsd-
mate muximm a tenperature of the base wire, tha tansile strength, melting
point and miniman wire size available.

Table 3.2.2-1 Characteristics of Common Temperature Probe Materials (3]

Res. 2737 (0C) R/R/K Tensile St. Min. Wid.
Matorial Composition  ohms/cm! x 1000 1000 lb/eqg in  Dia mils

Platimm *C.P, £9.1 3.92 $0~100 0.70
{99.999%)
Tungsten C.P. 30.3 4.50 400~500 0.14
Nickel C.P, 3.0 S.22 120~1%0 1.50
tChemically Pure
=18 - 8072-81-0156~3
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31.2.2.1 Platimm

The fundamental method of measuring tesperature is the gas thermometer using
temodynamic principles. Although the gas thermometer is tne acceptad
standard, it has limitations which prevent its practical use except in
lanoratories. To meset the nged for a practical means of temperature measure~
rent, the IPTS (Intermationul Practical Temperature Scale) evolved beginning
in 1927 and finally agresd upon in 1958.

Quer the range fram the boiling point of liquid oxygen 90 K (-183 C) to the
freezing point of Antimony 903 K (630 C), the platimsn resistance temperature
transducer is the internationally acceptad practical means for temperature
measuremssic in accordance with the IPTS. The Callendar-Van Dusen equation is
t e gspecified means for interpolating betwesn fixed points.

T‘B!T(%")"S (/oo )(lw)*p (To% ‘/)(7%)3

T = Temperature in degrees C
R, = Registance of thenmometer

Ry = Resistance at 0 C
@ ,f, B Are inperical constants explained in later paragraphs.

Solving the equation for Rp/Rp yields a useful form of the Callemiar-Van Dusen
equation as follows

5 ereafr s (E)EE a3 )

The constant 8 is measured at the oxygen point and is approximately 0.111 for
tenperature below 0 C. @ is suro above 0 C.

Interpretation of @ ‘1\pha)

The fgnictude of alpha is related to the degree c¢f purity of tha platimm wire
ard the degree to which it is free from strain. The addition of impurities

to the wire causes alpha to decrease whereas mechanical contraints and strain
may either increasa or dscrease alpha. Strain free wire of highast purity

will have an alpha lese than 0.03937 olms/clmyK. MNost transducers used $-
asrospace applications have an alpha exceeding 0.003910 and approaching v.033920.

Interpretation of 5 {delta)

Above 273 K (0 C), the ccnstant § aocounts for the nonlinearity of the resist-
mmammmum 1f § ware zerv, than the curve would be
a straight iine with slope, a. The larger the value of §, the greatar the non-
linsarity. Pracucauy,suappmtmulymltold mdhpoeitiw
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m.mmmmmwcuamnammm
ad the nagative secand order tarm causes the curve to be concave

.

3.2,2.2 Nickel

Nickel has been satinfactorily used as a vesistance thermometer material.
Its low cost as compared with the standard platimss thersometer has bean the
determining factor in its adoption for industrial messuresent in the range
from about -75 C to #150 C (~100 P to +300 F). Nickel is less stable than
platimm, m,-ﬂmammm%nmmm-nc.

The resastance temperature characteristic is very nonlinear. The slope
increases -:th an increasing temperature, Ref. Figure 3.2.2.2-1, which
compares nickel, tungsten, and platimm at tesperatures fram O to 300 C.
Very little infcrmation is available about the characteristics of nickel
below about 100 C. There are no cammercially available nmickel thermowmeters
vhich are rated for use at temperatuxes of 20 to 100 K which 13 the primary
concern of thus report.

3.2.2.3 Tungsten

Tungsten has an R-T relationship (Figure 3.2.2.2-1) which 1s not as well
inown as that of Platimm. Fully annaaling tangsten is impractical, therefore,
tungsten sensars have been fourd to be less stable tlan well-tede placimm
sensors. At very low temperatures, the percent change per degree is lesc
than that of platium. Tungsten has desonstrated good resistancs to high
mclear radiation levels, Tungsten's mschanical strength (Table 3.2.2-1)
1lows extremely fine w.res to be handled, resulting in convenience for marm-
facturang sensore having high resistance values.

3.2.3 Non~Metals
3.2.3.1 Themmistors

Thermally sensitive resistors are semiconductor c.iwments which exhibit resist-
ance changes with a change in tsmperature. Unlike wire type RIT's, which have
positive tamperature coefficients and fairly linear curves, themmistos have
a large najative temperature coefficient and nearly exponential curves.

Thetmistors are semiconductors of ceramic material mede by melting together
mixtures of metallic oxide such as manganeee, nickel, cobalt, copper, iron,
and uraniun. Their electrical characteristics are controlled by varying the
type of oxide and the physical size and configuration of the elemsnt,
sensitivities vary greatly but they are ganarally sore sensitive than therso-
couples or RIT's. As a result they cen be used over narrow Lamperature ranges
wit!) good accuracies. Thermistore can be fabriceted into different shapes
while still in the non—cured state. Standard foams now availabls are besds,
discs, washers, and rods.
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fine wizes. The material is sintered at high temcerature unti] the lsads

hecome enbedded tightly in the beeds and make good electrical contact. Por
cryoqenic use the basds are usually mounted 1in evacuated or gas-filled qlase
tulbs. Resistance waluss of 300 shes to over 100 megolms at room

arv uvas.able in glass probes of approsu.mtely 0.1 inch disseter and 1/4 to
é iwches 1n length,

Discs ard washers are made by pressing thermistor material under several tons
sides. Discs normally range fram 0.1 inch 1 1nch
inch to 0.5 anch tuck. Resistance values Svom 5 to 1
Washer: may be mantad on a bolt singly or as a stack
such that they may be connectad in series or parall

E
3
¥
g
i

R

Rads are extruded thoough dies to seke long cylindr el units which are
normaily 0.05, 0.11, or 0.17 inch in diameter and fram 1/4 to 2 wnches long.
Laads are attached to the ends of the rods. Resistance values can be made
from 1 X to 150 XK oms. The major . ivantage of rads over other *ype- of
thamstors 15 the possibility of producing high resistance units with moderace
power handling capar.ity.

The resuictance of a thermistar is solely a function of its abesolute tempera~
ture. Refereme Figure 3.2.3.1-1. The tssperature coefficient of resistance
for a themmistor (o) is usually expressau as percent/degrees K. Thermistors
of dafferent msterials nn fram -3% o -5.84/K at room tesperatire as oospared
w 0.8 for platinue. Thermistors have sany advantages over other Semperature
maasuring devices, foremost being their extremely high temperatur- sensitivity,
about tan times that of metal resistance thermuistors. Another advantage is
that their resistance at the operating temperature 1s sufficiently high to
muke laad resistances ragligible. The am)or disadRntage of tCemistars is
their nonlinearity: however, systems have been developud to campensate for
this. The lcw tempsrature limit is a result of insensitivity 1n the measuring
systam when the thermistor resistanoe becomes very large. Typ:cal vaiuss of
registance snd &t licquid oxvgen tampsratuwres are in tis order of 100 K ohes
and -11% per degres K. This results ir a change of 11 K ohms ver degrees K at
LOx temperature. This characteristic sakes thermistors very difficult to use
when large tesperature exoursians need to b» measured. However, they are
particularly useful for narrce rangas of measurement.

3.2.3.2 Carbon Resistors

Various kinds of cerbon resistors have baen used to measure cryogenic tespera-
tures; the Allan-Bradley being the npst widely used. Sewveral experimentors
[4) {5] have dewloped an interpolation formula to describe the resistance-
tasperature relationship shown in Figure 3.2.3.2-1.

At extremely low tesperatures (below 20 X), carbon resistors are wery sensitive

to tamperature. They have besn used mainly for research purpuses, for
tasperature measuresents from about 0.1 K to 7 K wvath good resul*s,

-2 - 8072-6A~0156~3
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The principal disadvantage has bean an appreciable nonreproducibility on
Usrmal cycling. In a paper by Straus 5], the stress resistance effects
were noted and greatly reducec by heat treating a 1/2 watt resigtor, then
- -+ ..y the rolded epoxy case and mounting in a probe with strain relief
at e end supports,

3.0.3.0 Germainum Semconductors (2]

= imaiium resistance thermometers are avallable from several comercial
-iroes.  The resistance element is 2 small single crystal. Because the
.os.stivity 1s high the element can be short and thick. It 1s mounted
strain-free 1n a protective capsile. The resistance—temperature relationship
£ . commercially availahle Germaimum thermometers (2] having somewhat
different umpurity contents are shaown in Figure 3.2.3.2-1. They are qute
nonlinecar and akove 15 X platinum has a greater percentyge change per degree.
™he 7-T relationship for these remiconductors 1s very camplex and requires
ran, calibration points.

3.2.4 Therm couples

erocouples are used as temperature transducers because of their 1nherert
aocuracy, measurement range, fast response and reliahility. Sensor operation
1= hased on the Seebeck effort {7) in which an electric current flows 1in a
e nf two dissimilar metals when the junctions are held ac different

+ = “itures.  If the thermocouple circuit is apen, an electramtive force
‘ar- w1ll be develoxd at the terminals, whose magnitude and polarity depad
o proverties of the metals and an the tesparature difference. In practice,
ane junction 1s considered a reference and the temperature at the seocornd
junction 1s then foud by measuring the enf and referring to calibration
tanles, 1f the difference between two tepperatures i desired both junctions
cat ter ugad for measurement and no reference is necessacy.

Thermcouples, because the sensing juncticn can be reduced in site, have the
advantage of fast response time and little disturbance of the medium Nr abject
being meagured. They alsc have a very low voltage output which rmust be
measured. This disadvantage 18 accentuated at low tanperatures where the

thermoelectric power, g is usually amaller than at higher tamparatures (Refererce

Figure 3.2.4-1).

As stated by Corruccini (€], thermooouples have a less familiar but very
serious disadvantage, especially at cryogenic tamperatures. The net emf not
only depands an the materiais used for the two wires but also on matsrial
.. sugeneities which, 1f located in a temperature gradient, will introduce
patasitic voltages., These inhomogeneities may exist due to variations in
chemucal oamposition or may consist of crystal lattice imperfections intro-
ducd, for example, by kinking the wires.
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Although nany matarials can be ombined to produce a thexwmoelectric effact,
osrtain pairs have becose etandard. Those mpet cosmonly used in the United
Statas are -lsesified by the i-wirument Society of Americea as in Table

produces a high and stable emf over the
specified ranges. Output incresses fram 204 V/deg K at 60 K to 40xV/deg K at
120 K. Type E is especially wseful for different.al msasuremant, since the
large output allows sasy amplification.

Type J (Iron/Constantan) i8 widely used beceuse of low cost & high output.
The enf increases from about 26a V/deg K at 80 K to 634 V/deg K at 1080 K.
Type K (Chwomel/Alumel) has an output cf about 25xV/deg K fram 80 to 240 K.

Type I (Copper/Constantan) is generally useful to 80 K.
fram 104V/deg K at 40 X to 25X VAiRg K at 240 K. Bxperinantal tests and onli-
bration at the Kational Buresu of Standarde, Boulder, Colorado {7], between

4 and 2680 K have bean conducted using Chramel, copper, “normal” silver,
Oonstantan, Alumel, and gold - 0.07 at. & iron. Many thermocouple oawbinations
cwn be made from these materials; however, the three pairs widely used in the
crycgmicmmrmmowrw.mmmr),cmt-lw.
Shumel (Type X) and Chroerl vs. Cc otantan (Type E). A fourth copbination
vhich is reoceiving increasing use is Chrumel ve. gold ~ 0.07 at. § iron. This
thermooouple is particularly isportant becawe of its relatively high sansiti-
+ity at cryogunic tesperat::ws. Figure 3.2.4-1 cmpares the four types of
thermooaples most comxnly used at cryogenic temperatures.

Table 3.2.4-1 1ISA Accuracy and Range Values for Common Therwocouples

FALL RAOE,
™we THENBIPLE o6 ACCURACY, OEG F OR PERCENT, OVER RAMGE, DES F
1SA
(e "SRR
£ ORDEL/COSTANTAR | 32 - 600 % DATA NOT
600 - 1600 t 1728 AVAILABLE
J IROW/CONSTANT AN 310 TO 1,400 | 16 O€G F 070530 | 22065 ¢ 0 10 430
)/ *630 70 ¢ ,600 | ti/83 430 +1,400
'l CIROMEL /AL PEL -300 10 2,500 | r4 OL6 ¢ 0 T0 +6% DATA NOT
377 +530 TO +2,500 AVAILARLE
T COPPERICONSTANTAN | -310 10 ¢7350 | e23 <150 70 -78 | ag -300 70 -7§
t1-J/2DEGF <76 T0 +200 | /4 D66 F .75 7O +200
27 200 YO +700 | si/a% 200 Y0 *200
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In space spplications, indicators and reference junctions are usually remote
from the measurement points. Connectuons to the thermocouples must therefore
be made with cxtension wires [9] specially selected not to introduce errors
in the measuring circuit. Lead wires are often composed of the same materials
as the thermooouples. However, for thermocouples of the more expensive
materials (gold, platimm) the cost makes it more practical to choose wires
of capper and copper-nickel alloy that cloeely match thw required characteris-
tics. Extension wire may be abtained as insulated matched pairs, with color-
woded conductors and insulation. Twisted pairs are also supplied, to provide
high rejection of electramagnetic interference.

Various insulations are available, selected for flexibility and dimmeter as
well as resistive to temperature ex-remes, moisture, corrosiow. or abrasian.

The most satisfectory and easily reproducible reference junction is the Ice
bath consistung of a mixture of shaved ice and water. However, ice type junc-
tions are ispractical for asrospace ute. There are several electrical, solid
state reference junctions available. The basic design employs a tesperature-
sensitive material thermally bonded to the cold-jinction thermocouples. The
resistance-temperature curve mtohes the emf curve of the thermocouple
material. The woltage change is then equal and opposite to the cald junction
“hermal junction over a wide tssperature range. The self powered type of
copensation provides a constant voltage, allowing the electrical reference
junction compensator to be placed in remote parts of the system.

Bven though thermocouples and extension wires are properly selected, errors
can be introduced duwring installation and service. Several precautions should
therefore be cbearved. Por example, excessive deformation of thermocouple
wire czn adversely affect accuracy, 80 bending, flexing, or stretching should
be avoided.

The themooouple sensing elament should be placed so that the measured
tanperature is representative of the equipment or medium to be monitored.

If the themmcouple is immersed in a fluid, the depth of immersion should

be sufficient to redice heat trangfer away from the measuring juncuion.

A mininam depth of ten times the outsile diameter of the protection tube or
thermowell is recammended by the NBS {7] as "usually adequate to prevent errors
due t0 themmal conduction.”

3.3 TRANSDUCER DESIGN CONSIDERATIONS

Several types of sensor elamsnts have been discusged. In order to cover same
of the important design oonsiderations of traneducers used to measure cryo-
genic tesperatures, the wire wound sensing element usirg platinum wire has been
<hosen as a typical example tc discuss difficult design problams. In general,
wire wound resistar » themmometers have several advantages over the other
types of measuring devices. Not anly are they suitable for measuring large
tenperature differences and high temperatures, but their high accuracy

makes them especially valuable in narrow range and cryogenic applications.
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Well designed resistance thenxameters have excellent stability. Same error
sourcesmwhnustbemidemdandmminuzedtoachievemeacmmq require-
ment cf future space applications are:

Self heating Response lag
Stem conduction Transducer configuration

In order to minimize self heating discussed in the temperature-bridge saction,
tranaducer resistances as large as the gize or configuration of the instru-
ment will permit are required when cryogenic temperatures are being measured.
Platinum wire resistance diminishes rapidly in the cryogenic temperature
region. Therefore to minimize errors and to increase resolution, transducers
are selected for large 1ce point resistance values. As an example, the
res:stance of pure, annealed, strain-free platinum wire varies in accordance
with the relationships bk .low:

[

At 2 F =1
where RT = element resistance at temp T F
Ro = element resistanc at 32 F
At -320 F K . 0.1893198
Ro
RT
and At -426 F s " 0.0036070

The relationshi,.s above indicate that a traneducer with a resistance (Ro) of
100 olms at 32 I would have the resistance diminish to 18.9 olme a% -320 F
and to 0.36 olms at -426 F. In order to improwe sengitivity and to minuwuze
such effects as leadwire resistance variations, elemant resistances must be
selected high.

3.3.1 Sensor Configuration

e a7 ekl Gkl

Sensor configuration design involves a tradeoff of traneducer size, weight,
operating temperature range, signal conditioning design, platimm wire
diameter, and waire winding area. The limitations of the resistance value
which can be wound for a given probe type transducer is a function of the
leagth and diameter of the probe and the elemant wire gize, For example,

a probe with an 1ce point resistance of 2500 ohme requires a relatively large
winding area Using 0.0007 diameter platimm wire, the length of eleament
winding is determuned telow.

wire 1 h (inches) _'Ibnlmbsuw\:exlzut\dm S
. 2500 chms o
125 chme /Tt
= 250 inches
-29 - 8072-8A-0156~3
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Ii we assume a constant diamstsr probe of outside diameter equal to 0.340
inch and mandrel diameter of 0.287 inch (at the § of wire), the probe
sensing element length can be determined as calculated below.

Circunference of probe = U ndiameter at ¢ of wise
= 3,14 X 0.287

= 0.901 inches/turm

No. of wire tums z%

250 inches
-301 inches/tum

= 277 turns at a pitch of 0.905
Element sensing length = 277 tumns X .095
= 1.38 inches

This lencth may or may not be acceptable for a given application, For example,
in the case of a feedline measurement, the 1deal sensing configuration may

be to concentrate the sensing elament as close to the center » possible to
minimize stam conduction sffects and to penetrate the feedline o a desired
depth. A probe of tle shortest element length cames closest to achieving

this ideal confiquration. Performing the calculations with an elemant wire
Aiametsr of 0.0005 inch results in an olemant length of 0.680 inch waudch
reduces the element lengl: of the 0. / inch wire by approximately one half.

The 0.680 clemsnt length is a gdefinite umprovement over the original 1.38 inch
length. At this point a mumber of tradeoff factors must be considered. The
smal ler size wire may be more susceptible to failure under vikration and alsc
may require more care during the mywfacturing process (which may result in
higher cost). Another factor mav be to increase the probe diameter to shorten
the sensing elemar~ length. The tradeoff resulting from this change is to
increase instnums.c mass thus affecting msasurement response and also increasing
susceptibility to stem conduction. The larger duaeter may increase unit mass
to the extent thst material may have to be added to the threaded end in order
to survive the dynamic environment.

3.3.2 Physical Configuration Influsnce on Temperature Measurements

The fundamental principle of platimsm resistance thermumetry 1s that the
transducer registers a tenperatur2 measuremsnt equal to its body temperature
in the region of the sense wires. Any influance which tands to alter this body
temperature with respect to the measwred temperature wiil result in a
"measuremsnt error.” This fact is an inescapable considerution in tha selaction
of a temperature transducer for a given measurament. Stem conduction error is
the most camon example of this influenos and is a serious error source in cryo-
genic measwement applications. Othar oconfiguration influances may not be so
abvious.

-3 - 8072-8A-0156~3
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In a Saturn S-1I application two configurations of tesperature tranaducers
were installed at approximately the same location of the center engire LOX
feedline accumlator. ‘This measurepant redundancy resulted ‘rom a flight
sSystem measurement and a hardwire msasurement with each system using a
different transducer configuration.

The center engine LOX feedline accumila.or is charged with helium gas during
engine run. The aoccuynulator temperature mpasuremonts provide an indication
of halium gas or LOX in the accumlator. During a static ficing test of

the Saturn S-1I, the flight (telametry) and the ground (hardware) measure-
ments indicated that two opposing conditions vere occurring. The flaght
probe indicatad that tempe-ature within tie accumulator was rising while

the ground probe indicated that tamperature was dropgping. Th2se indications
occurred after the liquid surrounding the probe was replaced with helium gas.

The data in Figure 3.3.2-1 ind.cate an initial warming cduring accumulator
heliusn charging. Following this initial warming, the measurements both inda~
cate a cooling. The flight measurement then reverses and shows a ccntinuous
warming but the ground measurement continues .0oling and drops to a subcooled
indication and remains 1n the subcuoled state for over 50 secunds before
indicating a warr ‘ng trend. Figures 3.3.2-2 and 3.3.2-3 show details of

the internal omfiguration of the probes. Both probes were found to have

an internal wolume which could entrap LCX. The flight probe volume 1s
parted at both the tip and the base; the grouxd probe volume 1s ported conly
at the tip. Both probes trn entrap LOX amd the significance of this is

that 10X with a hel:ium bianket will boil into the partial cressure condition
of helium ana cause subcooling of the probes.

Based on the data derived from .aboratory tests, the following deductions
were determined:

a. The 1nitial warming indicacion is caused by the probes sensing the
stratified or warm LOX from th dlesd line ard accumlator top as the
liquud level decreases and empties from the bottam.

b, When the probe wis uncovered, its external wettad surface and internally
trapped liguid boils or evaporates into the partial presswe ocondition
of the helium pressurant. The heat for vaporization is extracted £rom
the probe and its residual liquid causing the cooling indication. The
variation between the flight and ground probe is a function of the
volume of i1nternally trapped liquid and its escape path. The flight
probe has an easier escape path (open on woth ends) yielding a much
shorter ocooling period.

c. When the probe’s internal liquid is either spurted out or boiled off,
heat extracted by the ~robe from the warmer heliun gas generates the
final rise in tempera.ure indication.

The probe configuration ideally preferred for liyuid/gas measurements 1s shown
in Figure 3.3.2-4. This confrguration eliminates void spaces of the transducer
vhich could entrap liguid. In addit-on, the relatively sharp edge of the probe
reduces adhesion of liquid to the probe assuring the quick drainage of liquid.
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For the measuraments deacribed, the flight canfiquration more closely
resembled the actual temperature conditions since laboratory tests and the
data verified that less liquid was entrappsd in this configura .on.

3.4 BRIDGE DESIGN (ONSIDEPATIONS

The electrical aspect of measuring temperaturs with a platimum thepmometer
consists of a precise measurement of resistance ratio. Therefore, to determune
the temperature sensed by a platinum thermometer, measurement of 1tS resistance
car be attained by comparison methads based upon a resistance bridge. Bacause
2f the extreme reproducibility of the resistance change with ‘emperature, a
very nigh degree of precision, of the arder of 1.0 PPM can be attained.

In m4ing measurements to this precision, several major aesign consideraticns
shculd be evaluated when selecting a particular bridge:

a. Effects of the resistance f leads cannecting the thermmeter element to
the resistance measurirng tridge cirouwtry.

b. Thermoelectric emf's develaped by temperature changes 1n the thenmometer,
its leads, oconnector contact resistances, and other pats of the bridge
circuitry.

c. The limtad amount of electrical power which may be dissipated in the
thermometer and 1n the bridge resistors without causing a sigmficent
uncertainty due to self-heating.

d. Reactance of thermometar, .eads, and bridoe circuitry should be considered
vhere fast response is desired.

e. Linearity problem car be introduced when thermometer :1s combined with a
bridge to form a temperature measuring system, e.g., TGSt luear
transducers will produce a highly nonlinear temperature—systen output i€
not used with proper bridge.

f. Noise - electrical interference can be critical if low lave: output bridge
is considered, e.g., noise level of 50 rmullivolts in a low level 0-100
millivolts system can be catastrophic. Proper shielding and
must be cbserved to obtain noise attemuation less than S mullivolts.

g. Interactior between sach measurerent in a multiple bridge system using
one excitstaor power supply should be minumzed by elimination of a common
impedance.

h. Loss »f bridge output sensitivity can occir 1f output multiplexing cystem
wput unpedance 18 not considered.

Because the plati.um thermometer provides a widely acvepted scandard for
measuremen® of temperature over a relatively wide range, mmerous techniques
for meaguring i1ts resistance iave bean developal. However, e basic technique
is to dete:mine the tamperature sensed by a resistance thermc eter by measure-
ment of its resistance by canparlson methads based upon a res:istance bridge.
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where oridges are used as a comparison Jdevice and once the briudge is in
diance, the value of the trermonetir resistance can te Calcu.ated tyw a s ~gle
ratio equatian, or a bridge cutput voltage proportixal Tt the deviation f‘ram
e baianced condition representing the thermameter resiStancy- change <ar

pe decerruned. To calculate tnis deviation, the bridge sersitivities for

e Change 1N resistance and the teérperature causing it, Tust pe knowrn.
Twerefore, when a oridgq 1s selectad o be used as a oag “rison device,
uridve equations far balanosd comaition and boeh sensitivities stould be
rrlved.,  Nrerous technictal papers .o\® Deern written descriliing the &ovi:-
Llons 3¢ waSe oQuatlans fOr VAricws types of basic bridges arl ther=fore
w11l not be Jiscussec in trus repori. However, the advantages and Jisad-
vantaess relliting to a particilar measurement prociear When ma<ing a selec lon

'

fram a l:st of various types of bridges ava:lable will be discussed.

P VR
SRR | S ——

B Y

noreviewiny differert tias Of bruages, 1t became apparent thar tneése Lradges
P are variations 2% a Lasic Lridge method Which can be describerl as erter a
aalf or a fu.. bridg isoe Fagures 2.4-1 and 3.4-2°. From these sasi™ metads.
variatiors car e added such that a ful: or nalf brioge can becoms eitner
syrmeiric where ¥ = 1 or asyrewtric where X # 1 based on 1ts particular usage.
Therviare, sasic bridje methads can be develop ! with varlatucns addad o0 a
more ~opplex method or low level nutput bridge such as Mueller, Smith and
Callendar rridge metaods. For example, (1) a half bridge method 1s selec-ed
for use wien there ire a iarge number of measurarents required which woull
reducy the cos: per measurerent, (2) tne half tridge 1s then varied to an
asymmetric bridge for unprovement in linearity and sensitivity over a symretric
bridg:, (3) the bridce 1s then either balanced aor unbalancai depending upon
1ts temperature range and spar ., (4) the Sridge 1s considered for either h:igh
level or low level cutput nased on self-heating requirement, and (5) finally,
leadwire campensatinc Circuit iS added o the hridge. Thus. the finalized
bridoe would look sipmular to a Siemens three—wire xidge.

MM it DN

The nasic full and nalf bricge var.ations can be summarized as follows:

i ®

The full bridge variations (s Figure 3.4-1) ':3\.

T S 2

Car be used as a high lewel bridge output {0-5 v) or as low level bridge §

™ outp:t (0-100 v t

(A}

4

Can be used as a syrwetrical bridge where K = 1, as asymmetrical bridge

where K # 1. C
It 15 a wheatstone bridge using only one exc.tation power supply. é
Can be used as a balanced or unbalanced bridge output. Z
Leadwire Campensation circuitry 1s required 1f themometer 1is lorated 3
at a distance. ! :‘

=
b
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Bridge s symmetric !
whon Kol H

Bridge {s asymmetric i
whea K¢l i
[3

RepR

Full B -id, - -Wheatrone i

Figure 3.4-~1

Half Bridge
Figure 3.4-2

Rg is load or
telemetry input
if used.
Bridge is symmetric
when K & )
Bridge is asymmetric
when K ¢
Bridge uses two
power sources,
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The half bridg- veriations -(see Figure 3.4-2)

can be usad as a hagh level bridge output (0-5 v) or as low level bridge
autput (0-10C mv).

Car be used a5 a symmetrical bridge wxre K = |, or asymwetrical btridge
where K ¥ 1.

WO nower supplies replace the single sqply and the two referenoe arms
of a full biige.

Can be usad as a balanced or untalanced bridce output.

Lexdwire compensation circuitry s required .¢ “hermometes - iocated
at a dastance.

It i1s Jsportant *hat the two basic bridge designs are usually varied 1n acoord -
arce with consideratior. to one of meve of the above listad major design con-
siderations. Therefore, when selecting a specific type of bridge, major
desigrn considerations should be a factar for & particuiar measurement probles.
Lack of understanding of major design considerations could make designi.g of

3 suitable bridge a frustrating task. A thorough understanding of design
considerations would prevent an inferior bridge diiign. It 1s ditfizult to
ass1gn umportance tc any one of the above listed design considerat:ans. 1t 1is
felt that all of the design considerations should be seriousiy ~valua el
prior to finalization of a particular type of bridge. Therefors, an in deyit™
discussicn of each major design cons.deration related tn a particular need
would be wortiwtile; and therefare, these duscussions are included.

3.4.1 Bridge Laad Resistance

Numercus bridges, to name a few such as Callendar-Griffit s, Musller, and
Seimen, have been developed % minimize the effects of Ledwire resistance
connecting the thermometer element to the registance reasuring bridge cir-
cuitry. For temperature msasurement systens used in a large velucle rystom,
where bridge circuitry and thermometer element are usually a considerable
distance apart, lead resistance as much as 2.5 olms w0 5.0 ahms variations
can be experienced. Figqure J.4.1-1 depicts a full bridge with a typical lead
resistance problem. Table 3.4.1-1 shuws typical percantace >f error
experienced for different tamperatire ranges measured due to the lead
resistances.

Calculation for determuning lead resistance can be made using the following
equations for bridge depicted by Figure J.4.1-1.

100 r
L . .
A = m? vhere all lead resistances ar> ¢qual
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Three Wire Bridge

\ 4

Rc —=Ra = Rb

2a’ o bb'
Three Wire Compensated Bridge
Figure 3.6.1-1
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where
A = er.or due to leads as . percentage of full scale outpu*

wol*age.
rp, 7 RoAaRy where 8 =R, =Ry =R,
I = Ry aRp

R, = .unimum res stance of sensor
AP‘. = full scale change 1n resistance of sensc -

when lead resistances are not equal, errar in bridge is:

B =100 (FI.l - RLZ)/ARI.

+here
B = error as percentages of full scale, and PI..l and P.u

are unequal.

In the above two eguaiions lead resistance Ry3 18 unimportant since 1t 1s

1n series with the load. Table 3.4.1-1 shows errors calculated by equations
(1} and (2, when lead resistances variad hetween zero and 2.5 ohms (Ry] =

Ry = 1.25 olms). Percent 2rrors are largest calculated for all carmbinations
ci lead resistance between zero and 2.5 olms at either balanced or full scale.
Beoept for very small Ry}, errors are approximately proporticnal to the
ragnitude of lead 1nequalities, and nearly independent of the —inimum lead
resistance so that the results are representative of the case where leads

vary frar 2.5 olms to 5.0 ohms. It 1s also noted that the effects of lead
resistances are also suppressed when Rp = R, and the bridge 1s balanced.

Table 3.4.1-1 shows that when leads Ry amd Ry, are equal, percent of exror

18 much .ess than when Rpj amd Rp, are unequal. However, Ryy = Ry is
unrealistic since 1t 18 difficult *o attain controlled lead resistance during
procurement. Figure 3.4.1-1 shows what can be done to compensate for lead
resistance error by means of a three wire bridge, provided the lead resistances
are equal. A clse study of Figure 3.4.1-1 will show that since Ry = Ry, the
bridge 18 1n palance only when sensor arm has the same resistance as the
adjacent arm; therefore, the same amount of lead resistance is introcuced in
the sensor as in the adjacent arm, and the awount of the lead resistance

d.e8 noc: affect the palance point, provided the lexd resistances are equal.
Figure 3.4.1-1 also depicts the complexity of lead resistance prublem because
lead resistance inequality can be substantial since wire varies a significant
amount in diameter and even more in cross-sectional area. In addicion,
individual connections, connector contacts, and relay contacts if relays are
used for calibrations, can contribute considerable additional individual

lead variation. Llead resistance prablem can be classed as (1) variation

for the case when all leads vary suultanecusly, and {2) deviations of resist-
ance from one lead wire to ancther. As stated abvve. many variations in bridge

-3 - 8D72-8A-0156-3

T T ehn e e A A" i =

«  RIANSLISMEIIINNEOIRIZ. ORIGINAL PAGE IS POOR,

et

BT e

N

RDNNUR RO

.

L



L — . . o

- e e e -

vz
v
€2
€z
£z
90
£z
'y
Ty
612+
aTv0s TINd 30 v6

»(aurad SO) D 0 IV MO 005 YIMM TsENIsy) d@wieid v uO peswq uoTIvandmn

€170
st*o
Lo
0z°0
»Z°0
S$0°0
¥Z'0
98°0
STt

2°91+

oTvOs 1T JO W

Jorrg aBPTI SITM-¢

$°966
L°t68
T°68L
8°289
9°PLS
£°Lbs
9°v9r
1°eL1
T
1

SUENETERY X6

. LRI o o d

*T-T°9°¢ oTqRL

Ty 4 Ty

(SIS IEIX PUST JURIDFITD OM) 30 axw & pue Tly puw eyecs 103 3o Jusc10d ® SV BIOXIS DY = @

ndino atvos

L°F68
T 68L
8°289
9°MS
9°090
1°Z
1°26¢
et
'L
8°0

SAMMISTINY "UTH

D el kY

1103 30 Jusoxad ¥ $¥ UWOTIPITOKS IC) SOUWISTSAI T¥nbe O IV Spue] USYM SI0IID PPl = ¥  SALON

005+ O3 00b+
005~ ©3 00%+
00€+ O3 00Z+
00Ze O3 00T+
201 3 o
S+ O3 GTH-
0 O3 001~
G2~ O3 S0~
cBZ~ A st£e-
00y~ 3 <Eb-
4 sbuey

TS TP %

8072-80-0156~3

-4 -

S

DUCIBILITY OF THE ORIGINAL rACE 15 1OOR,

!
{

ot KEPH O




“-’—---.———_-------——-_...---

—_— — -

- e e - A e i - - -,

WIS 70w v e et pmm— L rae e eum

North Amencan Rockovel

design have evolved in ccrrecting lead resistance problew; such as Seimens'
) three-wire bridge, Smith's bridge, and Rosemont's triple bridge. Thesc

i idges will be discussed later for their applicebility to solution of a
particular lead resistance problem.

3.4.2 Themmoelectric emf '

Ther. Jelectric emf developed by temperature changes in the thermometer, its
leals, oonnector contact resistances, and other parts of hridge circwitry
could b a problem. The major consideration for this problem is to avoid
dassimilar metal usage in connector contacts and connecting wires in the
owerall system, particularly in areas where temperature variations are
wpunent. Since the thermometer region appears to be where the greatest
teeperature variations occur, careful evaluation of thermometer construction
should be made. Also, controlled envirument for the bridge and its excita-
tion power supply would mmmize the t-ermoelectric emf pruoblem.

3.4.3 Self Heating

&lfmmofmmmmfmmawlmumw

another, and can be considerable whan thenmometer i1s used for

measurements due to its low resistance at cryogenic tamperature. Therefore,

the limatad amount of electrical power which may be Aissipated in the

thermometer and in the bridge resistors could cause a significant uncertainty

in the measurement. It has been considered throughout the industry that .
20 ma (RM5) of current through the thermmmeter or 10 milliwatts is acceptable K
without causing asny uncertainty in the measurement. Reason for this is that

the therpal time constant is long campared to excitation period; therefore,

effective heating current in thermometer eleuent is related to RMS current

and not the peak current.

A h e et i o o A o i ARG b R

v

DM

Example: A 450 ohm platimm in liquid cxygan (54.7 K) has an offset
of 0.1 K for excitation current of 25 ma RMS.

bt o S e, N i i i

e
£

Method for use of current greater than 25 ma RMS can be attained by umse of
time-sharing techniques such as multiplexing excitation power source to the
sensor and/or bridge registors. f

$74 P g

Example: 450 olm platinum shows a negligible self heating when exci-
tation with peak currents of 100 ma with duty cycle of 1/60 q
RMS current is 1.6 ma. :

wWhen determining whethexr a full bridge or a half hridge should be used, a .
practical condition is the self heating limitation within the thermometer !
elamant, expressed as the mmber of watts dissipated within the probe to .
yield one degree temperature rise for a particular set of ambient conditions.

I The self heating limitation is ganerally provided by the thermometer maru- ;
facturer as power sensitivity (W), or power which can be dissipated in the :
thermometer to achieve a given rise in tamperature. This, in turmm provides .
a constraint upon the excitation source far either full or half hridge !
systems. Hquations for the constraint are generally given by the mam-
facturer; for example, for the following basic type of bridges:

I

SE L 0 TR Sk

s

W
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E = VR W

= muumun expected value of Rp (probe resistznce)
Wn = power sensitivaty
Es = power source adjacent to the probe

Full bridge

Emag © \/“)n R' = valxozsvl;iﬂ\ limits tr2 self heating error
o 0. .

Where power limitation is critical, full or half bridges can be designed for

low level oucput. where larger bridge output voltage 1s desirable, the
bridge can be pulsed. In this manner, the br dge output should be a pul sed
Square-wave. lowever, the duty cycle must h: amall If mulcaiple bridges
are used and the bridge outputs ave multiplexed, the samrling time could be
nade to cowncide wich the power pulsing time period.

3.4.4 Linearity

Linearity reiative to tewperature measurement 1s much more camplicated than
1t would appear on the surface. Often the designer would look at the
linearity curves for various resistive wires arnd makes a selection on that
basis. The crucial element 1n linearity attainment accurs when the thermo-
meter .s cambined with a bridge to form a temperature measuring system.

The most linear thermmeter wiil produce a highly nonlinear temperature
system output 1f not used with a proper bridge. Comversely, a nonlinear
thermometer 15 often used to obtain linear temperature measuring System.
Parameters which could affect system linearity are as foilows:

a. Thermometer linearity

b. Tyie of hridge used such as symmetrical or asymmtrical lLridges
c. Bridge loading

d. Themmeeeter location

e. High lewvel or low level bridge output

Lunearity 18 consonly stated as (1) independent, (2) zero based, (3) full

acale based, and (4) terminal (Fiqure 3.4.4-1 Jdepicts all four). Independert,

which 1s moet camonly used, 18 cbtained by drawing a best straight line
through the curve, such that the equal positive and negative deviations of
the curve from the line exast. Zero based is obtained by drawing best

- 42 ~ 8072-8A~0156-3
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Figure J.6.6-1
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Straight line fram the point of origin. Full scale based is exactly opposite

to zero based. Terminal is obtauned by drawing a straight line between the

two end points. Of these, independent linearity is most freguently used with
the linearity statead as a fraction of the temperature span in degrees ar per—
centage. It should be noted that any linmarity specified usually applies only
for a specified span and temperature range. A thermameter which exhibits some
degree of linearity over a span of 100 K may exhibit different debrees

of nonlinearity depending as to where this span is selected on the resistance-
temperature curve. In addition, the narzower the span, the better the linearity.
Therefore, a graph of linearity for a specified ternerature span does not

depict the linearity cbtainable for other spans an! ranges. With variation of
span and range, an inferior thermometer may bacome superior under selected
operating conditions. A full or half symmetric bridge is reconmendsd for usage
in cbtaining the best linearity. The reason for this is that current flow
through the sensor arm is at high asymmetraic ratios effectively independent

of i1ts resistance. This is not the case for a full or half symmetric bridge.
Geperally, if a bridge in usage is nulled or balanced, linearity is not a
significant problem. However, in cryogenic region balancing the bridge would

be difficult due to the low resistance of the sensor element which would

limit power appiied across it.

3.4.5 Bridge Sensitivity

Bridge sensitivity is gemerally categorized into two types: first sensitivity
relates the bridge output woltage to resistance change al wt the null and

has the dimension of current; second sensitivity relates the ocutput voltage
to changes in tesmperature. In practical bridge designs, maximam sensitivaty
can be obtained if sensor can be ized with its maximum allowable woltage.
It should be noted that the maximm owable voltage is determined by self-
heating power limitation of the thermometer 2lement. Therefore, when
designing for maximm sensitivity, self heating limitation within the thermo-
meter should be considered. Also, sensitivity factors could be decreased by
the ratio of leadwire resistance to leg resistance; and therefore, sensitivity
also becomes a function of the change in leadwire resistance due to ambient
tamperature variations. Generally, whan a particular bridge is selected,

its two sensitivity equations should be derived and all parameters included
in these equations gshould be evaluated for envirommental variations. in
addition, leadwire resistances which are usually not included in these
equations, should be considered.

3.4.6 Bridge - Thermometer Temperature System

Accuracy of a selected b: idge~thermometer temperature system should be defined
as the ratio of the error ‘o the full scale cutput. Accuracy is usually
expressad as “within + joox pevoent of full scale output.” When calculating
accuracy, percent error for eacn m:tsystem at ambient condition should he
considerad for the total temperature measuring system, which should include
telemetry and data processing if measuremsnt is processed in this xanner.
Accuracy for a total terperature measuramert system can Le broken down into
sub~blocks as follows.
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a. Thermometer ~ Accuracy for a particular span and range can be calculated
frar the calibration or vepeatability data provided by the supplier.
However, by rule-of-the-thamb estimate, an accuracy of one percent or
less should be mufficient.

b. Bridge and associated components - Aocuracy calculation can be camplex
because power supply. btidge mt.s, and leadwire resistances have
to be considered. However, by rule-of-the-thumb estimate, an accuracy
of one percent or less should be sufficient if attainable.

It should be notwt chat when considering accuracy many variations to the
trtal system oould introduce errors such as excitation power supply, lead-
wire resistances, bridge repeatability, and electrical noise. Therefore,
caution should be exercised when specifying total systam accuracy.

3.4.7 Noise Reduction

Noise nduction technigues should receive a serious consideration when a
half or full bridge is designad for high accuracy low level output (o to 500
mv or less). Noise voltages as much as 50 mv pesak-to-peak are realistic with
the best of propnr shielding and grounding. Sources of electrical inter-
ference are many, and include all power generation circuits, wilization,
control, transmission, distribution equipment, conductors, and other instru-
mentation systems in the vicinity of a low level temperatire measuring systam.
Low level system signals are particularly wvulnerable to interference,
especially when they traverse contiderable distances. Higher information
accuracy requires even greater intsrference suppression. A 0.1 percent
accuracy would require of three to six orders of magnitude.
Suppression by these ratios is usually difficult even with the application

of proper shielding anl graunding practices. Uherever possible, interfererve
problems should be anticipated during the design of rystem. Generally,
solutions to suppression of noise interference lie in the careful amd
intelligent application of basic principles of control to the propar design
of wiring systems vespect to shislding and grounding, proper choice

of thermomsters, an. che design of bridge circuitry including excitation
power supply. Figure 3.4.7-1 depicts a special case in a design of tempera-
ture measurement system using an asymmstrical half bridge with a low level
output of 0 to 100 millivoits. A discussion of this design relative to noise
interference problem may be of valu to a systam designer. Figure 3.4.7-1
depicts mmarous challenging areas ware roise injection could possibly
enter and degrade the measuremant system. Solution to reduction of noise

in this system can be complex if all factors attributing to the problam

are considered. An example of this complexity is that using twisted shielded
wire would minimize magnetic coupliig of noise but would increase cepacitance
between wires and the shield and tharefora would mske system vulnerable to
electmuuucmlmofmm It should be noted here that the noise
coupling is usually due to 1) magnetic coupling, or (2) electrostatic
coupling. Ganerally, the best solution is to eliminate the source of noise
and avoid close proximity of electrical and instrumncation wiring.
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However, these solutions may not be practical especially in a srace vehicle
where wiring space could be critical and a pulsed electrical power 1s a prime
funccional requirement. Since *smperature measurerment system has less
priority than vehicle electricai functions, noise solution oftan 1is conf.ned
to the measurement system. The best way 1s t~ ceroute the nolse interference
signals awsy from the system. Figure 3.4.7-2 depicte how this can be dore.

pr3

A b

RN

P

e Wt i e 2

A .

First step is to connect noise generators is 4he 1 in Figure 3.4.7-2. Second 2;
sStep is to measuwre noise voltages between points as depicted i-. Figure 3.4.7-2 ¥
using an oecilloscope. Rs a final step, wherever noise voltages are measwed, -
steps should be taken to reduce the noise voitages to an acceptable .wvel in 5
a low level system (0~100 mv) or a high level system (0-5 v}, One merhod EY
waild be to ground the shield directly to the nemrest structure -o.ner than %
to a single point ground (SPG). This should reduce the noise f.tential Uy
petween points B and C. An alternate method would be to connect points B %
and C togethar. Noise potential between points A and SIG can be reduced by b
connertiny a sufficiently large capacitor between points A and SPG. Since 3
othwr ethods are available, the aforementioned methods should be performed D
e:perimentally and may not produce the best recults. However, it is suggesced N
that all possible failure modes be induced such as thermometer clemen: (Rp), .
15 open-circuited or grounded on either side to case ground (structure) whesn : %
experimenting. Another method worth mentioning 18 to connect a sufficiently |
large capacitor between the high side of the bridge output and the return %
side of the +1 v voltage source 1n the case of a half bridge desian, and Do
directly across tne output “or a full bridge design. When in a high or low o
level half bridge system whoere excitation power with two voltage sources is p %
used for multiple half bridges, the cag.citor should not be cannectad trom I3
the high side of the bridge output to the cammon return for ncise ieduction. !‘ By
Reascn for this is that 1f one thermometer element is grounded or open I
circuited, interaction between the bridge containing the open circuited 1E
thermometer elemen* and other normal bridges can occur, thus degrading the f =
measurement outputs of these bridges. ; ,g
3.4.8 Interaction s
Interaction between measurements in a multiple temperature systam can oe a ' 31
problem if a half bridge system is used. Usually the cause of interactiun P
is due to a system which has a cammcn impedance poine such as split power ;;’{
sources as in a half bridge and a thermometer failure. Solution he  would |
be to minimize the cowon impedance point which is not difficult to attain ; ;;
since oSt often it ooccurs in the power supply where impedance can be made -
very low to have any effect. In a multiple msasurement system using a full Do
bridge, interaction 1s not a problem. Interaction prmblem can inadvertently 3
be introduced when using a low level half bridge system by introducing a P
potantial common impecance during noise suppression. In resalving noisc A
problem, a designer wsually finds it \ary comeaent and effective to place A
a large capacitor across wach of the hridge outputs for m’ iimizing urwanted o
noise voltages. A cursory circuit analysis of Pigure 3.4.7-1 will show that if i fg
the therrometer element is open-circuited intermittently, the noise ~wopress.on &
capacitor placed across the bridge output would charge and discharge, and S
thus interact with cach of tle bridge cutput capacitors. Thuw, if a themmo- ! g
reter elamnt is open-circuited intermittently, the capacitor for this bridge .
would react as a common impedance. This is not easily reonqnizable because ! ;;
- 47 - 8072-8M-0156-3 ; m
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> % farluge e the thermometer smust occur before interaction Can taxe rlace.

- eagotore, vhen uSing cupacitors for resolving noise problems, various
* ilure modes in the system should be sumlated tor canme-effect before the
. Beracpr becomes Finalized.

L. Rsartaroe

&:gm Zan be 2 proplem in oither 11 or hal? brdee svstor where a faos
Craghass LiZe 15 desurable. Designers revmally woull oorsoker oniv the

response wime of a Lherporeter relative W some sidden therms]l chanoe.

- Homever, 3f a reauonshle response is Jesiroble, designay should amalyie the
wvtal fpectance of 2 aystom which should include thermometsy, cable capa-

THTAND, COnNGTEDS QURtact indactances, and capacitance inductance i e

. lridge mirmuit. Usually, thovrometer and bridge reactsndes <an be ovalusted

e a bonch Leval test; ad therey, resuonse fime can e determurned,  oeeser,
i oa iarge vonicle systess, (ahle mim «<xt iniactance mey De contaderaile,

- A mlcfal figqure fur capacitaace and badhictance is wmglly 6,500

per Hoo, and 30 sano-hoaries per inch K2 range’ for a 20 e (ARG} 0 Yo ided

twisled ware. Cable and comwetor MASWLCTAANEC May ™t b & proldes sinde

- mmwmmmwwﬁwin&mm

-Usualiy, the detrimental reactance is introdaded insdvertantly when capacitors

are weroduced o noise SwWerostion. e O time constar® of thesc caps-

© citors £ 4 be oconslderaile to affert the cverall syster responme.

paise vime shesild metch that of the theswmeter.

it conclosion, W - design contiderations ave evaluated daying degsgn of
tefpersture medsuram.t Systom, a chedk list of all design oomziderations
shord be prepmowd (see Table 34310 In thi= mawer, 2 tite 5 changye
. is made 2o¥ one conssderation, a check list should direct the designer to &
©oredsr aal probles in awther desimn copsiderazion. Terefore, a neasomable

. tradeoff can be obtal o0 for optimm finalized Jdesign. It zhould be ooted
-here that there are other design oonsiderst:ons, partisularly shwpe ac instead
of do excitation 18 used. However, above design comsiderations discusse?
Lﬁmﬁsmlmtyo{ame&maMxm.

Since IATL, m.urmlimﬁammmﬁdm‘m resistance rhermo-
T meter, numecc”  bridges havwe been-developed such tnat a great confusinn pre-
T sently exigts Whan selecting a suitable oridge. It is hoped . this peport
'M&lmmm@mwsa&nwmmrmam

terperatuce measuring system design o methodically sglect a siitable bridge

%

. wdi vridges can be classed in their basic for as either 4 full bridge or
- a talf bridge. Thess bridges are then described as either sametric or
 agymwerzic, Figures ).4-1 and 1.4-2 dapict a full beidge and 3 helf bridee
with cortition specified for its wm 4f a syrmetric or ah asyweerric. These
bradges are then balancwd or unbalanced dspending on 3 particular usage (see
“Fugire La.9-1), Therefore, these basic bridges can be cxtegorized into
’em different tvpes ¢ "ethods. Table 1.4.9-1 depicts evaluation of aach
U metiod relative t0 a ma)r desagn consideration. It sfould be maed tadt
. 3&&!fmwm&wwmﬂemdmmu.ﬁesxam
$al  or high lewsl output _ystem. Variations added to these . typed of

-49- SDT2-K 101563
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Excitation T

Ry Balancing Re
Resistor

Balanced Full Bridge Circuit

.. MP .’
411:’ Output e
.. ‘c l

Usnhalanced Full Bridge

Typical Balanced end Unbalanced Full Bridge Circuits

Pigure 3.4.9-1
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bridees have been due to various solutions in resolving the lead resistance
problem.  Most of these variation bridges have been named in a>cordance with
thw eveloper, e.9., Callendar-Griffiths bridge, Muell>r bridge, ard Seimen's
thrae or four wire bridges. lesdWire resistance has boen the most troublo-
SOM | ! ol i JdeSigning a tomperature mBasuring system,  Therefore, a‘ter
naving soloctad a basic type of bridge, careful evaluation of the various
typues of variatuons of the vasic bridges such as Sewmen's, Smuth's ad Macller's,
alli of which appear to e very popaiar for leadwire resistance suppression,
shouid b made. For exampie, Mueller uses a ful) bridge syrtum with addod
circuitry for cameensation of loadwire resistances which can be mod:fied

for . an a half bridge scheme.

Quustion NOW arises as to which tyvpe of A hasic bridge snould be used: should
1t be a full bradge or a half bridge, should the brudge be designed as an
asymmetric or a symmetric full or half bridge, and should it be operated as

a iow lewl hridge output or a hagh level bridge output, and firally, sheuald
1t » balanced or unbalanced. Table 3.4.9-2 may provide somw direction when
making this decision. It should be notad that for ali eight bridges, certain
design considerataons are all cawon, such as lead res:s=tance, reacrance,

and thermeelectric problams. Wen using Table 3.4.9-2, low lewl and hugh
levei outputs should be ansidered, e.g., isportanc in power limitation
which is usually the determining consadersarion in a bridge design, uspeciallr
in cryogenic usage where resistance of a tnermoneter clament is quate

low, can be minimized by use of low level system.

A typical example for des\gning a tamperature mrasurement system can best
illustrate the problems encouritered in the design approach. An asymmetric
half bridge is favored for this example basec on the results or Table 3.4.9-2
for a platium therrometer with a range in the cryoyenic region. It is notad
that the t <rmometer resistance in the cryogenic ragion 1s very small and
therefore self heating in the chermometer element 1s critical. The fllowima
aivantages gained by use of asymwetric half bridge are discussed with some
comparisons sade betseen full and half symmetiric bridges.

3.4.10 Sensitavity

for a maximmm sensitivity, it is desired that the thermometer bz enervized
with its maximm allowable voltage. For example, )f this voltage 1s 5 volts,
and 1f k = 10 (ses Figure 3.4.10-1), then the power supply for the full bridge
can be 5° volts without excescing the sensar limitation. The bridge arms
divide this supply 80 that 5 wits appear across the scnsor, and 50 volts across
the KR arms. A half bridge cen also have the same voltages by using one 5-volt
source and one 50-wolt sourve. Figure 3.4.10-1 depicts the voltage change
that apgpears acruss Ry for full or half bridges when sensoy changes by one
percent, if Rg has no loal. As k varies fram 1 to 50, rhe bridge output
voltage changes by a F~~* _ of nearly 2. Both the full bridge and the half
bridge sensitivities . - :on ‘he sensitivicy graph tave the same no-load
voltage signal, and . :fore are shown as an ideal condition. This means
that when a load is appiied, the sens:tivity would decrease by the " vount

of the load resistance applied across the bridge output.

-83 . SN 2-8A-0156-3
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.4.11  Power Requirements

whon trer bridges are loaded, Ry 1S not infinite, power output becomes a
tactor. Figure 3.4.10-1 Jdepicts that a half bridge is siqr.ificantly better.
e nalf vrnidge offers lower output impedance and thus greater output power
Can e gttaimyd. A loaded asymmetric half bridge with k = 20 can produce
fuar times the power cutput of a symmetric full bridge with k = 1. Therefore,
power acvantage can be attainad 1f half bridge 1s used over a full bridge

and also usad as an asymmetric rather than a symeetric bridge. Usually, a
factor of 2 as depicted i1n Figure 3.4.11-1 can be abtained by use of asymmetric
half bridge. The power requirements of the asymmetr:c brioge and the power
dissipated in the dummy arm usually establish the k tactor value selected

for the bridge. A k factor of 20 approamates the knev of the paer-voltage
gaan curve (see Figure 3.4.10-1). This, or a higher value, .s desirable

but not always practical. In many cases, a high active leg potential voltage
18 not required. we volt 1s used for many tamperature bridges to limit
dissipaticn un the tamperature sensor. For example, with one wvolt across a
sensor, it will dissipate 10 mulliwatts and the KR dummy load will dissipate
200 milliwatts at k = 20 with KE at 20 wolts. It should be noted that 10
mlliwvatts is the maximmm power limitation ‘r josed by most thermometer
manufacturers.

3.4.12 Linearity

Figure 3.4 '2-1 depicts the linearity of a half bridge with no load (Ry is
anfinite) i1s improved as k is increased fiom 1 to 0. The aspmmetric full or
half kridge is capable of increased linearity because the curresit flow
through the active arm is at high asyssetric ratios effectively independent
of its resistance. In a symmetric bridge this canmot be attained. Therefore,
lincarity of the asymmetric fu aor half bridge is ~onsudered far syperior
for all conditions of loading am 1+ narrow or wide excursion of the active-
arm resistance. However, when a null reading is employad in any type of
bridge, linearity is not a significant problem. Bridge linearity under load
can also be .sproved if the bridge ir so designad that the active sensor
decreases in resistance rather than increases (see Figure 3.4.10-1).

3.4.13 Misce]llaneous Advantages

The half bridge has other important advantages .uch as (1) wiring is

reduced, (2) power-conmming dusmmy legs are eliminated, (3) the center tap

of the split power supply source may be groundei. This allows multiple

bridges to operate fram one CoONION power Mpply without seriocus interaction.
Alsc, this is er. ntial to telemetry applications where all outputs have to work
against ground. a.:h full Lric a 3, differential input commutation is

required to sec.re the same advantage where multiple bridg.s are powered

by one excitarion source.

The limitation of the asynmmetric bridge is eqwessad in terms of (1) variations
of active-arm resistancc, (2) desirmd linsarity, and (3) reasonable value

of asyweetric-leg potential. Power dissipation in thc asyrwetric-leg and
power-supply wattage requirements should be considered. Aside from these
limitations, an asymmetric half bridge appears to be far superior in performance

- 54 - 072-8A-0156~3
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«~er all other basic types of bridges. It should be noted here that two
precautions rust be considered when erploying the half bridge. 1 lurst
precaution: Rp must b. large relative to any lead wire resistance to prevent
errors due to the variations of leadwire :esistance with temperature.

A saxond precaution: if, through any cause, the power Supply outputs do rot
change in the same proport.on, then a fraction of the difference of tw
wsolute vaiues of their voltages will appear as an output voltage; and thus
1s especially critical where low level output is used.

Since lead resistance problem appears to be cumon and outstanding with

e1ther full or half bridge methods, a brief discussicn of the various bridges
developed for the purpose of correcting this problem may be useful. From this,
further variations can be adapted for use i either full or half bric

method selected for a particular leadwire resistance problem ercount -red.

3.4.14 cCallendar-Griffith's Bridge (see Figure 3.4.14-1)
The Callendar bridge was designed for compensation of lead resistance problem.

This bridge provides a compensating loop of wire which essentially duplicated
the leads to the thernometer ir. te:ms of electrical properties and physical

location. This loop was then placed in an adjacent arm of a unity-ratio nridge.

Thus bridge penuts the use of a prtentiometer for the finest balance setting.

1he Callendar bridge 1s considered cood fo use where temperature difference
measurements are required  This type bridge ~lso has advantage over the

3~iire types 1n that the contact resistance cof the null potentiometer :s

placa’ 1n series with the bridge output and thus may be neglected. By elimina-
ting the effect of lead wires and contact resistarce, the hridge is useful
when the thermometer clement resistance is low - from 10 to 100 chms. However,
*:is type bridge ir not considered good for use where precise measurement is
desired,

3.4.15 Mueller Bridge (see Figure 3.4.1%5-1)

This bridoe 1s a variation of tne Wheatstone Bridge. Varicus advantages can

be gained by this bridge such as the use of unity ratio arms which permits
thermometer lead compensation by lead balance and/or reversal technique.:

which are used to campensate for small differences in the ratio arms. The
wmity ratio also permits a simple means of inferring the thermometer current
by measwing the bridge supply current. The bridge also can reduwce the cffects
of resistance variation in switch contacts associated with the calibrated
variable arm of the bridge. Thus, this bridge can be effactive in zliminating
thermoelectr:c emf where this is a proolem. To eliminate the effect of thermo-
electzic emf's, the bridge is no-.ally balanced by setting the variable arm

oo that the inaication of the null detector is unchanged when the bridge
current is reversed. This also provides the advantage of doubling the ocutput
volta~e swing of the oridge for a given thermometer current and dervuve cf

v halance. Commercial forms of this type bridge are available whivn permit
measurements of resistance up to the order of 400 olms with the amallest dis-
crete step representing changes of one micro-otm. The Maeller bridge provides
exact corpensation for lead rrsistance and ratio arm unbalance without siani-
ficant demands on current stability.

3
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The Callendar-Griffiths sridge
Pigure 1.4.14-1

The Mueller Bridge
Figure 3.4.15-1
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Pigure 3.4.16-1
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North Amer .an Rockwell

A, umportant disadvantage with thas bridge 1s a stringent requlirement of 1low
and constant internal switch contact resistance which must be maintained. it
switching among thermoneters 18 required, an external switch with VeELY stable
cuntact resistance must be provided.

3.4.16  Smuth Type I1I Bridge (see Figure 3.4.16~1)

in 1912, F. E. Smuth proposed four bridge configurations for resistance
trerometry. Of the four, only Smth's third method survives as i widely
sccepted bridge. This method has a calibrated variable amm typically 100
times as large as the thormometer resistance, so that the need for swit h
cantact resistance stability 1s greatly reduced. The effect of thermumeter

.a¢ resistance difference 1is reduced by use of an auxiliary calibrated
variable set of resistances. Smth I1I oridge is outstanding in the
reduction ¢f sw.tch stability requirements. Also, 1t is noted for reduction
of lead resistance effe~ts without the requirements for a double bridge
balance and the need of . veraging calculation.

sane of the disadvantages associated with this bridge are as follows:

(1’ the balance aquation of the bridge is complicated, and same error is
introduced by both the unkalance and the magnitude of lead resistance, and
(2} the nead for stable resistors of larger value (usually 1000 ohms or
greater) and acoompanying requirements for better insulation resistance
under some conditions can become a factor.

3.4.17 Balanced Three-Wire and Four-Wire Bridge (see Figure 3.4.17-1)

ﬁesebridgesuembalanoewmthesemorammmsammmameu
tne adjacent arm; therefore, the same amount cf lezd resistance does not
affect the balance point, provided the lead resistances are equal. hlthough
the bridge shown is a full bridge, the same principle can be applied to a
nalf tridge. The basic advantage of this type is that its linearity is mot
a problem due to measurement beginning at null point. Its disadvantage is
that lead wires ™—ist be equal.

3.4.13 Seimens' Three and Four Wire Bridges (see Figure 3.4.18-1)

The three-wire bridge was conceived by W. Seirens in 1671 as a means for
eliminating the effect of leadwire resistamcc in the rall. A rheostat is
generaily placed in series with che thaymarster to null the bridge. How~er,
variations in the contact resistance of the rhecetat upsets the bridge mnull
winch limus the bridge urufulness to relatively high thermometer elements.
s is due to the null being a function of lesdwlre resistanco and of
variations in the resistance. The 4-wire bridge is a variation of the briage
with foul -wire compensation. Similar to the three-wire case, variations in
leadwire resistance are distributed equally in both arms and thus do not
affect the bridye null.

2
i
]
3
%
]
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Balanced Four-Wire Bridge
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Ra = Rb for balanced bridge
conditioa.

Balanced Three-Wire Bridge

Pigure 1.4.17-1

-0 - 8072-8A~0156~3

R T

K

A EEEE o IBILETY OF GhiL oRiG I EAL PAS o 20Ok py 3

P ————

P

g p -

L om e, e

LAt et P e



= S e e rerepes, PSP,

i

I

i
DR Sl 55 v il

C e v R e

R,

O Adjust

O Adjust,

Ra R} Rg
R, = Rpo + Ra

a. A Full Bridge With Zero and b. Siemans 3 *. - Bridge
Sensitivity Adjustments

mR = Rpo + 2RI
R

£ .
E o ] R‘ e Rpo 4+ Ra 1[-
O Adjust, Ra
Rp

ot e o Rl (SRt LR, Y

¢. A Variation on the Siemans
3 Wire Bridge

£

d. A Four Wire Bridge

3

IR

Examples of Full Bridges
Pigure 3.4.18-1

TETUI P

| S o 4‘1 :‘%)‘v%&‘. .

51
o g

-6l - 072-6A-0156-3

>

€,
3

- . s wm a6 s = semmemean i s s

,
-
S

..-...o.-""‘.h..-m..-u,v‘--.

PR CUOCIIUTY OF THE URIGINAL FAGE 15 POOR, A

o

N

Tt e e



-een e o e e A M S . o e ™ AR . e o dn A e .
-

Spece Divison
North Amencan Rackwel

3.4.19  LeN Direct-Peading Bridge (see Figure 3.4.20-1)

Us clrcuit uses a calibratad variable arm camposed of a fixad resistance
taralleled by a variable r»siscance. The relation of thermometer resistance
Lo 3b9o.LJte terperature 18 not a luwar ane, but 1s generally described by
Juadratic tormilas. Therefore, bty the paralleling arrangement, a guadratic
rclationship between the bridge output setting and the resis*ance of the bridge
can ke obtained to match the thermometer characteristics.

3.3.20  Slidew.re Pridge {see Figure 3.4.20-1)

The: uee of poteniaal divading sildewires for linear measurement of resistance
avoclas the problem of absolute adjusument and contact resistance due to use
cf slijewires as rhrostats. TwWo ganged siidewires are used in this bridge
with one compensating the potential upset of ratio by the otner. The major
disadvantage 1n thus type Systam is that a mechar:-ai Jevice 15 requred for
baiancing the briage.

3.4.21  Stull Bridge see Figure 3.4.20-1)

This oridge uses slidewire principle, cambined with samw of the Meller bridge - il
arrangerents. This bridge has a span of 1.0 ohm and has a ~apability of a range
fram 0 to %0 ohms with 0.001 ohm resolution.

31.4.22 Triple Bridge - Rosaront (REC) (see Figure 3.4.22-1)

Basically, this hridge resambles a Kelvin bridge with an inner Kelvin bridge
(Ke'vin double bridge). Thuis bridge makes use of the ratio of output voltage
to excitat '~ woltage for the pupose of measuring sensor resistance.

It suppres - . leadwire resistances effectively, whether or not they are equal
because of thx provision for adjustment of rero and slope of the output.
Errcrs due tc lead resistance are typically reduced by a factor greater than
100, as campared to the ordinary three-wi.e bridge when leads are not equal.
Bridge unbalance and nonlinearity can be negligible or can be made relatively
large in cases where this is desirable. Thus, contro. of tridge unbalance
nonlinearity can be used for cwellation of nonlincarity due to thermameter
element metal. It should be notecd that the mathematical analysis of thas
bridge 1s very oamplex. However, a laburatory breadboard aralysis of this
bridge would be beneficial in fully appreciating the unigue features described.

3.4.23 Conclusion

There are mesy other types of dc bridges not listed in this rsport. However,

i most of these, variations may be for leadwire resistance campensatians.
Laboratcry breadioard of same of the bridges discussed here wouid be werth~
while when making a variation to the selected basic bridge design, pruticularly
where a full understanding an! appreciation of problems related to a conplete
bridge design are desired. Furthermore, a carplete muckup of a finalized
temperature measurement system 18 recommended for a complete failure mode
analysis. There are certain fundamentals common to all methods, such as ha't
or fuil bridge, asymmetric or symmetric, balanced or unbalarced, ani low or
high level output, which determine the quality f measurement which can be mle.
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Ganged slidewires keap ratio constant Stull recorder uses slidewire
in Leed's slidewirs bridge. principles in automated bridge.

901 1.10) F
6{100)°F

A linsar variable resistor shunted

by a fixed resistor approximatas the quadratic
temparature-resistance curve of a resistance
thermomater for direct reading.

L&N Dir ct-Reading Bridge

Pigure 3.4.20-1
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TBAU \\ \u:Am hag/2

h/js m/k
h/e ® a/p
Triple Bridge Rosemont Semvor
Figure 3.4.22-1
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- To this, variations are added based an optimm considerations to the design
oconsiderations. The various hridges discussed here can be best sumariz.d
Dy use of a table (gee Table 3.4.23-1) for comparison and aralysis when
selcting a particu’ar measurement method. As a general quide, when
selecting @ method among the two regarded as the most popular —thaods
Mueiler and Srath Type III}, some design criteria for selecting are gi.en

. 1s follows:

Meeller bridge is recammended wt e (1) high precision 1s required, (2; resist-
ance '.0 be measured does not exceed {50 ohms, and (3) lead res:istances dc not
change significantly between balances.

Snth Type III bridge is recommended where /1) resistance to be measured does
noc excead 150 ohms, (2) lead res:stan~ is not largely or greatly unbalanced,
but mav vary considerably betweun balances, and (3) lead resistance is large
and/c - greatly unbalanced and/or rapidly varying.

3.t SURVEY RESULTS

Terperature transducer mancfacturers responding to the survey were:

AXO Bristol G misco )
AMC Electronics Hy -Cal Engineerirmx .
American Standard Honevwell :
Bell & Howell ROF :
Dynasciences Posenount H
Foaxtoro Trans-Sonics {
General Electric Victory Ergineerinc '

i

1

This list falls far short of covering all “emperature transducer mesnufacturers,

| but does include same of the nation's leading temperature transducer suppliers.
Of the manufacturers listed, only a few supply both probe and surface type
transducers for cryogenic gpplicetion. In addition, all of the suppliers
listed have engineering and manufacturing capability of building transducers
which meet specialized requirements. This survey is intended to provide
kaowledge of menufacturer's cagability in the tenperature transducer field
rather than to pxrovade a list of parts available for space v <

NN Sttt i, SRRSO B i

[
i

X

it 1 iyl ol A S S T il R8T ek 8

Generally for space applications, program require.nts are & nsive that
off-the-shelf equipment seldom satisfies all requirements. 5. of these
requiremants include such basic items as material and subcoponent standards,
such as lubricants, wira types, and resistors; fabrication proedures such
as soldering and welding specifications; a3 cuality control inspection
requirererts. Equipment acceptance ests and qualification prugrame and

end item ¢ subowmponent traceability are other cowion requirements.

Prc.< type units are manufactured as open elements (sense wires exposd to
the measured fluid) or closed elements (sense wires encased in a housing).
For liquid oxygen and liquid hdrogen applications, only the closed elewent
designs an applicable. Surface type transducers are manufactured ir a
variety of sizes and shapes designed for attachment by cemanting welding or
clamping. In general, these transducers are not designed for immersion in LOX
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ar LH2 but are desioned to operste at the SYyorenic tesperatures in a gas
anvirorsant. The limiting factor for direct contact with the liquid is the
amstruction material ad the lack of a hermetic seal.

Commox probe resistances advertised in the brochures ave 1380, 1400, ar.' 1256
chms at the ice point. Other resistance . lues are xdvertised as available
on special order.

Table 3.5-1 symarizen the element types used by most mamufacturers in pro-
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Althoug: strain measuring techniques have progressed rapidly sinwe the develop-
rent of the first strain gage, the requiremants for their use hzve advanoed
it facter. Thas situation 18 eapecially true far abtaining fiight lcacd
measw. emants on high speed vehicles oprrating in the eartn's atmosphere

The aerodynamic heating associrated with these high spesd vehicles can be a
major cause of strain gage error. Figure 4.1-1 gives the temperature pro-
file on an assumed Mach 6 wehicle operating at 90,000 fest. A review of tne
figure shows temperatures up to i800 F on asrodynamic surfaces. Strain gage
output due to theimal stresses at these high taemperatures can produce load
measurement errors greater than these due to gage performance characteristics.
To abtain accurate flight load measurements, these errors must be eliminated
in the strain gage design.

4.1.1 Strain Gage Faguirements

The wojective of this se~tion of the Measurement Components Technology report
1S tO revveaw various strain sensing devices and evaluate their performance

in a 156 to 2000 F thammal envirxsment. The evaluation includes gage prain-
ciple of (peration, gage matarials, gege attach methods, installation tech-
niques ax gage availability. The section docs not inc.ude signal conditior -
g or data-acquisition equipment.

4.1.2 Definitior of Terms

The following :: a listing of defimition of terms used in conjunction wath
strain gaye applicat-ons.

Stcain - Fx change in leng? _..nedbymi—unlstxeu = direction
of gage axis. E;E ;avalueo £ = 1X10°6 is called - itrai-.
L

Stress - The intemally .istributed forces withan a body whici. ~u to resist
deformation. The dimensions of stress are force [#r unit area. Stregs 1§
proportianal to st ain {_zE € vhere E is Young's modulus of elasty-aity.

Gage Factox ~ A measure of gagc sensitivaty. The fractional change in risist-
ance o mountsd gage divided by the fractional change in length (the
gtrain) of the surface upon which it 1s mounted caused I* . uni-axial stress
1n the direction of the gage axis.

o F ‘%R/ALI_ =ARR/E

R = original gage resista.ce
L = original length of surface upon which gage 1is mounted
€ = stramn
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Pigure 4.1-1 Surface Twperatures () of Asssmd Mach 6 Whicle
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t Strain - The change in resistance of a mounted strain gage(-éwn-)due
to a in tempeiature without an appliad load on the specimen. Apparent
st-ain is due to the cambined effects of diffe.ential thernal expansion and
the Lrermal coefficient of resistivitv of the strain wire alloy.

Dif *erential Thermal Expansion - The effect which occurs when the strain wire
element and the specimen on which it is mounted have different expansion rates
with temperature. This phencmenon pla~es the strain element 1n either compress-
1on or tension with no apolied load to the specisen.

Coefficient of Thermal Resistivity - All strain ware filaments exhibit a change
1n electrical resistance with temperature changes. The rate of change of
resistance with temperature is defined as the coefficient of thermal resistiv-
ity. This cefficient of resistivity can be adjusted by heat treating in the
case of certain nickel - chrame alloy wires.

Active Gage Length ~ The distance cver which the strain gage, when mounted on
a surface, will measu-e the strain undergone by that surface.

Strain - The allowable percentage elongation of a strain gage. Jt 15 a
the degree and ameal of the st. .dn sensing element, the elastic
properties of Lhe carrier, and the properties of the bonding ages...

4.2 HIGH TEMPERATURE STRALN SENSING DEVICES

A literature survey was conductal to select strain sensing devices which have
potential application in 3 1500 F to 2000 F themmal envirorment. The follow-
ing devices were selected as a result of this survey:

a. Electrical resistance strain gage

b. El ctrical capacitance sirain gage

c. Thermal - null strain sensor

This report contains an evaluation of the aboe devices as derived fram the
literature suwrvey.

4.3 LLECTRICAL RESISThw.Z STRALI GAGE

Since its conception in the late 1930's, the bonded filament resistance strain
gage has br m the primary method of measuring the magnitude of strain due to
stress. The resistance strain gage operates on the principle that when a load
1s applied on any matarial, that matarial will expand or contract causing
scrain within the material. If a giid of wire is bonded to the material, it
will stretch or bc strained exactly as the surface of thx “est —:terial is
strained. This stretching and o pressing of the grid wire causes a change in
the electrical resistance of the wire which is proportional to the strain in
the test mmmber. When a wheatstone bridge circuit is set up so that the only
source of unbalance is due to the change of resistance in the strair. gage grid
wire, dus to the application of strain on the gage, the difference .- potential
across the output. terminals becames a measure of strain. ;
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4.3.. Resistance Gage Requurenents

The requirements for resistance strain gages used in high tamperature applica-
tine should include the following:

+ . Buth the gages and their attaciments must withstand the thermal environ-
mant, without degradation, for the life of the test program.

b. The gages must be rrecisely ane. uniformly campensated for the unermal
expansion of the material to dhich they are att..hed.

¢. The gages m:st withstand repeated combinations cf tamperature and total
strain for a long period of time.

d. The gages should have a high gage factor to yield maxumum sigral fram a
given rtrain.

e. The gage factor snould have a small and predactable variation wath cemp-
eratuare.

f. The gaje should dissipate the heat resuitcing fram bridge excitation wolt-
age without excessive self-heating in order to jyenerate a maximum signal.

A

The gage should have drift characteristics that are small when campared
with the output frar the measured load.

h. The gage and 1ts attachment must maintain a high resistance to ground
during and after repeated expogure to high tamperature.

1. The gage should be easily and quickly installed.

4.3.2 Resistance Strain Gage User Raquiranents

Ly adlitica to infoamatuon supplied Ly gage manufacturers, independent evalua-
tions of gajes should be made deponding upon their intended usage. Such evalu-
ations aid in selecting the best available gage for a particular application
and making the best use of the selected gage. Same of the users requiraments
and gage properties that should be considared when evaluati.ng gage selections
a. Terparature Range

b. Anticipated Strain levels

c¢. Duration of Test Program

4. Material on Which Gane Will be Mounted

e. Spacs and Wire Routing Restrictions

£. Typs of load to he Measured

3. MNusber of Mesasuremsnts Required

-7 - D72-8A~0156-3
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h. Compatibility with vata-Acquisition System
1. Tune Available fur Installation
4.72.3 Resistand2 Strain Gage Property Cocnsiderations

In selgcnm a resistance strair. gage for high tamperature applicaticrs, the
following gage properties shculd be considered:

a. Useful Temperature Range

b. Apparent Strain an. Scatter in Apparent Strain

c. Maximum Excitation Voltage

d. Method of Attachment [
c. Gage Factor and Gage-Factor Variation with Tamwperature
f. OLrift Characteristics R
g. CTatigue (naracteristics

h. Gage Resistance

1. Lffect ~f High lieating Rates

Same of the itams an the above list are essential, wile others are only desir-

able. It is essential that the elevated temperature and heating rates do not

alt.: tie characteristics of the gage to the extent that meaningless data are

nbtained.

$.3.4 Tenperature Cavpensation

One ot the major contributors to errors in high temperature strain gage asas-

uremants is effects of apparent strain In an efénrt to reduce the thermal

apparent strain of resistance strain gages, temperatwe compensation is

included in the designs. For high temperature strain gage applications, two

methods of temperature compensation are canncnly used. These methuds are

"selected melt” gage derign and the “"active-duwny™ gage design.

4.3.4.1 Selected Melt Gages

The elaments of selected melt gaoes are fabricated of alloys which are spec-

1ally treaced to a specified temperature coefficient of resistance as regquired

to correspornd to the thermal coefficient of expansion of the material on

which the gage is installed. The elamant 13 tarmed “self compergating” and
stould exhibit a small tharmal spparent strain when used properly.
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4.3.4.2 Activo-Dumy Gages

The oldest method of campensating for temperature-induced errors in strain
moasurements is by utilizing dumwr and active gages. The principle used 1s
quite simple. Anacuveqagexsbx\ddhothetestspecmmjasm\d
dummy gage is bonded to an unstressed tab or block of the same mate.ial as
the test specimen. These gages are connacted to adjacent arms of wheat-
stone bridge. In this configuration the dumwy gage cancels out the effect
of temperat.re changes un the resistance of the active gage and bridge bal-
arce will respond only to mechanical straing an the active gage. The inaccur-
acies 1n this method are due to the difficulty in finding an absolute strain-
free area for location of the dumwy gage and locatine both gages such that
they will be subjected to identical tamperatures.

The active dumy gage system compensates for the errors ~aused by the resist-
ance change in ti.: gage elanents due to temperature cnanges. It does not
oampensate for errors cavsed by the differential thermal expansion which
occurs between the gage 1laments and the material on wnich the gage is mounted.
This porticn of the "apparent strain" can be eliminatrd by the addi’ = of a
cpensating resistor (Rtc) in scries with the active gage in the bi.dge cir-
cuit. The value for Rtc may be dutarmined by using the fcllowing equation:

RYc== (oCeg 0Ces ) Rg
oCr

where o< eg = coefficient of expansion of the gage
ocC es = coefficient of expansion of the specimen
Rg = gage resistance
OC r = tamperature coefficient of resistivity of the gage element.
4.3.5 Sensing Element M*terials

Beca .e the change of resistance in the sensing elament ind.cates the meas-
ure cf strain, tle choice of alement material) is extremely important. The
mat.rials used for electrical resistance strain gage sens_ng elgments are
divided into two groups: metallic and ssmicond tor. Strain gages made of
semiconductor material are very sensitive to tamperature changes and exhiba.
axtrame non linearity at high temparature. Becsuse of these adverse tamper-
ature charactaristics, they are not used for a.rborne application and are
eliminated fram further discussion in this report.

In an attangk to increase the upper tempsrature limits of metalli: s.. 3ing
elaments, nemy alluys have bean testad and used. Table 4.3.5-1 jists the
chemical elements used in the design Jof strain gage sansing elaments. Using
the elements listed in Table 4.3.5-1, the SliunJ Bean Company of Detrc _,
Michigan ran tasts on 15 strain gage alloys The alloys selected were
vacam melted and swnples were reduced to fine wire and foil. ‘The selectad
allc /s were classified as nickel-base, iron-base, cobalt-base, platinum-
copper, platimsrnicrel, and platinum-tungsten. Tables 4.3.2-2 through
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1.7.3-7 list the properties of the strayl gage alloys establisimd Ly the tests
cunducted at the W. J. Bean Campany.

All "super alloys" tested (sec Table 4.3.5-2) _ontained significant amounts of
nrval and chromiun and exhibited solid solu.ilon phase changes below 1200,

A solvy solution phas: change results in an awmaly of the resista - versus
tomriature curve and yields an unsatisfactory a.loy for hign tampe  cure
strain gage usage.

ile: vest results indicate that platinum nickel and platinum-tungsten alloys
have the best stahility at high temperatures witn the plarinum-tungsten
alloys exiuhiting tie least apparent strain. Figur2 4.:.5-1 1)lustrates the
vffect of temperature on same of the available high tergerature strain gages.
A review of Figure 4.3.5-1 shows that the piatinum-tungsten half bridge gage
exhibits the least apperent strain at tamperature alove 700 F.

4.3.5.1 Sensing Element Forms

Motalllc strain jagses are formed from wnall diameter wire or cewl.zl Iam than
shuets of foil.  Each type has advantages and disadvantages which sould be
onnsiuered in high temperature applications. Strain gages fakricated using
wire sensing elaments utilize a small area on the test specimer, the_aby
reducing the leakage currents which may occur at high tamper. tures. Fail
sensing elements have a relatively large raio of surface to < 08s se~t.onal
area and exhibits greater stability during long-time perio. under extreme
taperature conditions.

4.3.5.2 Sensing Element Configuration

+ major consideration in resistance strain yage design is the sensing cliew wit
~onfiguration. The most cawmon configuration .sed .. high tamperature appl
cations 1s shaped to measure uniaxial strain. The sensing eianents are

long and narrow to place the greatest amount of strain sensing material in

tne direction of the strain being moasured. Sersing elements are also designed
to measure biaxial and oxplex multi-directinnal strain fields. However. these
configure ions are not genmexally usad in high temperature environments.

4.3.6 Methods of Attachments ;

The method of strain gage attachmant is _ependent upon the type ganz being
used, the anticipated environment, and wae material an which the gage is to

be attachaed. Table 4.3.6~1 shows the cements available for strain gage attach-
rents.  The table lists the cements and their installa®ion properties. A
rev.ew of Table 4.).6-1 shows that ceramic ommnts and alumnum oxide are
recamended for attaclment of strain gages when tha operating teryrratures

are yreater than 700 F.

4.3.6.1 Ceramic Caments

Cerynic caments usually consisting of an oxide or phosphate mixed with a mild
acid base are used to attach strain gages for high tamnerature applications.
The canan. s first applied to the test specimen to form an insulator
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Table 4.3.6-1. Strain Gage .emerts

GAGE ML IMUM SAFE
CARRIER CURE Tewe MAX HANGL [ 46
TYPE COMPATIBIL!T TIME F RANGE F TEMP F CHARACTEWIST'CS
Witroceilulose Thir Faper 10 w @ RT 100 -320 Sirgle Past !
Base 2 hr @120 +180 4200 Solvent Release '
atrocellylose Std «8 hr @ RT -100 -320 Sirgle Pe-t .
Paper 2 hr @ 120 +150 +200 Sclvent Release
’
lsarpacrylate Al 9 -'00 -320 Us2 of Latalyst '
+150 +200 Suggested .
Roor Temp A 2 to ib hrs -320 -452  Two-Part Systen N
Eroxy at AT +150 +300 Must be Mixed R
Yodium Temp. AN 2 hroat 350 452  -452  Si.gle Part b
tooxv £. cept Paper +400 +500 System ‘
Higr Temp High Yemp 6 hr at 250 -452 -452 uswa)l T -Part *
Esoxy-Fillen Glass or 300 +650 Systr
Reinforced i hr at 350
~1gh Temp Cast Film 1 hr at 225 -452 -452 Solvent Thinned
rcoxy-Unfilled and High +600  +653 Two or More
Temp Glass Part Systems
High Temp high Tamp 2-172 nr -452 -452  Single Part
Polyiride Glass Re- at 500 +750 +800 Syster
inforced
%henolic High Temp 6 hr at 300 -32n -452 Single Part
Glass Re- +300 +500 Systems
inforced
Ceramic itrippable 1-0 hr 2t -452 -452 Single or Two-
or Remov- 600 +1000 1250 Part Systems
able
AYuminum Removable ] -452 -452 Flame Spray
Oxide Frame +1500  +1600
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for the cage grid. The grid is transferred fram 1ts carrier tc this precoat
and held 1n position by applyirg an additionil coat of cement. Curirg at
600 F produces a hard, porous coat which is arviceable over a tamperature
rance of -452 F to 1000 F.

4.3.uv.2 Rokide Process

The Roxade process 1s patented by the liorton Campany, Refactories Division,
Worcester, Massachusetts. In operation, a ceramc rod 1s fed intc an oxy-
aetylene flame spray gqun. Tha operator holds the spray 7un with che nozzle
approximately 15 inches away frum the gage. The gace is held in position by
pressure sensitive teflon tape. Sufficient "Rokide” (aluminum oxide} is
sprayed on the gage to t. =k it in place. The teflon tape is then ramved and
the installation is sprayed, in the direction of the gage gric¢, untul all grad
and lead areas are covered. With sufficient practice and a lit:!. care, an
ex2ellent gage instailation can be made. However, the Rokide ins i
process can affect the nea: treatment of some gage filament alloys.|3Z) This
w2ll cause excessive hysteresis in apparent strain versus tamperature during
temperature cycling of the installed gage.

Tests have bsen conducted to determine usulation resistance of Rokide
installation with respect to temp rature.(34)] An insulatiou resistance change
of fram more than 10,007 menolms at roam tamperature to 100 megorms at %00 F
a3 been oted. A resistance change of th.s magnitude w.l' cause a change

of approximately che microstrain in appareat strain for a platinum alloy gage.
Thus error is not significant when campared to the total appar-nt strain.

The Rokide process has the adrantage of producing a haigh purity aluminum
oxide application in less than f_ve muinutes. The ..or7janic installation
will rot contamunate deep space enviromments, munumizes explosive hazards in
cryogenic applications, and s highly resistance to nuclear radiation.

4.3.6.3 Welded Gages

Anotler method of installing high temperature ctrain .neasurements is by use of
weldable straii gages. The installation of strain gages b welding has the
following advantages:

a. A proper weldment forms a ..00% transmission of stra:r.

b. welding elininates the campl.cated bonding agents and high tamperature
achesives required to attach other types of gages.

c. There is no specially skilled personnel required or time delays involved
in curing and baking. An operator experienced in using an ordinary law-
energy capacitive spot welder is all that 1is required.

There is limitatiun of only being able to use this method of actachment. for
strain measuraments on metal structures.

Test3 have been conducted to « :ermune if the walding of stra.r gages to

t
titanium redvces the fatique life of the metal.[34] The results of the tests
indicate that the maximum stress level was decreased by a factor of 6 when

~ 84 - S072-6A-0156- 3
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subjected to 1,000,000 stress cycles. Similar tests have been —onducted at

room tempgrature and 1500 F an Inconel-X and Rene 41. The fatigue life was

decreased for both the roam temperature and the 1500 F tests with welded quye

attached. There was alsu a significant differance betweaen the roar and ei— .
valed temperature results. The test results showed that weldew gases snould

not e us.d an applications where a large number of stress CyCles are ant:ici- !
pated. '

4.3.7 High Temperature Strain Gage Installation

Because of strain gage tamperature limitations, cate must oe taxken in choosang i
locations for the installation of strain-gage irstrumentation. Ide 1Yy, w.e

gages should ce 1xated an inner structure whers tanperature cnarges are Tini-
mized, causug small varia_lons in apparent strain and gage factors. iven ia
weal jocations, thermal stresses can significantly afrfect stwra.n gage outpaut.

- —— .

.' Realistically, the structure that requires strain gage instrumentation is
usually in areas where tne temperature 1s appcoaching the upper limits cf
existing gages. The fcllowing are =ag~e of the installat.on Secr.igues taac
will help minumize therral errors: i
a. locate gages such that each bridge is .n close relationsiup to reduce }
terperature gradient errars. A 100 mucrostraln errcr could aal the )
average mechanical strain in stiff s.ructures. .
}
—_— b. The lengths of the inner bridge wires shoulu pe equal to match ther f
resistances anc reduce drift due t» lead wire res.stance changes with i
heating. !
©. The iner oridge wires and lead wires should be Jjowned using the appropr.- :
ate Joining techniques. Silver brazing and weluing are the methods tc be '
ssed for high temperature euplications.
)
d. The bridge wiringy should be routed in such a way that there i§ [0 exo:Ss- )
ive stress on thg wires
[
- €. Briage wiring shouly be terminated in connectors in which there is e '
whermal gradient. ,
; f. Each ware burdle should be wranped with foil to protect the wires frunm '
A radiant heat. \
g. Gages must o well insulated fram electrical ground, with a leakage ’
* regigtance of 1000 1iegolms or more measured with 50 wolty éc epplied “ram )

the gage to the structure. leakage resistance will diminish an average
of 20 mec~tms for each 100 F above 500 F.

%
3
3
i
3

4.3.7.1 Lead Wire 5y..em

Another important ccnsideration in strain gage :nstall~tion is the lead wire 3
systom.  The lead wire network must be capable of transmtiing electrical ' f}
signals fram the strain gaje to the monitoring device with the same accuracy l
E and reliability as the gage itself. Tha lead ire system is made up of wire

B
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Conductor, wire infulation and interconnecting terminals. Table 4.2.7.1-1
lxs;s the lead wire ~onductor materials available for high tampearature appli-
Cations. The table shows that nickel-chramium alloys such as nichrome or
Kamma should be used for anperatures up to 1700 F. Howeve., the high resist-
ivity ol these alloys limit their use to shorc lengths at the higher limits
of operating temperaturas. These nickel-chramuum alloys snould not be used
in place of the clad ooper conductors within the temperature limics of the
copper materials. Table 4.3.7.1-2 lists lead wire insulaticis and their temp~
erature ranges. Whan the temperature range of the strain gage installation

is above the temperature limits of organic mater:als, the lead wires should be
insulated with glass impregrated silicom: or glass cleeving. In same high
tamperature installations, ceramic beads made of high-purity alumna or mag-
nesium oxide are used for lead wire insulation.

Stand-off termunals that can oe welded or mechanically fastened to the struct-
ure should be used for high-tamperature irstallation. The terminal feed-
through 15 usually made of nickel-plated stainless steel which is insulated
fram the stand—off by teflon, glass, or high-puiity alumina. The strain
gage leads are joined to the high temperature terminals by we'd g,

4.3.8 high Temperature Resistanc Strain Gage Availabil:ty

There are many resistance strain gages an the market today; hrwever, anly a
relative few advertise the capability of operating at 1560 F. Table 4.3.8-1
lists high-tamperature strain gages available and theiv properties. The
upper tamperature limit of these metallic element gages is a function of the
stability of the element alloys. As meto.lurgical advancaments are made in
elemant alloys, the tamperature uppaer limit shouid increase.

4.3.9 Conclusions

The currently available registance strain gages can be used to measuvre loads
in high-temperature envirorment. However, the 'nstallations should be
evaluated in a laboratory prior to flight appl..xtions to identify necessary
correcticr 8 in load measurament analysis. In oroer to use the cwrently
available resistance strain gages in high-temperacure application, broad tol-
erances in measuranent acCuracy must be accepted.

4.4 ELECTRICAL CAPACITANCE STRAIN GAGE

Past attampts to develop high temperature strain sensors have concentrateu

4 incroasing the upper temverature limits of resistance type strain gages.
These attempts have been deieatad due to the performance chacter'stics of

the available alloys. All of th: alloys that could be ured for strain sensing
eitier have questionable stakility Lecause of a phase clange which ocowrs in
the 80C F to 1000 F temperature range or pruduce wxlesirable outputs at 1500 F.
Siwe 1968 Hughes Fircraft and the Wright Patterson Air Force Flight Dynamics
Leboratory have caofdmated in the develcgment of a high temperature capaci-
tance strain gage. L35J The purpose of th:s sectin of the report 1s to

review the progreas of this strain-senging device and status the current design.
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Table 4.3.7.1-1.

CO«DUCTORS

NICKEL-CLAD COPPER
STAINLESS STEEL-CLAD COPPER
NICKEL-CLAD SILVER

JICHROME & KARMA

Table 4.3.7.1-2,

INSULATION

WYLO.

VidvL

POLYETHYLENE

TEFLOWE

GLASS IMPREGNATED SILICONE
GLASS SLEEVING
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Strain Gage Lead Material

OPERATING TEMPERATURE (F)

STABLE MAXIMUM
700 1000
800 1300

1000 1500
700 1790

Lead Wire Insulation Materials

TEMPERATURE RAWGE (F)
BELOW -100
-100 to 150
-100 to 200
-100 to 500
ABOVE 5G0
ABOVE 500
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4.4.1  Princaple of Operation

The use of a capacitance gage .. measure strain 1s not new. It was developsd
before the advent of the resistance strain gage. However, using capacitos
gages tO mpasyre straing at high temperatures i1s new, and special attention

sust be given to the gage materials and gage configuration.

The basic equation for a parallel plate capecitor is:
c- AK
ITH x
where C = capacitance, picofarads
A = ares of plates, squarm ocentimetars

K = dielactric constant of material between platas
X = gpgparation betwaen platas, centimeters

The principle of operation is that variations in dimensions due to stxain
willi result in capacitance changes. The above eguation shows that thexe are
oo primary variables that can be uced in the strain gage design: the area
of the plates and the separation between them.

4.4.2 Gage Configuration

The initial design reguirements was tor a gage capable of operating under a
st >tic strain continuously for one hour in a 1500 F temparature environment.

Four gaye configurations were considered for testing by Hughes Aircraft Com-
pany :

a. A saw-tooth plate in which both the distance between the plates and the
effective area are changed with strain

b. Parallel-plate capacitor with tongue—-and-groove plates

c. Parallsl-plate capacitor in an hurglass strain frome

d. Parallel-plate capacitor in a rhombic frave

Tre design configuration selected for evaluation was tha paraliel plate gage
mounted in a one-inch by one-inch rhambic frame. The gage consisted of a
capacitance wafer containing four stainless stesl plates and five mica die-
lactric insulators mounted in the riembic stress frame. Figure £.4.2-1 is a
sketch of the selacted config--ation. The stress frame shown in Figure 4.4.2-1
serves the following besic purposes:

a. Applies an initial campression to the capacitance plates

b. Acts as a strain splifier. By the getmetric configuration, a 2 to 1
amplification factor is applied to the specimen strain.

c. #rovides for a method of attaciment to the test specimen.
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STAINLESS STEEL PLATES

CAPACITOR ELEMENT (EXPLODED VIEW)

CAPACITOR ELEMENT

NICHROME RIBBON

RHOMBIC STRAIN FRAME

Pigure 4.4.2-1®)capacitance Gage with Parallel Plates
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The rhosbhic frase design provides another hasic advantage. A review of the
paraliel plate capacitor eguation shows thst as the distance X increases, the
capacitance C decreases. Comv -sely, as X decreeses C increases. The
rhmbic frame allows a tunsion on the gage to decrease the gap between the
plates X and therefore increase the capacitance. This not only places tne
readings in their ncoral arder of tension, increasing and campression
decreasing, it also allows for a built-in correction for apparent strain. As
the gage is heated, the dielectric constant increases approaching infinity.
In order to vorrect for this effect, it is necessary to separate the plites by
4 preC wermingd amount. By proper s-lection of saterials, it is theoretically
possinle to provide the regiired apparent strain correction.

4.4.3 Test Results

A total of 15 gages were fabricatad and testad on a constant moment bewm
apparatus at bevth room tesperature and 1500 F. ‘The performance of these
gages 1n the imitiel tusts conducted by Hughes Aircraft Campany were very
satisfactory. Tahle 4.4.3-1 is a sussacry of the gage psrforzence as compared
to the target specification requirements. A meview of Table 4.4.3-1 shows
that the gage performance met most of the specification requirements. The
stable exceptions are its gage-to-gage repeatability in gage factor, the
effects of tamperaturs or gaye factor and appsrent strain.

4.4.4 Current Dasign Status

In 1970 another high-temperature capacitance strain gage d=elopmmt program

was undertaken by Hughes Aircraft Campeny under Air Porce Contract F33615-70-
c-nsl. [36] The program was completad in October 1971. The primary object-
ives of this progras were to expand the temperaturs range of tha previous gagy
from 1500 F to 2600 F and reduce its size from l-inch gage length to 0.5-inch
gage length. The program consistad of the following:

a. Research of dielectric and metallic cmponents to determine optuwm
materials.

b. Study of attachmant techniques for various structural materials
c. Investigation of cables to withstand the 2000 F tamperatuxe.

4. Manvfacture of a safficient number of high-quality gages to perm’t evalua-
tion.

e. Provide a test plan and prncedire for evaluation.

f. Providu adequats testing to detezmine gage-to~gage and cycle-to-~cycle
characteristics.

4.4.4.1 Gage Configuration
Tie previously designed 1500 F gage was a parallel plate capscitor with a

variable gap held in a rhombic frame. The gage had a l-inch gage length and
an area of 0.50 square inches. It was required to reduce the gage length to

-9 - 8072-8A-0156-3

o o - —— ——

PN S —

S L NS [ R LR IR VAU SRS

.
z

IR

L RS R L 7

A

»

S e T Y

5

e



&
Y

[ Q'P.ver s, -

e

Table 4.4.3-1. High Tempera.Jre Capacitance Strain Gage Performance

1TEM REQUIREMENT PERFOPMANCE
GAGE LENGTM <1 I 1 INCH
GAGE CAPACITANCE 10 CC <100 PICOFARAL  i1€C < 17 PICOFARAD
GAGE FACTOR 25 ~25
REPEATABILITY * 2 PERCENT/100 F * 5 PERCENT OVERALL
GAGE FACTOR + 2 PERCENT/I00 F * 4 PERCENT/1C0 F
CHAYGE WITH TEMP.
STRAIN LIMIT (1500 F} 5000, IN/IN + 5000, -2000a1N/IH
DRIFT RATE 900 IN/IN/Hx @ 1500 F 10080 IN/IN/HR @ 1500 F
MI# RESISTANCE TO 10 MEG A MO COWSEQUENCE
GROUND
APPARENT STRAIN 5 a0 INJINJF S sa IN/INJF @ 1500 F
MAXINUM ZERO SHIFT 50 ae IN/Id 50 s IN/IN
¥
M
i
¥
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avea to 0.125. dMany configurations were snalyzed including:
Parallel plate with variable area/gap, cosxial cones with variable avea’gap,
rotary parallel plates with variable area and axia' concentric with variable

lgngth. m_uu'ghwaadinrwcoccimmrltrnnfr“. Sased on evalua-

The materials selectsd for evaluation as potential dielectrics were:

b. MNica (phlogopite)

c. Silica

d. Titania (titanium oxide)
e. AD99 (alumipz}

f. Giasrock

g. Rarium titanate

Giasrock, silica, mica and ADS9 were the only materials providing usahle
results at 2000 F. Of these materials, mica and glasrock appeared to ba the
the bast dielsctric. Because of its relative handling ease, mica was chosen
as the dielectric material for the 2000 F capacitance strain gage.

extrealy difficult. In-'lycnum-hn-mhhmstb coatad to
prevent axidation or other chemical resction from oo urring at elevated tep
eratures which makes honding difficult. Waelding gages sametimes oontribute
mamammnmm

The attactmant tecimiques imvestigated were welded, flame sprayed and bonded.
The base metals selected for capability tests ware super alloy (605), disper-
sion strengthened meterial (TD nichroen) and costed refractory (Nicbium with

syloor costing). The specimmn attaciznt teciniyrws were developsd by using

302 stainless steel ribbon 0.30~inch wide and 0.005-inch thick to simulate the
attach tabs on the strain frame.

- -
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Ail of the welding tec:iques proved adequate for attaching the capacitance
strain gage.

b. Fiame Spray Actacisant

All flame spxay attaciments w.oe made using a Metco flame sgray gqun nd detco
spray materials. The most sucomsaful technique consisted of spraying a thin
precoat of Metco 450 on the base material. Two 3/32-inth holes ware punchwa
in the attacn tabs which were then taped in place on the precoated material.
A coating of 10 to 15 mils thick was then prayea over the attach tabs,
fillirg toe punci~ holes.

C. Borded Attaciment

The adhesives evaluated for bonded attacrments were Sauerizen 29, Ultra Tewp
516 and Allen P-l. Tests conaucted on these adhesives indicated that Ultra
Tup 516 wvas the best achesive for tne 2000 F usage.

A camparison of tne three attaciment methods revealed that the flame spray is
the strongest. Howevor, welding is the preferred method because of its ease
of ag_.ication. meumlyumt&mwimmnidmmmm.
4.4.4.4 lasd Cable Evaluation

The coaxial cable selected for the 2000 F applicstion was manufactured by the
mmmmm&-pnmnfapnm Califormia. It -moiztad of a
0.020-inch stainless steel cunductor insulated with Gereral Electric quartz
fiber ard gshielded with braided 304 stainless steel.

4.4.4.5 Gage Installation

The strain gace is installed in the fo.lowing nwner:

a. Align the attach tabs .long the strain axis ~nd spot welu each tab in
three pal places.

b. Wald gage leads to signal lsads kwsping signal lexis as short as possible.
c. Weld a gage shield over gage area. m.nhialnelmunmt.‘ncapaci

- -~ AN 2-80-0156~)
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4.4.4.7 Gage Performarce

The gage performance was considered in two parts: gages cured at 1625 F and
gages cured at 2000 F.

Performence of the 1625 F cured gages was as fallows:
f. Maximgm temperature limitad to 1750 F.

b. Initial capscitance averaged 8 picofarads which is belcw the target speci-
fication of 10 to 50 pecofarads.

c. Gage-to~gage variations werc extensive. However, tne ab.lit p pre-
calibrate the gages eliminates thi3 as a problem.

d. mminlhitistzmmmmnnatmtmnmmtlsoo

tc 2000 microstrain at 175) F.

e. The apparent strain was within target specif.cation of 5 microstrain
per degree F at maximum heating rate.

f. The drift rate was greater than target specification of 300 microstrain at
peximan tawerature.

g. The zero shift per cycle was better than specification requirements

The gayes cured at 2000 F will mxrovide data at temperatures up to 2000 F.
However, consiuerable accuracy is lost. Due to drift and apparoant strain,
tire initial capacitance was more than douiled when the temperature was stabi-
lized at 2000F.

4.4.8 Canclusions

The current capacitance strain gage is a prototype aesign with a 0.50-inch
gage length. It s capable of static strain operation up to 2000 F in the
environment of a structural test ialoratory using infrared heat lamps a: the
heat source. At the time of this writing, the gage is not cawnercial) -vail-
able and has not been cansidared for airbomme applications.

4.5 THERMAL-NULL STRALs GAGe

The Bouing Company, Seattle, washington and the JASA Flight Research Center,
Edwards, Califormia coordinated in the development and testing of a thermal
null sﬁ_, measuring system capable of operating in a 1500 F tharmal environ-
ment.

4.0.1 Principle of Operatiom
‘The thermal null approach is a relstively new way of mmasuring mechanical
strain at elevated temperatures. The uperating principle consists of creating

an induced thermal expansion to a mechanical str: 'n. A tampe -
ture measuranant is made to indicate the amount of thermal &g .ision which is

-9 - 8072-6A~0156-3
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&. A link or bame to span the portion of the specimen owar which toe strain
is to be measured. The beas can be pade of the same material as the speci-
men, thus eliminating anv length difference due to differential thermal
epansion. This makes the gage self temperature oompensating.

i
Eal
¥
i &
I
gﬁ
i !
1
i
g 8

]

-7
>
&

tanperature sensor to mmasure the taperaburc change betwesn
the beam and the test specimen. This indicates the awount of thernmsl
expansion required to restore the bemm length to that of the test specimen

4.5.1.1 Sequen.s of Opsration
= saguence of operation of s typical thermal null strain gage is as
m:

b. mmmdmwwm:owwm

c. The specimmn is mechanically strained in tension.

d. The position detector senses that the gage beam length is lexs than speci-
man span.

e. The heater is energized to thermally expand the gage beam until the position
datactor indicstes that the delta langth has retuimec to zero.

i f. Tha Gifferantial temperature sensor measurca the change in tamperature
b o wemn s specimen and the gage basm which is proportional to the amount
- N of induced thermal mpansion ragquijed t0 eual the applied mechanical
B strain. T output of the tamperature sensor is calibrates directly in
texms of mechanical strain.

4.5.1.2 Msaswing Compression joads

7o make the gage capable of responding to caprassion loads, a "Dias powam™ is
applisd to pre~teat the bsam. The position detector is then adjusted to nuil
out the incressed length. Fram this pre-heated condition, the beaxm will con-

i tract by decrwasing the heate: power. Tha temperature sensor responds to a
decreass in beam teperature to Jndicata compression strain.

:
v
£
k

1

-9 - CO12-6A-0130~3

e

54

S PSR EEIAINGIN s wrr—e —m  = e P - gy W = -

- D e e M ———

LA NE



L S B VY W A N . W

L R 2P

Spece Division
North Amencn Rochwed

ELEMENT (INSIDE TUBE) POSITION DETECTOR
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4.5.2 Strain Gage Configuration

The gage configuration shown in Figure 4.5.1-1 is apgroximately 1.25 inches
long and consists of the following components:

a. The beam or link is made of .040-inch tubing rigidly attached to the test
specimen at ahe end. The other ¢nd is free to sove in the axial direction.

b. The heater consists of a small-diameter, high-resistance wire, coiled to
form a helix and located inside the tube.

¢. The position indicator is a ¢*fZ_-ential capacitor consisting of three
plates, ane of which mover .n relation to the other two fixed plates.

d. The tempsrabure sensor consists of a ‘herropile having alternate thermo-
ccple junctions on the specimen and on tubs. The thermopile indicates
the tempa.ature change in the _ube required to null the position indi~
cator. The voitage generated by the temperature sensor is used directly
to indicate the mechanical strain output of the system.

4.5.3 Gage Performance

Fiftean gages were fabricated for testing. Inconcl-X, Rene 41, and Haynes 25
were used for geges and load test specimens. Tests were conxiucted on all
three alloys at temperatures up to 1500 F and at mechanical strains of vp
to 1500 microstrain.

The performmnce charactexristics of the therrmal null gage are dependent on the
ins.antanecus thermal expansion of the test specimen and gage beam and the
instantangous response of the thernopila. The gage pariuimance consisted of
evaluating the following characteristics:

a. Mechanical strain sensitivity
b. Apparent strain output
©. Mechanical strain sensitivity over the operating tamperatuce.

The test rsuln ware very favorable for the mechanical strain sensitivity and
apparent strain output. lowever, the mechanical strain sensitivity as a func-
tion of tewperature showed a decrease in sensitivity above 750 F. Thir~ sensi-
tivity decrease was due to the increases in thc thermal expansior. coeffic-
ient of the tubs and specimen. Below 750 ©° this thermal epansion is can-
cellid by the thm woowpls elactro-motive force coefficients.

4.5.4 Conclusions

The thammal null concept provides a technique for reducing errors in high
temparature stiain msasurenents. The measurement range of the gage depands
nn the expansion and contracticn limits of the tube. The expansion is limited
by the available power to the heater and the contraction is limited by the
abient tamparature. At the time of this writing the gage is not .xxwercially
available and is limited %0 evaluation and laboraiory wie.

-9 - 72670156 -3
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4.6 ORICIUSIONS AD REOOMMENDATIONS

Of the three strain sensing devioss evaluatud, anly the capacitance gage is
Copable of operation in a 1500 F to 2000 F tharmal environment. However,
this device is still in the prototype design stage and is not cammercially
available. It has only been eva.uated under laboratory canditions and has
never bhesn subjected to flight environment. The current designed gage,
with a 0.50-inch gage length, is small enough for airborne application if it
15 capable of surviving the acoustic and dynanic environments associaced with
high-speed flight.

The thermal-null gage is almo in the prototype design stage. The concept and
gage performance has been proven in laboratory tests in a 1500 F tharmal
envirarmnt. The current design has not besn tasted for airborme applica-
ticns. However, test results to date indicate that the principle could be
developed into an airborne gage.

Electrical resjstance strain gages are cwrrently swvailahble “hat wiil measure
static strain i, a 900 F ¢ rirorment and dynamic strain in a 1500 F environ-
ment. The saain gage elenzat alloys presently available have questionable
stability in the 800 F to 1000 F tamperature range or producs undesirable
outputs ¢t 1500 F.

Until such a time that cspacitance strain gages, or thermal-null strain
gages becoms available, the following is recamended for h.gh-temperatuie
airborne strain measuring applications:

a. Use resistarce strain gages having platimm tungsten alloy elamants.

. Use actiwe and dummy gages with canpensating resistc_s for temperature
compensation.

¢. Use weldable gages if possible. If walding is not possible, use flame
spray for attaching gages.

d. 1f the gages are to be used in a tharmal enviranment above 800 P, the
ingtallation should be evaluated in a laboratory prior to actual flight
testing. This will verify propex selection cf the gage ad identify the
magnitude of thermally induced errors which will aid in interpex: .
ths accuracy of flight data.
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