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ABSTRACT

The DICHRQIATIC RADIATICN PYRGMETER is an instrument fer
deteraining temperatures of hct oby; ects, narticularly turbine
blades and other jet englne parts, by measuring the vadiation
they emit, Tha principal feature of thia instrumens, which
distinguishes it from conventionnl total radiation prrometers
and optical pyrometers, is tat the temperature is obiained in
termms of the ratio of radiaticn intensities at two different
wavelengths in the emisslon spectriun ¢f the hot part, DBy thie
means, the =2flects of surface emissivity and amblent corditicis,
which limit o prevent the use of conventloaal pyrometers, are
elininated.

The basic principles of the T'ICHROUATIC PYRCALTER wera
studled theorctically and experimentally, and an exporimental
instrument was develcped and tested!, The results obiained in

CoW
the course of this work lad to two main conclusions: i ’f
)
1. The instrument represcnts a practiecal cpvrouch to
temperature measurenent in jet enginoc and in sinllar epplica-
tions,
2, Sufficlent design data and laberatory experience have

been accumulated to begin enginecring werk on a field instiument
for use in engine test and developront work.
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THE DICHROMATIC RADIATION PYROLETTR
i. T:TTRODUCTION

The trend toward higher operating temperatures in gas turbines,
jet engines, and rockets has imparted increasin; importance to the
measurement of tewperatures of hot engine parts, including turbine
blades, and has stimulated interest in new approaches in instrumenta-
tion., The conventional method is to attach temperature probes to
the parts. This has led tc many difficult problems. The difficul-
ties involved in attaching tewperature-sensin; elemenis %o blades,
ate, can be avoided by the use of a radiaticn methed for measuring
temperature, However, the conditions prevailing in engines limit
the anplicability of the conventional optical pyrometers and total
rediation pyrometers. The DICHRO'IATIC RADIATIOT PYRC.ISTER which
forms the subject cf this study, represents a new apnrcach, which
has been exnlored in an effort to fill the need for an instrument
to obtain accurate measurements of temperatures of engine parts,
particularly turbine blade temperatures. The work and the results
are described in the following pages. DBut first, a few remarks on
the conventional radiaticn instruments are in order.

Wher measuring hizh temmeratures, in cases vwhere contact with
the hot object is inmpractical or undesirable, optic?1 nyrometers
and total radiation pyrometers are frequently used. ) The total
radiation pyrometer is usable from about 40° C.
to the hijhest tewmeratures. The range of the on tical
pyroneter extends upwards only from about 800 deg. G,
since below this tenperature insufficient luminous radiation is
enitted from hot solide for a readin; to he taken. These instru-
nents are calibrated against the temnerature of 2 hct object com-
pletely enclosed in a region of uniform temperature, such as the
interior of a furnace. This is comionly referrec¢ to as calibration
for blackbody conditions. Vhen measuring temperature of a hot object
outeide such a hozozeneous enclcsure, a correcticn must be made to
the reading of the instrument in order to cobtain the true temper-
ature. This correction must include the factors of emissivity of
the hot surface (2) and absorption of radiation by combustion gases,
snoke, etc. Emiscivity of the surface dernends on the condition
of the part and its behavior under intense heat. The absorption
depends on the anount, type, and tewnerature of gases (usually
combustion gzases) between the instrument cnd the part.

- e e s t——

(1) Forsythe, '.I., The lcasurcment of Radiant Energy
(fcGraw-"1111 Book Co., Wew York, 1937) ». 355 ff., =
(2) loc. cit.,n. 379
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In practical work where the emissivity and absorption factors
are unknown, for example, in a gas turbine, and particularly wvhere
they vary with time, the introduction of corrections is not prac-
ticable, and accurate measurements cannot be obitined with the ‘
conventional optical and radiaticn pyrometers. In the case of a
turbine blade surface, the surface enissivity changes due to oxi-
dation, deposits of fuel residues, etc., and the space between the
turbine blade and the measuring instrument is filled with hot com-
bustion gases, which do not have unifcrm transmissicn, and which
emit radiaticn of their own. Exanples of similar temperature mea-
surement problems are combusticn chambers and afterburners in jet
engines, metallurpical research involving tests of high tempera-
ture materials, and measurements on molten metals. In order to
apply radiation methods to measurements of this type, it is
necesnary to employ a technique which is indenendent of emissivity,
gas transmission, and gas emission. This i3 not possible with the
total radiation pyrometer, nor with the optical pyrometer. A
different apnroach is therefore indilcated,

The DICIROIATIC RADIATION PYRGIETER makes use of the well-
known fact that emissicn of radiation varies with temperature and
this varlation is different for different wavelengths in the speec-
trum of a hot solid. This means that, at any given wavelength,
radiant emilssion changes with temperature. But, in addition, this
enlssion, at any given temperature, varies with the wavelength.

If, therefore, one selects two different wnvelengths of the spectrum,
the ratio cf the intensities cf emission at these two wavelemyrths
| also changes with temperature., This ratio indicates temperature

in the DICHRQIATIC PYROETER. The instrument is so desiyned that
i1t measures radiation at two wavelengths eiitted from the same area
of the hot object. The enissivity factor is therefore the same
for both emission measurements and cancels out in the ratio. The
absorpticn losses cancel also, since both measurements are made
over the sane optical path. In additlion, the two wavelengths
used can be chosen in a part of the snectrum where combustion gases
are transparent and do not radiate appreciably, so that they do not
interfere with the measurement. Thus one of the most imnortant dis-
turbing factors of conventional radiation instruments is eliminated.

{ Ratio-tyne instruments, known as "twc-color pyrometers" have
been described,(3-7) employing ontical filters to separate the two

~ o
.

(3) Hottel and Broughton, Ind,Eng.Chet.,Anal,Rd. p. 166 (1932)

% (4) G. taeser, Proc.Inst.Fuel ». s38 (1939)
(5) "Temnerature" (Reinhold, New York, 1941) n. 1159
A.I.Dahl and ?.D, Freeze, USAF Tech.len. 6063 (1950)
(7) A.F.Gibson, J.5ci.Inst. 28, 153 (1951) g
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wavelengths. While, in principle, the use of filters is an apparently
simple means of separating regions of the swectrum, in actuality
satisfoctory filters are not available. Existing filters do not

cover the proper region in the infrared where nost of the radiation
from hot turbine blades occcurs, and it does not seem possible by
meang of filters to obtain preclse definition and senaration of

two suitable wavelength regions for a ratioc instrument. In addition,
runmerous prectical difficulties are involved in the use of filters.
The DICHRQIATIC FADIATI(I] PYNOINTER separates different wavelengths
by dispersing the radiation with a nrism.

It was the purpose of our progran to follow 2 baslc apnroach
in the develcpment of the DICHRCATIC NADIATICYN PYROMTBR. This was
caerried cut {irst of all by determining suitable wavelongths, band-
widths, and other desisn parameters in the spectrosconic laboratory.
The next phasc of the progrem was the development of an instrument to
demonstrate and prove the practicability of the methed as such, In
fulfilling this task an instrument was designed and built for maxi-
mun experimental poscibilitles. It incorporates an infrared mono-
chromator, sc that wavelengths can be selected over a wlde range.
The optical as well as the mechanical and electronic units also
wore desismed to permit experimentatlion with varlous types of
avparatur, Finally, the program included extensive laberatory
tests, demonstrations and tests of the instrument in the field on
a combugticn rig, at the Philadelovhia Mlavy Yard. The general con-
clusicns and recoamendations of our work are summarized in Sec-
tion VI. In additicn, numercus potential apnlicaticns of the DI-
CTIRAIATIC PYRUIFT:ER were analyzed, and are described later in this
report, under "Anslicaticns of the DIGHROMTIC CYROWITRY,

IT. TIEORY

Previcus treatments of the principle of the DIC'RGIATIC
PYRGIATER have invariably been bascd on the am»yroximate rodia-
tion law of llen, However, the usc of lien's anwroximation is an
unnecessary restriction, since the basic nrincivle of the DI-
CHRCTATIC FPYRUIETER can be derived from mcre fundamental thermo-
dynamnic consideralions, as we will show.

To start with, the thecretical basis for the DICHRCIATIC
PYRCTITER follows from the Wien disnlacement law and Kirchhoff's
law. The dispnlocement law may be stated as follows. Consider a
source of blackbody radiation in equilibrium at temmerature Ty.
I the temperature of the blackbody is changed to a differcent




value Tp, the wavelength of the part of the radiaticn in the

spectral range dM at Ay 1s changed to the range d\y at Ay in
such a way that

AIT = >‘L7:- > (1)

and the corresponding spsctral brichtnesses are releted by the
expression '

e s
ﬁﬁ‘.. = .I.._ ; (2)
—-rf'
N, b &

In other words the spectral brightness of a blackbody radia-
tor increases with inereasin; tenperaturs, éncreasing at a greater
rate at shorter than at lenger wavelengths. The corresponding

expression for the snectral brightness cf a blackbody at tem~
perature T is given by

J: = C!)\-:.‘F <)\T) 3 (3)

where A is wavelength, T the absolute temperature, ¢ is a con-
stant, and £ is some function of the quantity (AT). It follows

from the displacement law that for any sucecession cf increasing
values of T, we have

»

For a detailed discussion, see fcr examle Richtmyor and Kennard,
Introducticn to ‘federn Physics ('fcGraw-'ill,MNow York 1942) p. 154 ff.




43, , 43,
dT =~ 4T

’ (4)

where Al and A2 (A< N2) are any two wavelengths, Therefore, the
ratio of intensities J}\]_/J)xz will be a monotonic function of the
temperature. '

Accordin: to Kirechhoff's law, if one considers a thermal
radiator of emissivity ce), vwhere e}\< 1, 1ts spectral brightness
at wavelength A is given by the prcduct ey J,. Ve, therefore can

write
P -& .
e J, _ e)‘c,), ‘F(A' r) . (5)
= = ==
e"z:&z. eALc‘A'L ‘:F()\ll )
and, 1f in additicn, ‘ 71(
T (6)

we obtaln the relation

«

I {X_) $AT) : (7)
J)L - \ ’\g 'f'O\,_T)

Equaticns (4) and (7) forn the essential basis for the DI~
CHRGIATIC RADIATICN PYRCIRTITR,

o Ao B
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For practical work boil the Vien and Planck forms of the
function £{AT) are useful, and these are discussed in detail in
Appendix I. However, it slould be noted that the walidity of -
the method depenés on purely thermodynanic concideraticns, and
not, cn the form of the function £(AT).

If Wien's amproximaticn is used, the temperature function
becomes

i =) & (8)

I's _L....L.)
J;‘ -(\") (CL/T) N
Ay xl

On the other hand, the Planck functicn leads %e the form

2 e a.T :
‘~(€_ }/3\ 1 }

\};‘ = ( L;) ’ (9
J-XL )‘l (é&L]A'T— l) 2

hile the trooretical egraticns sorve tc elucidate the T
theory of the DITTTRCIATIC "ADIATICT PYROIMTER, the design of an
instrument docs nou necessarily involve explicit use of the
fcimulae. OSince we know thet the ratio of intensitles varies
monotonically with temneraturs, it is sufficient to calibrate the
instrument against a source of !mown tenperature. (n the other
hard, if cne desires to extend the calibration of the instrument
beyond the range pogslble with a convenient socurce whose temper-
ature can bes determined by cther means, then 1t 1s necessary to
, extrapolate the calibration beycnd the limits of experdmental 1
; points. For this purposs the equations derived may be emplcyed. ]
| , Either the Wien cr IPlanck foras of the functicn £(AT) may be !
used, depending unon the accuracy desired.

Iven if the theoretical equaticns are used the calibration
i of a physical instrument will not usually be absolutc. This is
. due to the fact that the physical instrument measures not the
ratio J;l/ﬁﬁz but instead measures the ratio




_'L,‘_- _ jA).‘ 0()‘:!;61)\ : )
I, ) f o(xJ;d)

AN,
where I, and I are the observed outputs of the instrument,
ﬁ% ABAQ are the bandwidths transnﬂtted by the optics,

and cxg_is the "transmission factor" of the system. The quan-
titye{\ incorporates the transnission of the optical systea, the
sensitivity of the radiation detector, and the gain of the ampll-
fying circuit. For sufficiently small values of AN and AN,
Jxl and sz are nearly constant over the respective bandwidths,

and hence equatlen (10) is aporoximated very closely by

(I,\, /I\L> = A,XEJ;. /J;L) . (12)

where

|
Kon, = <, AX, /S, AX, . Xl

M

is 2 constant of the instrument. The shape of the (I /I )vs.

T curve is therefore the same as that of the (J, /LAE) curve.
Since the shape of the curve depends only upon the choice of the
two wavelengths 11 and Ag, it is sufficient for practical pur-
poses to use a single experimental point to fix the ordinates of
the calibration curve; the coanlete curve is then determined by
the theorctical equation., The temmerature cf the calibrating
source should be determined by the wethc?s preacribed for the
International temnerature scale of 1949

(8) Stimson, H. F., J. Res. 'BS 42, 205 (1949)




Because of the fact that the ratio of intensitlies at any two
wavelcngths depends only on the temperature, we have a means of de-
fining a temperature scale for the instrument through the nedium
of the Planck radiztion law, without reference to calibration. The
temperatures so defined are then temperatures on the absolute
thermodynamic scale, rather than the International scale. The ad-
vantage of operating the instrument on such an absolute hasis lies
in the fact that the system thereby becames self-contained and re~
quires no reference to an external temperature standard. The use
of the DICHROIATIC PYROILTER as an absolute instrument is dlscussed
in Apvendix II.

ITI, W{ISSIVITY BASURTMUNTS

In order %o determine suitable valucs of the various para-
meters involved in the DICIMCIATIC RADIATION PYRCGRTER, as well
as to verify the assuantions upon which it is based, a progran of
experimental measurements was carried out in connection with its
desizn., A high cdegree of variability was included in the instru-
nment so that many of the quantities invelved in its desizn and
operation coild be fimnlly determined on the basis c¢f these research
results, subcequent to fabrication.

Measurements were made of the infrared emission from samples of
turbine blade materials, The measurements were carried out by heat-
ing the samples in a furnace and measuring the radiation with an
infrared spectrophotometer. ‘leasurements were made over the spec-
tral range 1 to 3 microns, for various s-ectral tandwidths. These
meazurements wore conpared with snectra of other materials of mown
emissivity, and 2lso with flame spectra,

The relative emissivities of the samples showed little or no
variation with wavelength for temperatures un to 2000°F. This ]
confirns the assumption that the emissivity cancels out when we !
measure the ratic of two intensities, which is one of the basic !
principles of the DICHROGIATIC RADIATICY 'YROMETER. The measure-
ments are descrited in detail in Apvendix III.

Ta
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IV. DESGRIPTION OF THE INSTRUMENT

A, Optical Syatem

The DICHROATIC RADIATION PYRULETER congists essentially of an
infrared prism mcnochromator which has been modified to transnmit
two wavelengths sinultaneously, plus an infrared detector and
electrical system, by means of which the ratlo of intensities at the
two wavelengths can be measured, The complete instrument is shown
in Figures 1 and 2,

The prism 1s made of fusmed quartz, This material is trans-
parent throughout the 1-3.5 nicron ran;e of the infrared spectrum,
has high dispersion, is mechanically and chenmically stable, and
noderate in cost., Detailed data on fused quartz are given in
Ap.')endix IVO

In vorking cut the optical system a number of methods of sep-
arating the two wavelengths were analyzed. In this connection our
deaign studles emphasized the flexibility required in an experimental
or pilot model ingtrument, rather than attempting to develop the
ultimate in a commercial-type instrument. The use of filters was
considered, but as has been nrevicusly discussed, found unsatis-
factory. A bagic deslgn question was whether to use a two-wavelength
system with a single detector uncn vhich both radiation signals are
incident, or two separate detectors, one for each wavelength. The .
uge of two separate detectors was found to produce undesirable com- | $
plications in the electrical system, as well as difficulties in i
matching and replacing detectors. It was therefore considered pre-
ferable to proceed with a deslgn using a single detector.

The requirements for the detector itself were that it provide
hish signal-to-noise ratios for the spectral region 1-2.5 microns,
that it be ruzpged and stable in construction, and preferably have a
high internal iapedance, to permit direct connection to the grid
of the anplifier, Hoderate speed of responce (up to about 50 cycles)
wag also a requirement, Two available detectors which meet these
requirements are the lead sulfide photoconductive cell and the
thernistor bolometer, The lead sulfide cell has the advantage of
much higher sensitivity - of the order of 100:1 -~ than the bolo-
neter in this spectral regiony it has the disadvantage as compared
to the bolometer of having a high temperature coefficient of sensi-
tivity. Provided that the temperature coefficient is the sane for )
both wavelengths to be used in the Dichromatic instrument, the tem-
perature coefficient is not a seriocus drawback, since for most procti-
cal purposes the effect cancels out in talking the ratio. However,




it was necessary to verify experimentally that the temperature co-
efficient is not markedly dependent uwpon wavelength. A series of
tests was accordingly conducted to check this point, and the results
are described in Anpendix V. It was found that the temperature co-
efficient is, within the accuracy of the meagurements, independent
of wavelength. This agrees with measurements made by other in-
vestigetors,(?

The optical system is shown achemntically in Fig. 3 and 1llus-
treted in the photograph of Fig. 4. Radiation from the target at A
is reflected from the plane mirror My, collected by the condensing
mirrce 42, and focused on the entrance sllt Sl. The plane anirror
43 1s on a sliding amcunt which can be moved alcng the track T and
intervosed in the bean so as to turn it 90 deg. toward the screen SC,

The mirror and screen arrangement is used in aligmment for
visual sighting cn the target; nomally the nirror Y3 is in the re-
tracted position. To aliin on the target the entrance window i1s
faced in the direction of the target and the instrument moved until
the target is centered in the crosshalrs on the screen SC, as soen .
through the viewing window. For this observation the mirror 43 is
pushed forward intc the extended vositien., The distance from M3 to
the screen is equal to the distance fron M3 to the slit, so that
when the target is focused at the former, as judged by visual ob-
servation, it is equally focused at the latter when the airror M3
has been withdrawn to its normal retracted position.

The chopner C 1s located close to the entrance slit and inter-
rupts 1ight to the upper and lower halves of the slit alternately
at a frequency of 13 cycles per second. The node of operation of -
the chopner is illustrated in Fiz. 5, which shows how the two sector
cutcuts are located with respect to the slit, The cutouts of the
chopner are 180° apart, so that the unper and lower halves of the
entrance slit are exposed and magked alternatelyy since the entrance
slit ina;je is inverted by the opticeal system, the upner and lower
halves of the entrance slit itself correspond to the lower and upper
halves of the exit slit, respectively.

< i

The precise chopping frequency used is not critical, and 13
cycles was chosen becauso of the availability of a standard commer-
cilal chopper-rectifier unit, The rectifier part of this assembly
is a gynchronous comnutator uwhich consists of a set of three cam-
driven breaker Hoints which oven and close synchrcnously with the
interruption of the two light beans. The cneration of the breakers
wlll be dealt with morec fully when their functioning in the electrical

e

(9) S. . Duffield, S-mposiun, Ohic State Univ., June 1952, Paper I 2
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system i3 discussed.

The optical system of the monochromator is that of a Perkin-
Elmer 'lodel 83 instrument, with the exception of the snlit Littrow
mirror. Referring once more to Fig. 3, light frca the entrance
sl1it 1i1lwinates the collimator mirror M4, which in turn fills the
prism PR with 1ight. The dispersed beam from the prism is returned
by the twe halves of the split Littrow mirror and focused on the
exit slit by 44 and 5. Light from the exit slit 1s turned 90° by
the small mirror M6 and illuminates the ellipsoid M7. The radia-
tion 1s condensed by the ellipsoid onto the target surface of the
detector, D. The detector is an Bastman Kodak chenically-deposited
lead sulfide photoconductive cell.

The split Littrow mirror is illustrated in Fig. 6. The two
halves are independently mounted on co-axial shafts in ball bear~
ings, In addition to motion arcund the ball bearings, the entire
assenbly can be rotated about the commnon axis for adjustment vur-
poses, Wavelength settings are made by means of the lever arms
which control the rotation of the adjustinz shafts, Each lever amm
is driven by a Brown & Sharpe micrometer, scales cof the micrometers
being calibrated for wavelength. The wavelength calibration of
the micrometers is given in Fig. 7. By means of the micrometers
the wavelengths of the two halves of the Littrow mirror can be set
independently. The mirror hzlves can be tilted from the vertical
by means of adjusting screws, which push against spring retalners.

The operation of the system is 1llustrated in Fig. 8. The
angles cf the two Littrow mirror halves are adjusted so that
wavelength A is transmitted from the upper half-mirror and waves
length X is transmitted from the lower half-mirror, beth being
brought to a focus at the exit slit. The mirror halves are then
tilted from the vertical so that the images overlap as shown in
the figure. When the unper sector of the chopper is open the upner
half of each spectrum image is illuminated, while when the lower
sector 1is in the open position only the lower half of each slit
image is illuminated. When neither sector is open both slit images
are dark and no light is transmnitted to the detector. The upper
half of the upner image and the lower half of the lower image are
cut cff by the adjustable knife edges, so that only the overlapping
portions contribute to illuminating the detector. It is evident
from the figure that only one of these is illuminated at a time,
dependent upon which sector of the chopper is in the open position.

Consequently, only one wavelength radiation gets through to the
detector at any one time.

Several other methods of separating the two wavelengths were
analyzed, and are discussed in Appendix VI. The methed used in this
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experimental instrument was selected primarily for its simplicity
and adaptability, and because it required a minimum of engineering
to construct., A mors refined design wlll undoubtedly be necessary
for a practicai instrument, znd this will be discussed later on.

B. Sengitivity and Resoclution

The optical unit was designed for a working distance of 4 feet
froz target to instrument. At thls distance an image of the target
is rrojected onto the entrance slit of the instrument reduced to
1/5th actual size. As the full size of the entrance slit is 12 mm
high by 0.5 om wide, the target must be 5 times this size, or 60 mm x
2.5 mm, in order for 1ts image to fill the slit. However; in many

' applications 1t is desirable to make measurements on a relatlvely

i small area of the hot object. In order to provide for this, a set
of adjustable horizontal knife edges were introduced in the entrance
slit plane. By means of the knife edges the {ield of the instrument
at the target can be reduced to very small dimensions, so that "spot"
tenperatures can be obtalned.

The smallest area on which the DICHRCIATIC PYRCIETFR can measure
i1s detemined by ener:’y considerations. The minimum workahle signal
to nolse ratio required for accurate results 1s approximately 200:1.
In the circult used in this instrument the detector nolse anounts
to enproximately 50u-Volts., Thus a signal output from the detector
of 10 millivolts is required in order to have 200:1 signal/noise
ratio. The senaltivity of the lead sulfide cell varies considerably
with operating conditions btut on the averege a signal of approgi-
mately 0.1 u~watt radlant energy is required in order to obtain
10 millivolts electrical output. The energy received by the detector
depends upon the gize of the target area viewed, on the temnerature
of the target, and on the cptical aperture of the instrument. In
thas present instrument an aperture of 80 mm is used. With these optics
an erea cof 0,12 Inches by 0.02 inches has been measured satisfactor-
1ly at temperatures down tc 10000 F. The actual target area in the
field of view depends upon the distance c¢f the target from the instru-
ment!;,. In the sresent case the target was located four feet from the
instrument. This resulted in a 1/5 minification of the tarzet area
in the optical system, as mentioned above. The area actvally sur-
| veyed by the iastrument was, therefore, 0.6 inches by 0.1 inches.

It 1s apparent that a varlety of combinations cf the threo

, factors, - area, ontical aperture, and temnerature are nossible.

| The functional relations are discussed in Appendix VII. With the
present ingtrument an area at the target as small as 0.04 x 0.04 inches
can be measured at a distance of 1 foot for temperatures of 1000° F

l and up, In general, at larger distances, larger areas are required

‘ - in order to obtain accurate readin:s; however, this can be modified

by the use of a telescopic sight in conjunction with the instrument. |
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C. Slitwidth

The DICHRCGMATIC I'YROETER is used to measure temperatures of
solids, and the emission spectrum of a solid radiator is continu-
ous for all wavelengths., Therefore, in determinin:g what slitwidth
to use in the monochromator we did not have to consider the question
of resolving power, which is ordinarily cne of the greatest problems
in infrared work.

So far as absorption bands due to combustion gases, etc, are
concerned it is desirable that the slits not bo so wide as to over~
lap any portion of these bands., The extent of this linitation is
indicated in Fig. 9. This exanple shows that a slitwidth setting
of 0.07u. &t wavelength 2.1 can be used wlithout cvarlapping the at-
mospherie absorption tands. A wider slit would result in over-
lapping of the 2.2u bend, which might result in errors, due to
changing hunidity.

In genersl, for a solid radiating source the energy trans-
nitted to the cetector is proportional to the square of the slit-
width, as long 23 the source inage fills the slit. Thus there is
an advantage to using wide slits, as this enables one to nrovide
ample energy for the detector, thereby obtaininzg a high signal-
to~nolse ratic. Ilowever, if too wide a slit is used, the wave-
lengths M and N are no longer precisely defined, equation (3)
does not apply, and the calibration becomes purely empirical.
Since it was desired to avoid this latter condition, measurements :
of the variation of J7/Js with temperature were made at various W
glitwidths, As shown, for example, in Fig. 10, the theoretical and ‘
experimental curves do not depart appreciebly from one another at
slitwidths up to 0.4 mm.

In addition tc the effect mentioned above there are two other
practical limitaticns on slitwidth., These are the small size
(0.2 x 2 mm) of the photocell surface, upon which the radiation
must be condensed, and the effect of saturation of the electronic
circult by excessive signal.

In the instrument built under this program saturation is the
controlling factory the widest slit which can be used is that slit-
width at vhich the syste1 is below saturation for the highest
tenperature to be measured. Fortunately, for this slitwidth setting
at about 2000° F there is still sufficient energy for measurement
purroses when the temperature is reduced to 1000°. It is there-
fore not necessary to change the slitwidth over this range.

The width of the slits has becn set in co-crdination with the
separation of the adjustable knife edges in order to provide a




compronise hetween non-saturetion of the system at the high
temperature end of the scele and adequate signel at the low end,
Changing the noaiticn of the knife ed:es changes the amount of radia-
tion received by the instrument for a given temperature of the tar-
get, and consequently the slitwidth nay have to be changed if the
knife edgcos are re-adjusted.

D. Mavelengths

The wavelengths for the DICHRGIATIC PYROILITR wers chosen in
the following way. In the first place the amount of energy avail-
able for tho instrument should be as large as possible, and there-
fore the wavelengths for the instrument should be as close as possible
to the peak in the emission spectrum. The locatlion of this peak is
dependent upon the temperature, shifting towards shorter wavelengths
as the temperature increases. The relative distribtution of enorgy
over the spectrum is shown in Fig. 11 for temperatures of 1000° and
2000° F, The next consideraticn is that the two wavelengths shculd
be smaced sufficiently far apart so that adequate sensitivity is
obtained. The criterion for this separation is obtained from
equation (8) or (9).

In addition, the selection of the twoe wavelengths A and Np
is conditioned by the nccessity for avoiding atmospheric and fisme
gas absorption, as well as flame emission, To make this clear the
emission spectra of some hydrocarbon combustion ases are shown in
Fig. 12, Emission bands occur near 1.9 microns, 2,2 microns, and
2.7 microns in the spectrum, and corresponding absorption bands
occur in the atmospheric snectrum. In order to avoid having a large S ™
component of gas radiation superimposed on the emission from the 7#
turbine blade surface, as well as to avoid distortions produced by bt
fluctuations in the water vapor content of the atnosphere, wave~
lengths in these absorption bands had to be avoided.

Because of the relatively high concentration of atmosnheric
absorption bands in the region extending from 2.5 mierons towards
lonpger wavelengths, this region wns excluded. We therefore had a
cholce of pickin: the wavelengths from the ranges 2.35 to 2.51
microns, 1.99 to 2.12 microns, and 1.40 to 1.79 nicrons. Referring
to these regions as 1, 2, 3 respectively, one could choose one of
the followiny combinations: Both wavelengths in 1, beth wavelengths i
in 2, both wavelengths in 3, or pairs of wavelengths in different
regions, as 1, 23 1, 33 2,3. Of the combinations in which both
wavelengths are selected from the same region, only region 3 is
sufficiently broad to pernit adequate separation, as required by
equation (8) or (9). lowever, the radiation neak does not extend
into this region until teuperatures over 2400° F are reached, the
bulk of the radiaticn at lcowor teiperatures occurring at the lenger




wavelengths, The combination 2, 3 gives a number of cholices for
the two wavelengths which resnlt in both adequate sensitivity and
adequate separation, The comblnation 1, 2 gives pairs of wave-
lengths which are too closc together, while the combiration 1, 3
are too far apart. The cholce of one wavelength in the regicn 2
and one in the region 3 was accordingly felt to be the most satis-
factory for the present purpose. The wavelengths ultinmately chosen
were 1.67 microns in region 3 and 2,10 microns in region 2., This
choice of wavelengths provides a variation in the ratio in/ﬁkz by
a factor of about 2.3 over the range 1000° - 2000° F,
which compares favorably to the vardation of approximately 2 for
the emf of a chromel-alumel thermocouple over the same range. The
J}ifblz ve, T curve is ncarly linear for thsse wavelengths, which
is convenient for setting up a temperature scale. The de-
tailed calculations are given in Aopendix VIII,

E. Electronic Circuits.

The signal impinging on the radlation dotector consigts of
alternate pulses at two wavelengths M and M, each train of pulses
modulated at 13 cycles., The detector output therefore consists of
a 26-~cvcle per seccnd electric sipgnal, alternate pulses being of
equal magnitude. The output of the preamplifier is fed to the cali-
brating switch, the cathode follower, volume control step-switch,
volume control, and the main amplifier. The circult arrangement is
shown in Fig. 13. The 26-cycle signal output of the final stage of
the amplifier is transmitted by way of a differentiating network
back to the chopper agsembly in the optical unit, and the signal is
apnlied across the breakers of the s'nchronous conmtator. Ths 7
breskers are driven by cams on thc same shaft which drives the '
chopper, so that the breokers open and close altermately in syn-
chronism with the opening and closing of the sector cut-outs of the
chopoer. Thus when sector 1, which transmits wavelength Ay, is open,
only breaker 1 conducts, while when sector 2, which transnits only
wavelength Ay, is open, only breaker 2 conducts. In this manner the
26-cycle signal of alternate equal pulses is separated into two 13-
cycle signals, each consisting of a train of equal pulses.

The two 1l3-cycle signals from the breakers are rectified by
the 6H6 twin diode. Rectifier I gets the full signal of channel I,
and Rectifier II gets a fraction of the signal in channel II de- .
termined by the setting of the calibrating control inserted between
the breaker and diode 11, One of the two sigmls proceeds by way
of the balanced tube voltmeter I. The other signal proceeds by way
of the balanced voltmeter II. The volume control step-switch
swltches the volume level of both signals simultaneously at the
input df the amplifier, and the volume control pernits continuous
adjustment of both signal levels. Varying the amplifior gain dcees
not vary the relationshin between the two signals, Therefore, if
the gain iz adjusted so that ono meter always reads the same




value, the reading of the other meter is proportional to the ratio,
and its scale can be calibrated in terms of tewperature. The con~-
stant reading channel is used as & mull indicator, and a Brown
potentiometer-recorder is used tc nrovide an expanded scale for the
readin; of the other meter., The tube voltmeter I sexrves to indicate
the signal in channel I, so that the comion volume control can be
adjusted to keep the indication of voltmeter I constant for all -
temmeratures. PFig. 13 indicates an automatic volume control for this
functicn, although it 4s bein; done manually at present. The output
of the balanced tube voltmeter II 1s, on one side, led through the
servo-amplifier input terminals to the slide of the sclf-balancing
potentiometer Rg and, on the other side, to the slide of the tempera-~
ture range potehtiometer R,. One end of the self-balanecing noten-
tiometor is connected to one end of this tenmperature range noten-
tiometer R, and the other end of R, is connected to one end of the
tenperature ranze resistance Rg. “The other ends of R, and Ry are
connected to the source of & balancing potential E,, The servo-motor
indicator moves the slide of R, toc such & position that the current
thrcugh the servo-amplifier inbut terminals becomes zero.

The "calibrating swltch" permits connecting to the input of
the cathcde follower oither the signal from the detected radiation
or a "test" signal derived from the "test signal generator." When
the test signal is on, the signal generator sunplies equal signals
to both channels. The test signal 1s, therefore, equivalent to that
tenperature for which the radiation received by the PbS cell is =
exactly equal for both spectral wavelengths., Uhether or not the s
measured spectral intensities are equal devends on the optical align-
ment, If the optical and electronic aligmment are correct, the test
signnl can be used to adjust the output of tube voltmeter II by means
of the "calibrating control" to the correct value relative to tube
voltmeter I, or to set the self-balancing potentiometer to the correct
point on its temmerature scale, corresponding to unity ratio for the 4
two inmmut signals., If the optical aligmment should not be correct,
then the calibrating control can be used to comnensate for optical
misalignments.

The circuits are described in detail in Appendix IX.
F. Calibration :

The instrument was calibrated over the ranze 1000° - 1350° F
by sighting it on a blackened iron wedge heated in a snall furnace.
The temperature of the wedge was measured by means of a calibrated
thermocouple, For the range 1350° - 2000° F the Pyrometer was
sighted on a globar radiator, the teuperature cf which was measured '
by an optical pyrometer. Resulis of the calibration are showm in :
Fig. l4. The calibration is believed to be accurate within + 7° F '.
over the range 1000° - 2000° F.
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Slight changes in the signal intensity from that used during
calibration are unimportant since these do not affect the ratio.
However, a differential change of sensitivity betwsen the two signal
channels, either optical or electrical, has the effect of multi-
plying the instrument calibration by 2 constant factor. In order
to guard agoinst this source of error the following adjus*ment has
been provided. The lower micrometer of the split Littrow mirror is
set to transmit 2.10 micron radiation. The upper micrometer is
normally set to transmit 1,67 micron rediation. For checking, the
upper nicrometer can also be set to 2.10 microns. When this is done,
the two signals should be equal, independent of the tempersture.
This provides a check on differential misaligmment, If the two
signals are no% equal, as indicated by the meters on the amplifier
chassis, proper adjustment can easily be made hy adjusting the
differentinl gain control until the two siznals are once nore equal.
If the temperature of the target is variable, the criterion in this
test is that the two signals, when the wavelerngths have been set
equal, remain equal when the temperature of the target is varied.
This provides a positive check on the aligmment of the instrument.
it is well to repeat that only a differential misaligmnment can
have any affect on the calibration., This is an advantage peculiar
to a ratio type instrument,

. V. FIELD TWSTS OF DICHRQMATIC RADIATICH PYROMETER

During the summer of 1953 the DIC'TRC!ATIC PYRCIRTER was set up
and operated in the Aeronautical Engine Laboratory of the Maval
Air Experimental Station, Philadelphia Navy Yard.* The test
facility used in this work consisted of a single burner of the
turbojet type installed on a horizontal axis, about 4 ft. off the
floor. The burner used aviaticn gasoline as fuel. An inconel
specimen approximately 5" x 1-1/2" was set up downstrean of the
burner and heated by the flame exhaust of the burner. Sixteen
thermocouples were arraned in four rows on the specimen, as shown
in Figure 15. The specimen was exposed to view on the side opno-~
' site from the thermocouple leads, and the DICHRCIATIC PYROMETER
was sighted on areas of the surface of this side of the specimen.
The burning was qults turbulent and uneven so that pronounced

Za
[ » These facilitles were made available by ccurtesy of the Bureau
of Reronautics, Navy Department. The tests were carried out
in co~operation with NALS personnel, unéer supervision of
. dr, J. A. Telerico and ‘ir. A. T. "furri.
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tomperature gradients existed across the surface of the speclmen.

For these tests the optical unit of the DICHROMATIC PYRGMETER
wis mounted on a rotary table, which was bolted down upon a portable
elevator table, as shown in Fig. 1. The instrument was aligned
on the target by sighting so as to obtain an ima;e of the target
area 1n the crosshairs of the viewing screen, The callibration
settings of the instrument were checked against the internal stand-
ard siznal, bv the method previously described.

The first data obtained are shown in Table I, where the ther-
mocouple rcadings and DICHROMATIC PYRCGIETER readings are coapared.
The measurements were alsc checked apgainst a standard optical pyro-
meter. Study of the data obtained in the first tests indicated
that the nmeasurements were affected by the very large temperature
gradient alons the specimen, existing in the vertical direction due
to uneven burning;. The gradient had an effect on the correlation
between thermocouple readings and DICHRGIATIC PYRUGIWTER readings,
since the DICURQIATIC PYRQIETER was measuring over a larger area
than the thermmocounle. In addition, the temperature distributions
measured with the therrocouples showed conaiderable variation.
Thls is illustrated in Figure 16, where the temperature difference
batween two adjacent thermocouples has been plotted against the
average of their readin:s. It appears from this that the temperature
distribution cver the actual target aroa was not always the same
for the same avera;e indicated thermocorple temperature., As a re- -
sult, certain differconces between theriocouple and pyrometer readings
must be exhected.  On the other hand, the gradient in the strean- :
line direction, at any hei;ht, was much less than the vertical grad- -
iant. Therefore, it was clear that a rotation of the instrument i

by 90° would provide target areas of substantially more uniform
tanperature,

In acccrdance with the above finding 2 new mount was provided
by WAES which enabled mounting the instrument in a vertical position.
The position of the target area viewsd by the instrument is shown
in Fig., 17, which indicates the effect of this change, The change
| in mounting necessitated elimination of the adjustable rotary table

previously used in alignment; after this, adjustments in aligmment
i were made by noving the elevator table, Although the instrument
|
1

had been dosigned for cperation in a horizontal position, its rigid
censtruction pernitted it to be operated vertically without apparent
impairment of its perfcrmance. The only change made in the instru-
mant vas the provision of a metal cover over the exposed chopper
assenbly, to prevent domage and to mininize the entry of dirt,

Follouin; installation of the instrumert in the vertical posi-
it tion it vas re-alipned on the target and additionel measurements made,
1
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These meaguremenis sxtended over the latter part of June and early
July. The data obtained are summarized in Tuble II. The data taken
up to July 9th, as given in Tables I end I1, have been summarized

in Fipure 18, The points corresponding to higher and lower temper-
atures during a given run lie on a smooth curve, and runs taken
within a short time of one another are in agreement. However, con-
sidering the data taken over the entire period, it is apparent that
inconsistencies exist amcng runs mads at various times.

At this point the ipstrument was demonstrated to personnel
of the Bureau of Aeronautics, and a meeting was held of represen-—
tatives of the Bureau, H.A.E.S., and Industrial Scientific Conpany.
It was agreed that in order tc show the applicability of the DICIHRO-
MATIC PYR(METER t¢ problems of temperature measurement in the field
it was nocessary to demonstrate reliable, reproducible results, In
order to carry out this purpose the program of measurements was
continued as deacribed below. First, some tine was devoted to
obtaining additional data, without changing the operating conditions,
in order to re-check the data previously obtained, ifuch the same
results wsre obtained as before: measurements taken over several
reneated runs agreed well with one another, but curves obtalned
several days or wecks apart showed certain deviations from one another.

Following these additlonal measurements, a check was made of
the alignment and operation of both the electrical and optical com-
ponents of the instrument. During this period a switch was added
to the circuit to the circuit to permit transferring the signel in
Chommel II over to Channel I, thus making it possible to read both
signals on the same nmeter.

A further series of tests were nade to investigate possible
effects of optical misaligmment. It was found that small deflections
of the instrument with respect to the target had no apwreciable
offect in disturbing the calibration. During this vork we found it
possible to reduce the apsrture of the instrument to approximately
1/2 of its original setting. For this purpose the adjustable knife
edges were moved closer together. The reduction of aperture further
ninimized possible effects of misalizmment and also reduced the
temperature gradient in the target area, by making this area smaller.

After these adjustments and checlks had been made the following
procedure was adepted: a globar * radiator was mounted on the burner
asgembly, in a position such that the DICUROIATIC PYRCRTER could
be sighted on either tho globar or the test specimen without any
adjustment other than changing the height of the elevator table.
This permitted frequent checking of the pyroncter scele against the

> The zlober is a silicen carbide rod about 1-1/27 long and 1/4"
in diametor, which is heated by -assing an electric current
through it.
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globar. Using this arrangement, a series of temperature runs was
made during September. The data obtained are given in Table III,

and are plotted in Figure 19. It is apnarent that the reproduci-
bility of tho measurements over short perlods of tlme, as well as

the long~-time stability, were both greatly improved compared to the
earlier data, In these measurements the mean deviation of immediately
following runs was within better than + 1%, while the mean deviation
of the whole set of runs was within + 2% of full scale. These re-
sults indicate that the method is inherently capable of good pre-
cision.

VI. SUFIARY AND RECCMEBNDATIONS

It was the purpose of the present project to explore the
practical apnlicability of the DICHRCIATIC radiation method of
measuring temneratures of hot solids. In the course of this
exnloratory study and as part of the project; the present instru-
ment was built, subjeoted to extensive tests; and demonstrated
in operation. In order to fulfill this basic concept of explora-
tion and test, particular attention was peid to construction of the
instrument for experimental purnoses. In fact, it was the very
idea of being able to experiment not only with the instrument as =
a whole but with irdividual components which direoted our design.

Inasmuch as no instrument of this type had been built before, B
our approach had to be basic, and the first task was to design i
and build an instrument which in the quickes® possible way and with
the least amount of comnlications could clerify the basic facts
and the workability of the method., Ve succeeded in establishing
the theoretical foundation of our work within a relatively short
time after its incepticn, and we could then proceed to the investi-
gation of components as well as allover layout,

Because previous experience was limited, it was necessary to

l try and test a variety of mechanical, optical, and electrical com-

ponents, and combinaticwm. The si-mle and box-like construction

of our instrument and the design for interchangeability facilitated

this werk. After the basic principles had baen checked out we

; prcceeded to varicus refinements, to the degree that we could predict
thelir results and check them in our own laboratory. This being

* done, we proceeded to the next step of testing the DICHROMATIC PYRC-
METER in the field, at the Philadelphia "avy Yard. This part of the
program was carried out together with personnel cf the Naval Air
Experimental Station, to whom thanks are due for their co-operation,
and help and advice on many occasicns,
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In the course of this work, the construction for striectly experi-
mental purposes proved its value, and made it possible to make all
adjustments on the spot, as they were indicated in the field work.
This procedure, of strictly applying experimental expediency and
followlng the principle of attaining conclusive experimental results
first instead of aiming at ultimate perfection, paid off. Ths
instrument worked from the very beginning and delivered experimen-
tal data. Variocus difficulties were encountered and overcome as
described above. The test results were interpreted and analyzed as
the work progressed, Improvements were made, and finally good
performance of the instrument as a whole was achieved.

Naturally such & procedure, while leading in our opinion in
the fastast and most direct way to a conclusive plecture of the
problem and its solution, doss not, by necessity, concern itsslf
with what is called "final design". In fact, this was nct the
purpose of the project. However, the experience gained was broad
and concluslve, and in the later stages of our work it became quite
clear that a definitive instrument for practical field purposes,
and beyond wh2t our experimental instrument had already shown, could
be designsed and buili. Alsc, a great number of data could be accu-
mulated wvhich would nake the desiyn and the construction of a field
instrument substantially an "engineering job'. In other words, we
believe thot our research and development actlvity has progressed
far enough to start with the final engineering, requiring, as far
as the instrument itself is concerned, only a small amount of re-
search, On the other hand the nhenomena observed and many other
congiderations indicate that independent of the work on a field in-
strument, a considerable varisety of scientific tasks can be envisaged
in which the experience gained during this projecti, as well as the
actually existing "experimental instrument" could be utilized with
great advantage.

The experimental instrument in several ways could be used
fag is". However, a certain amount of rebuilding and improvement
would certainly be advisahle. The list of our suggestions in this
respect closely matches the recommendations for a new or field
instrmment, and we list these recommendations herebelow with the
thought that they could be used both for reconditioning of the ex-
perinental instrument ond as a guide and basis for a field instrument.
The major points are outlined below. !lany of the smaller points
can be gleaned from the details elaborated in the pages of this
report,

1. As discussed in Section IV, the nresent instrument is operated
by nanually controlling the amnlifier gain to maintain the
signal in one channel stationary. The temperature reading is
then given by the deflection of the meter of the second chamnel.
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An automatic servo system to replace this manual adjusiment
would be desirable. PBesides beinz more accurate, convenlent,
and rapid, this would pemit continucus recorad-
ing of temperatures,

N
2

The present system uses a split optical system, consisting of
two pareliel channels, one half the radiation received from
the target being used in each channel. This arrangement was
of major advantage because of its experimcntal flexibility.
However, the resclving power, stability and a number of other
features could be considerably improved. While varlous ways
of effectinz these changes are possible, their purpose is to
use a single path method, in vhich both channels coincide,
instoad of the split systen of the experimental unit. This
can be done in several ways, mainly by changes in the optical
aystem and the chopper arrangement.

3. The electrical systen requires relinement. Both linearity
and stability of the anplifiers can no doubt be improved. The
scale of the instrument, now in arbitrary numbers, could read
the ratios and their corresponding temperatures directly.

b The alignment of the instrument on the target by means of the
ground glass screen proved satisfactory, but could be refined.

5. The present instrument is very ruggedly buillt and is usable in =
almost any position. As an experimental device its size wms
not considered inportant. However, it seems desirable to
reduce the size of the instrument in order to make it easier
to handle, and this could be readily done,

I
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VII. APPLICATICTIS CF T'IE DICMROIATIC RADIATION
PYROMETER

The redesigned insirument discussed above would be a definitive
DICHROMATIC FYRCETER for measuring temneratures at distances up
to about 6 feet. For measuvrements over long distances, above 6
fset, for which numerovs anpllications can be visunlized, the same
instrument can be used, with the addition of an optical system,
| (a telescopic sight). In the course cf this project such a sight
| has been investisated and fcund readily feasible {or measurements up
to at least 30 feet,

The DICHRUMATIC PYROGTITR 1is useful for measuring temmerature
- in many instances where cther instruments are not satisfactory.
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Some of the many applications are the follcwing:
1. Turbine blades, etc.
2., Afterburrer and tailpipe wall temperatures in jet engines,
3. Tailcone temmerntures.
4. Tomeratures of melts of unknown enissivity.
5, Temperature measurements in smoky or dusty atmospheres,

6. Furnace wall tenperatures where the optical path fgoes
through flame gas.

7. Temporatures in the interior of steam turbines.

Cne of the important applications envisaged for the DICHRC{ATIC
RADIATTCH PYRGIETER has been the moasurement of temperatures of
noving narts, particularly turbine blades in rotation., For these
applications some supplementary equipment may be necessary in addi-
tion to the instrument itself. Also a number of -ossibilities have
been worked cut to closely localize the measurement on particular
sections of the rotating member. We wish to explain this by means of
two 1llustrative examples,

Fig. 20 shows a rctating turbine whecl on a turbosupercharger,
When viewed in the position shown, the blades of the turbine wheel
form a continuous surface from which radiation is being emitted at
every polnt., In this figure the small solid rectangle shows the
area on the turbine wheel which is viewed by the instrument at any
particular time. The shaded arc shows the area gswept out in the
field of vieuw of the instrument as the turbine rotates., The width
of this ring can be made extremely small, of the order of 1 mm,
The radial distance may be varied by moving the instrument and
sighting on @ifferent points. The precise location sighted can be |
observed cn the viewing acreen of the instrument. In this arrange- ;
maent it is posalble to measure temperatures at various distances
along the blades from the rcot cut to the tip. !

Another example is the measurement of temperatures of blades
in a gas turbine, assuming that measurement is being made from the
tail end of the turbine, i.e., through the tailpipe opening. (An
alternative would be to make the measurement through an opening in
the side of the turbine wall,) In this case it is possible to
sigh%t on the turbine blades by the following device. A rotating
chopper can be introduced at some convenient point so as to in-
terrupt the radiation bean coming from the blades. This chopper
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can be synchronized with the rotation of the turbine, through the
turbine takeoff, so that the beam can be cut off whensver the
blades of the rotor are not in view, while the chopper pemits
radiation to pass when sections of the blades are presented to the
field of view., This scheme may be extended so as tc localize sec-
tions along the radius of the blades, and to permit measurement

on less than the full mmber of blades. Thus the possibllity exists
of measuring temperatures not just along circumferential strips, as
discusaed in the previcus exariple, but also at particuler points
on the blades, and on selected blades. A mumber of installations
exist where a clear view into the tailpipe is available, so that
this technique could be applied.
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APVENDIX I. APPLICATION OF THE RADIATION LAWS TO
THE DICHROATIC RADIATICGN PYRQIETER

If the Wien approximate radistion lawv is used, then an upper
limit is imosed on the range of temnorature which can be measured

with the DI“”RLiA"IC RADIATION PYROIETER.

This may be understood as follows., For any small wavelength
interval d\, the spectral brightness is given exactly by the
Kirchhoff-"lanck relation

-5, AT
g J dh = e (¢ - 5)d>‘, (1.2)

where e; is the spectral en1551vity at wavelength &, ¢; and cp
are the radiation constanta, and T 1s the absolute temperature.
Then for any two wavelengths Ay and My we have

TRCDIIY L2 e

Ca }v‘
_4\..,:‘5) dA, + QN ( 1 (’S: ’ 3."")_‘?_721 (1.2)
: '\'; J)_gd }\?.. eko k

If the factors of unlty in the parentheses are dropved and we
= assune ekl = s}z, we obtain the anproximation L &

Slo, /v Lol ’
"&,,d;t,?, . />w) @!‘61‘ ' )()"3' ’\“') . (1.3)

T, A, AN,
The approximation is accurate tc within 1% in J), provided

that the product AT does not exceed 0.3 cm-deg. This equation
can be solved explicitly for T, and one gets

- q(\ >3

= s » (T2

b Lo, T5, d, )H
)\' QSG‘JE B2, ..‘,}Q'Xz\

A more exnct formulation can be obtained if we omit the simpli-
fication used above and retain the factors of unity in the

] i
| parenthesss. ;
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The zatio of radient intensities at two different waveleng hs
Ay, and M 1s then obtained by setting ep, = ep, in equation (1.2),

and in place of equation (I.3), we get 1
L/x T
Sud ( o1 dh . as)
Indx, A, e‘;/m’ I dA

Another expression for the ratio }\1/.;)\2 in terms of T can
be obtained as follows. First we write

e, INT -5
é * = l + eAG‘A //J; (1.6)

sathatx[ (_‘____]-. _L...a\ :, -/J;
J A | + ey , ;/J—
_ T te c../\' 33., (1.7
‘T)—AI +e}.,cl X:‘f ‘T\x.

i

Upon taking the natural logarithms of both sides we cobtain
-5
R U T Tty g
TN A )‘ loge 2 4. /OjeL} o p
! IA). )ﬂ {‘QA‘cl {

which can be solved for log € (le/J}\l Y, to give

g (3, /%, )= &2 (4 - )zo%[ra :.é».._é;...] (19
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Solving squation (I.9) for T we obtain

T - A7 029)
) '°‘j¢(3§,h/.')} IO%LRL"’Q‘A Ca XNy /f' veye NF

The error incurred in using Wien's formule cann be ohtainsd as
follcows.

~——yus .

From a previcus equaticon we haove, approximataly,

- -e /AT
I =ec,h € : (1.10)

In the seme monner as was used above we can szshow that

DG(J&L.E = A/T + 103 exn (.){.)

(Idi)
J:\ / 8'\4

Since €, = & s the above formula bhecomes
%‘ o

log(fz/.T,) =A/T + B (1.12) :

==

where A= Cz- (_}l.‘-‘ - -—',:)

B= 5 '03(\,/)‘,_) (1.13)

Ths graph of log (JA/JN) ve. /7 is a streight line. t

Thus o measurement of J}‘Z/‘T}‘l detemines the valuc of T. The
relative error involved in using VWien's law will be given by

og (3, /T )p —log (B /Tn he

l r AE =T Y (1.1) i
|

- log (3. /%),
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whero the subsceripts W and P rcfer to the values of the ratios i
using the Wlen and Planck laws resnectively., From equations (1.9)
and (I1.12) equation (I.1l4) can be written

Tn +ey e N T

AF = _‘_"3\7«\?4 eA:LaJ‘_A =+B
« ‘03 (J;L/' J;” ) (1.15)
Tha term

-4
lD(’ J’:,_"'e?‘n;,cl )\z
J "T\: +Gy, ¢ )n-:l'

nan te written in a nore instructive form as follows. From
Planck's law it tecomes

/N, T =il -5
> >4 “A"“L““’"r(ec ;}. - t) £ S k’]
Le)‘ ¢, T (g4 Mol ) Fey e, A,

s

L8 e)\l = e;\ , the above quantity becomes

Ca/NT !
Y ' & 3 — ,) -
$ J(X./:\w + | INERT 1 ]
- Lécz./% T_ “+ l
03 (ééz/)\u = )-' | |

Henco the percent error is

e . C,qk’e W INT Y +J&C‘/’\ __‘)H] o
loﬁu-%» /J;. )?
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We now consider the effect of an error in log (J’A J2A,) on the
tenperature measurenent. Subpose the true temperature 1s given

by
loch:‘_ /3:‘)= A/T +B+D. (1.17)

If we use the Wien's law value of log (J? /J?vl), e?uation (1.12),
we can find the relation between an error in (JA,/J74) and an
error in T,

We have
Al /p)l=-(A/m)aT

aT = -T/A a1y, 7 B)] s

We can take A[’CQ I /J;Lqml to D in equation (1.17), which
is, if Planck's law giveo the true value of | 03 (*TX /j; )

= lo cIZFT l) s (1.20) |
I ™T )"+
Hence equation (I.19) becomes
T=-TD (1.21)
A

The percent error in T is AT/T, so

A?- = - 2 Dc (1022)
T A
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For & temperature measuring device accurate to within 17 we
must have

Y- < 0.01 .

I
T

Substituting the value T = 1500° K, we have D = 0.01, A = 1930,
so that

1500 x 0.01 = 0.778% ,
T 1930

which means the error is less than 1% for this particular case.

APPENDIX II. THE DICHROMATIC RADIATIC!T PYRQIETER
AS AUl ABSCLUTE INSTRUMENT. '

f
The absolute nature of the DICHROMATIC RADIATION PYROUETER . ;
may be understood as follows. Using the Planck form for f(AT) i
in equation (3), and substituting into equation (11), we have

that the ratio of measured intensities at any two wavelenzths
A1 and Ay is given by

I)n - Xi(écj /)\‘T;- { )- :A~>\. O(,\.

L, N(&NT_, ' ans,

(I1.1)

If A1 = A2 then the Planck functions cancel in equation (II.1)
and Axr = A X 3 then equation (II.1) reduces to

(I1.2)

(£, /1), y =S ),

.
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In general

4
yl\. % QL‘ XZ
for a physical instrument, even for M = Ay, and therefors

(I,\. /I"’-)Aﬁ,\,_ Z1 . (11.3)

However, we may assume that the physlcel instrument can
be adjusted so that its sensitivity to radiation of wave-
length Ay is equal to its sensitivity to radiation of wave~
1ength >~2 When this adjustment has been made then

}? and we may speak of the system as hnving
been "nornalized' Under this cenditicn, the ratio "‘l /XNy
cancels from equation (II.1) and we have, for M = 2

(T,/5, )= (5, /5 HANAN

Here I); and Iy, are tho readinis of the instrument, while t
Jxy and J\, are the spectral brichtnesseu in absolute unlts. h
Solving for the absolutc .atio JN/JA, we have

| (J;‘, /T\L) -‘—(l—,\' /I)‘z)(A)\:_/A)\,).(IIJ)

il v

' The ratio IN /Ixz is the quantity indicated b the instrument !
after normalization; the bandwidths can be calculated fron 1

the dispersion datag this is discussed in Appendix IV. The

temperature scale of the instrumecnt can then be calculated

from equetion (II.4) together with equaticn (9).
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APPEMDIX III. E{ISIVITIES OF TURRINE BLADE UATERIALS.

The setun used in the radiation measurements is illustrated
in Fig., 21. Mg. 22 is a diagraa of the experimental arranzement.
The iurnsce used was a 2-1/2" inside diameter refractory tube 16"
long, which could be heated to 2000° F by passing current through
a heavy nichrome coil wound won it. The furnace temperature was
nonitored by a chromel-alumel thermocouple, the output of shich was
measured by a Foxboro potentioneter-controller. The temperatures
in the furnace could be maintained constant to within + 2° F,
Power was sunplied by a 1000 watt variable transformer. Temper-
atures of the samples were measired by attached chromel-alumel thermo-
couples. The thermocouples were calibrated against a standard thermo-
souple, and thelr temperatures indicated on & Foxboro potentiometer-
indicator, Tne standard thermocouple and the potenticmeter-indi-
cator were calibrated by the National Bureau of Standards. Callbra-
tion of the thermoconples is described in Appemdix X.

The setu» functicns as follows. Referring to Fig. 22, radia-
tion from the sample in the furnace at A is collected by the spheri-
cal nirrer iy, reflected by the plane nirror M, and imaged at point P.
A notor-driven sector disec interrupts the “.ight beam at P to produce
a 1céulated sigpal for AC amplification, The point P is located at
the —~ositicn normally occupiled ?y the globar source in & Perkin-
Elner infrared spectrometer.( 0)" This point is conjugate with the
entrance slit of the spectrometer, and therefore the surface of the
samnle at A is eflectively imaed on the entrance slit, The spec-
tromater was operated in the normal manner and the spectra obtained
as tracings from a Leeds & Northrmip strip-chart recorder.

The samples were seciions cut from two types of turbine blades,
and & specimen of boride composition material, Chromel-alumel
tharnocovples werc welded %o the burbine blaede samplesy the refrac-
tory boride materlal could not be welded, sc in this case the
thormocouple was jammed between two nieces of the materlal, which
were then camented together with refractory cement. Some of ths
saples vsed are shown in Fij. 23,

For coaparison vurposes a nunber of sources of blackbody radia;
tion were used., These inciuded a globar radiator, wedge-shaped
pisceg of oxidized iron, and a cavity radiator of oxidized steel,

(10) Barmes, 'cDonald, illiams, and Kinnaird, J. Ann. Phys. 16,
77 (1945).
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The globar %s g standard cormercial radiation source of known
enissivity, 11) The wedges were set with their openingzs facing
toward the spactrometery since the emissivity of iron oxide i1s
above 0.95 IEZ such a wedge 1s effectively & blackbody radia-
tor. The cavity radiator consists of two nieces of steel bolted
. together, with a wedge-shaped slot cut out at one end. The source

' of radiation iz the interior of the wedge-shaped cavity and this
is effectively a blackbody. The heat capacity of this construction
is relatively large, so that its te1merature could be precisely

b P i ]
B e N aid

The spectrun was scanned froa 1 to 3 nicrons at varlous
tenperatures in the ran;e 1000° to 2000° F. A typical example of
the emission spectre obtained in these measwrements is given in
Fiz. 24. As usual with solid racdiators, the spectra have the
general appearance of the emission fron a blackbody, modified by
atmosnheric absorption. The relative emissivity of a glven sanple
at any wavelen;th is equal tco the ratio of ils measured intensity
of emissicn at that wavelength ftic the intensity of emissicn from
a coqparisen standard at the same temmarature,

Referrinz to Fig. 24, if we let I, (M) stand for intensities
on the unper (blackbodv) curve, and if T(A) represents intensities
: on the lower (specimen) curve, then the emnlscivity of the specimen
at any wavelength 2 is gziven by

e) = I()\)/Io ().

|
Vot

Then to obtain values of e) over the spectrum, I(A) and I (u) must
be measured and a computation carrled out for each value of

However, in this work our prinmary interest wes to obtain experl-
mental values of the ratio (Jn,/Jn,) for varicus choicss of A and
A5, and to observe how closely theSe could be correlated with the
theoretical curves, on the agsuaption that the spectral emissivities
are equal at the tvo wavelengtha,

Therefore; instead of following the tedious procedure of point-
by-poiat meagurement of emissivities, a direct method s used.
This ccnsisted of plotting valucs of the ratio Jki JA2 agalnst tem-
nerature, for varicus choices of A and Ap. The values of
ui, and J wore read directly from the meesured spectra. The re-

tant Ulots were compared to theoretical nlots calculated for the

b (11) s. Silverman, J. Opt. Soc.An. 38, 939 (1948).
(12) "Termerature” (Reinhold, Mew York, 1941) p.1313.
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same Malrs of wavelengths.

A typiecal corparison of thecretical and experimemtal curves
is shown in Fig. 25, where the experimental plot has been normal-
ized with respect tc slitwidth., Close agreement between the
thooretical and experimental curves ig evicdent. Precise agreement
at every point is unimportant because of the relative nature of
the calibrationy what is important is thot the slopes cf the thec-
retical and experimental curves should be equal at every temper-
cturs, Wien thie i the onge  ane Imawa that the menared mtio
is strictly a functicn of temperature, and independent of such
extraneous quantities as surface enissivity, atmospheric absorp-
tion, and combusticn gazs radiation.

For the wavelengths 1,674 and 2.10't of Fiz, 25 the band-
widths are 0.011iL and 0.0095: respectively: the ratio 4)'2/ A)“l
of equation (II.5) is equal %o 0.011/0.0095 = 1.16, and we can
write

J 105, Sh e
1.67 72,10 = 116 (1) (0 /Ty 16y (111.1)

The solid curve in Fig. 25 is a nlot of the ratio Iy gr/I> 14
against temperature, as mcasured by the infrared speé?ropﬁé -
neter, while the dotted curve is a plot of Jy ¢7/Js 10, col-
culated from equaticn (9)., The small crosses are values calcu-
lated by ltiplring the points on the solid curve by the factor "
1.16, os required by equation (III.1). The curve determinsd by 3 3 U]
the crcsses ccincides with the theoretical curve within the pre- o
edsicn of ueasurement., Plots of this type were cobtained for each

of the sainlos and these experimenial curves bear out equation

(IT.4) with a high degree cf accuracy. This indicates that the

essunmption ey, = o). is well founded, The enissivities of the

sanples varie& ¥z sBveral percent dependent uncon time and previous

treatment of the specimen, although the ratios were always the

sare for a given temnerature.
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APPEIDIX IV. DISPERSICH CF FUSW) QUARTZ IN THE INFRARED,

Measurements of quartz refrac%ive indices in the near infrared
were made by ifuller and letthauer. 13)  These measurcments, extend-
inz as far as 2,6 microns, are given in Table Iv.. These rofractive
index data were fitted to a Hartmamn formula with three constants,

Y (1v.1)

where the ccnstants in this equaticn are

A=1,510 ,
B = Oc353 ?
A = 6,910

The bandwidth passed by the instrument wae calculated from
the data ¢f Fig. 20. The disnersicn was obtained by differcntiating
equation (IV.1). This gives

dn _ _ _ 2
e B/X— Xo) . (I7.2)

The bandwidth was calculated as the sum of the Rayleigh term and
a term due te finite slits, The Rayleizh tern is given by

there S is the nrism base.

(13) ¢, 'fuller and A. iletthaver, Z.f. Physik 85, 559 (1933)
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The finite glit term was calculated assuming minimum de-
viation for both wavelengths. The usunl approximate formula for
a Littrow spectroreter wme usad. This formula is obtained as
follows. Consider a Liltrow prisnm noncchromater, The linear
disteice along the spectrum at the exit slit is ¥FAAO/dA)
whore f is the focal length of the collimator, and de/dA is
the angular diapersion., If &AM i1s now the interval covered by a
single slit image, then

5, = £AX(d6/d)) (IV.4)

15 the width of the image. Since entrance and exit slits are
normelly equal, the width of the entrance slit image is also

S/ = faNgS/dN ) (1v.5)

Tho tandwidth passed by the exit slit is then

S, + Sa
AN < (1V.6)
24 (d8/dA) _
The factor of 2 occurs due tc the faclt that the prism is . j"-!
traversed twice, i

At nminlnum deviation the index of refraction is ziven by

. ) . !
n= Gor\-;:(O(-i 9)/§-h'i°( > (Iv.7)
whore ©h is the pnrism englej we then have

Sg ;QAG/JM)(dh /dk) (1IV.3)

2 e
= o tand (4 9) g-';:‘- .
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Substituting equaticns (IV,7) and (IV.8) into equaticn (IV.6) we
got

Ya, -
=l = 1 Sihyet ) 2, (1v.9)
4alni (dn/d)) 4 )

AN

. where (dn/@\) is given by IV.2, The calculated bandwidth is
plotted in Fiz. 27, which shows the Rayleish and finite slit
tems senarately.

APPENDIX V, T3 IPRRATURY CCRFFICIGNTS OF LWAD SULFIDE
PHOTCCONMIUICTIVE CRJ.IS.

The us2 of lead sulfide photoconductive cells in infrared
measurements has become wildesprcad in recent ycars, The lead
sulfide coll is superlor to the older heat detectcrs for work in
the region 1-3 mlcrons. The sensitivity of lead svlfide cells "
in this region is greater than that of the heat detectors by l *k
several orders of magnitude, and the signal-tc-noise ratios ob- '
talnable in practico are also superlor. In addition, the lead
sulfide cell is capable of greater spsed of response than any
heat detector.

For preciae photometric measurements lead sulfide cells have
the drawbacl: that they have large temperature coefficients of
sensitivity. An instrument using a lead sulfide cell for mea-
surement of radiant intenscity must therefore be carefully thermo-
stated or compensated, and calibration for photenetric neasure-
| ments must be made for 2 specific cell temerature.

In a ratio instrunent, such as the DICIHRCIATIC RADIATION
PYR(MMUTER, the temperature coefficient of sensitivity affects the
. intensity measurements at both wavelengths used in the instrument.
| Therefore, providing only that the temmerature coefficicent is the
i same at hoth wavelensgths, the effect of temerature of the cell
. should be cancelled out and should not affect the operation of the
o instrument, It is alsoc necessary, incidentolly, that the fre-

quency response be the same at both wavelengths, but this is well




known to be the case.(l4)

It 1s known from previous measurments (15) that some types
of evapornted lead sulfide cells show a svectral differential with
respect to tenperature ccefficients of sensitivity., A lead sulfide
cell having such characteristics would bc disadvantaseocus for a
ratio instrument, since the desired cancellation of the temperature
effect would not be obtalned.

Chenically deposited lead sulfide cells of higzh quality have
recently become available from the Rastman Kodak Conpany. These
cells show marked superiority over previocus evanorated-type cells
with reaspect to sensitivity, signal-to-noise ratio, and uniformity.
Heasuremer.ts were made to verify the temperature coefficient of
sensltivity of several Tastman Kodak lead sulfide cells at differ-
ent wavelengths, Examples of the results of these measurements
are showm in i, 28 and in Table v, Over the range of wavelength
1-3 nicrens, the temnerature ccefficient of sensitivity was found
to be constant for ambient temperatures ranging from 60° to 95° F.
It therefore anmpears that these cells are suitable for all crdinary
a nlications ¢f a ratio instrument, and that the temperature change
of cell sensitivity can be assumed to cancel.

APPENDIX VI, A'IALYSIS COF SEVERAL IIETTIODS OF SEPARATIMIG
NAVELTIGTS,

Javing selected the detector and chosen the principle of
using & single dectector, 1t was next necessarv to consider the
nethod of separating the two wavelengths in the optical system.
One method, which has been used successfully in instruments for the
visible region, is to nrovide the monochiromator with two exit alits
at different -ositions in the focal nlane of ths spectrum., In the
present case, however, the separaticn of the two wavelengths and
the dispersion were such that the linear separation in the exit slit
plane would have beon inconveniently small., In addition, it was
desired to construct the instrument in such a way that the two wave-
lengtiis conld be varied over a considerable range subsequent to

(14) rosazowski, ‘ic'iicheel, and Knetko, Bull.Am.Phys.Soc. 23, 36 (1953)

(15) Tourin, Necht, Tandler, and Grossnan, Industrial Scientific "o.
report 225-1 (1952), en Air Force contract W33(037)-105L4.
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completion of construction of the ingtrument, and the use of a two-
slit system would heve required a mechanical arrangement to enable
noving the sliis with respect to one another, with attendant diffi-
cultics of opticsl aligmment. Also, an opticel systen would have
had to be provided to recombine the two separated beams onto & single
detector. For these reascns it was considered preferable to make

this first model with a single exit slit,

Since it was desired to use AC amplification of the electric
signal, modulation of the light beam was necessery. Because of
this fact and the desirability of using a single slit, the possi-
bility wms considered of opsrating the instrument by oscillating the
Littrow mirror on the morioc ozatof. This has been done success-
fully for scanning purposes., 16,17) 1n this sé&me the oscillation
of the Littrow mirror serves both to separate the wavelengths and
to modulate the light bean, so that no chopper is necessary. In
addition, in this system the full aperture of the instrument is used
for both wavelengths. On the other hand, upon analysis the mechani-
cal problems involved in prcviding such an oscillating mirror sys-
tem and insurin; a high degree of stability appeared to be excessive.

Finally, another nethod of separating the two wovelengths is to
split the snectrometer optical syston in half in a horlzontal »nlane,
using one-half of the instrument for each wavelength. In the
Littrow-type instmment the wavelenzth transmitted by the exit slit
is governed by the angular poslition of the Littrow mirror. There-
fore, if the Littrow mirror is split in a horizontal plane, each of
the two halves indepcndently determinecs a given wavelength trans-
nitted at the exit slit. The Littrow mirror is an aporture stop:
every point on the entrance slit contributes to the illumination of
the entire mirror, and likewise the entire mirror contitutes to
every point on the exit slit. Therefore, each half of the split
<irror illuninates the entire exit slit and two independent spectra
oceur vhich overlan at all points in the vertical direction.

Sevaretion of tho two wavelengths at the detector is most
siiply acconplished by synchronous medulation of the 1light beams.
This is done by means of a chopper, or sector disc; cut in such a
way as to interrupt the two beams at different times, The question
then remains as to where this chopper con be nost effectively located.
In an instrument of thc analytical type where the source of radia-
tion is at a fixed lccation, a suitable spot f@f the sector disc is
at a noint conjugate to the Littrow mirror. (X In this method the
two halves of the Littrcw mirror are effectively modulated senarately,

(16) B.\'.Bullock and S.Silverman, J. Opt.Soc.Am.4Q, 608 (1950).
(17) Vheatley, Vincent, Rotenberg, and Cowan, J.Opt. Soc.Am. 41.
665 (1951).

(18) A.savitzky and J.C.Atwood, Svmposium OSU June 1952,Paper #16
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so that tho two spectra can be superi-posed at the exit slit.

This has the two-fold advantagze of permitting use of the full slit
for both wavelenyths and introducing no complications into the
optical alignment, since the system is simultanecusly aligned for
both beams. On the other hand, the DIC'IRCIATIC PYRUMETER was de-
signed for sighting on a target source of radiation which is not
in itself part of the instrment, nor is the scurce necessarily
at a fixed distance. The conjugate point to the iittrow nirror
is therefore not always near a focal plane, so that an inconven-
fently large sector disc would have been required to avoid obstruct-
ing the light beam. For these reasons it was decided to make a
slight sacrifice in energy and ease of aligmment, and to separate
the bears at theo entrance and exit slits,

In the method employed the two spectra do not completely
overlap at the exdt slit, but arc disnlaced vortically from one
another approximately half the width of the slit., The chopper disc
13 located close to the plane of the entrance slit. Each half of
the slit thereby contributes tc only one of the two wavelengths.
The energy in each is therebr reduced by halfy because abundant
energy 1s available this loss is of no iportance. The displace-
ment of the two spectra at the exit slit is obtained by slightly
tiltin; the two halves of the Littrow mirror awny from the vertical
so that one of the spectra at the exit slit is shifted upward and
the other downward.

AP WIDIX VII. TEBNERGY IN THW DICHRCGIATIC PYRGIETER.

The total power received by the phctocell is given anvroxi-
mately by

¢

Efotat = TBusin'e'> AgaX , (LD

where B) 1s the spectral brightness of the source, given by
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&2 is the transmissivity of the optical system, and equals about
0.5, Ap is the effeclive area of the detector,

Ay = % (811t height x slit width), (VII.3)

AN is the bandwidth, and is proportional to the slit width (see
equation (IV.2)), and @' is the angle subtended at the detector by
the oxit pupil of the optical systen.

Equation (VII.1) is obtained as followss

The quantity 7B Sin°@' gives the geomotrical 1llimimaticn
(enerzy per unit time per unit area) on tho detector; the proef may
be found in any text on geometrical optics.® In this expression
B is the brightness of the source of radiation. The detector in
the DICIRCOIATIC PYROIETER is illuminated by monochromatic rediation
of spectral brightness B) and bandwidth 4AMN; hence the source
brightness is B) DN, The geometrical illuminaticn is reduced by
. reflection and other losses in the oplical system, vhich accounts
for the factor o, . Iastly, the total energy received by the
detector equals the illumination tines the illuminated area Ap,
and this is zovernmed by the slit width setting. The factor of i
occurs due to image reducticn in the optical systen. ! ;}o‘-

: * ¢.;., Hardy and Perrin,The Principles of Optics (‘{cGraw Mill
. Book Co., lNew Vork, 1932).
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APPENDIX VIII, SEIECTION OF WAVELENGTHS.

We sought a combination of wavelengths which would glve an
intensity ratio epproximately equal tc unity at one end cf the
temperature scale, decreasing towards the other end. 1In addltion,
for sufficient sensitivity we required the ratio change between
1000° and 2000° F. to be between 2 and 3. To avoid the region of
atnospheric absorption, we could select wavelengths in the follow-
inz bands:

1.40 u to 1.79
1,90 u to 2,12 1
2.35 it to 2,51 .

The peak wavelengths are ziven by
N T = 0.28% cm-deg

This gives us 3.57 iz for 1000° F and 2,12 u at 2000° F. the peak .
wvavelength at 10000 F is beyond the long wavelength limit of

quartz transmission. Therefore, it is Imnmossible to obtain a

ratio of unity at the low temperature end of the scale, since this ;
requires straddlin;; the peak. Therefore the reclprocal ratilos . :
were chosen, to obtain unity ratio near the high end of the scale. [ 1
The ratlos, and temperature change with ratio are given in Table VI i
for varlous wavelengths,.

APPENDIX IX, THE DWTAILFD CIRCUIT DIAGRA'IS

1. The Pre-Aanlifier

The pre-aanlifler circult is shown in Fig., 29. It emnloys a
niniature twin-triode type 12AX7. One of the triodes serves as a
; cathede follower output tube. The PbS cell is biased by way of
2 20'%eg resistor. The input signal to the nre-amplificr 1is de- "
veloped across this 20Hes resistor. All components shown inside !
the dashed rectangle are contained in a convenient plug-in unit.
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2, The Axplifier

The amnlifier circuit is shoun in Fig, 30. Tube V, is a typo
2 6SH7 and represents an additional cathode follower, Although it
is nct essential to the operation of the circuit at nresent, it
was incorporated in order to meke feasible the insertion of an
automatic volume-control b wmeans of a low-resistance serve-poten-
tiometer connected across the culpui of this cathode follower,
Tube V, 1s a type 6SL7 twin-triode connected in a two-stage resis-
tance-coupled amplifier. The output of ths second stage of Vé is
fed into the signal grid of V3, which is a type 6SN7. V, is
operated as a cathode follower. Fart of the output of V3 1s fed
back tc the cothode of the first stage of V,. Thls produces
overall negative feedback across the ammlifier and linearizes and
stabilizes 1ts response, The output of V3 is ted into a differ-
entiating network represented by the condenser § and the resistor R,
Fig, 31a shows the typical form of the sigmal at the output of the
cathode follower V, and Fig. 31b shows the sigpals produced across
the resistance R. “The anplitudes cof the unidirectional pesks of
ths differentiated pulses are proporticnal to the amplitudes of the
rectangular nulses.

Signel I Signal IT ;}
Fig.,3a___ _ - b
tine ey
Signal I ]\ Signal nk \
Fig.31b , _
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Signal I corresponds to wavelength A and Signal II corres-
ponds to wavelength Az. The duration of ths pulses after differ-
entlation 1s much shortor than befcre. The time separation
between the pulsses of equal polarity of signals I and II after
differentiation is therefore much longer than at the cutput of
V3. This latter fact is very advantageous in view of the necessity
of achleving & clean separation of signaels I and II into recti-
fiers I and II, This 1s due to the fact that slight errors in the
synchronism of the synchronous commutator might cause mixing of
the signals in rectifiers I and II 1if the time separation between
signals I and II were too short. Even though phase-shifts in the
amplifier should have a2 negligible effect, there is an additional
possibility of error represented by the fact that the rise time
and decay time of the orlginal pulses will be somewhat lengthened
by the amplifier. The differentiation will have a useful effect
also because of that,

The signal across resistor R is led to the synchronocus
commutator, which 1s synchrononized with the radiation chonner,
and which feeds signal I only into the upner half of V; and
slgnal II orly into the lower half of V,, V, is a vacuum tube
twin-diode type 6F6 of which each half éetecté only the positive
pulses indicated in Fig. 31b, The outputs of rectifiers I and II
are led direcctly to the ratio circuit.

3. The Ratio Circuit

Fig. 32 shows the ratio circuit., The balanced vacuum tube
voltmeters I and II are represented hy tubes Vs and Vg which are
twin-triodes btype 5691,

s

One half of V. serves as signal tube ard the other half as
balancing tube and”likewise for V6. The outputs are derived
across the cathodes of V; and V¢, The current meters ¥y and M
which are connected across these outputs by way of fixed resis-
tors, are microammeters of 200ua full scale. The deflection of
each meter 1s proportional to the signal in its channel.

Tubes V. and Vg can be balanced by individual potentio- i
meters to which thelr cathode resistors are connected. The slides
of these pots are connected to ground. These pots serve as zero
adjusters for the meters !M; and M77- The balanced output of V
is connected to the innut cf the servo-amplifier in series with a
reslstcr and potentiometer circuit.

The servo-amplifier is a Brown type 351921, The servo-motor ]
is also made by DBrown Instrument Division. Its speed is 27 RPM.
The servo-amplifier and motor constitute a combination indicator !




and recorder system. The self-balancing potentiometer is
wire~wound and has a resistance of 10KR. It is a2 multi-~turn
Helipot product.

be Analvais Of The Retio Circuits

Mgz, 33 indicates the methed in detail. E_, 1s the output
of the balanced tube-voltmeter I¥. E. is the Dotential of a
dry cell., The servo-motor adjusts the slide of so that no
current {lovs through the input terminals of the Bervo-amplifier.
For servo system balance therefore:

E=E, (1%.1)

For the tnlanced system, Xirchhoif's laws give consequently:

s et R,

= =, F s (IX.2)
Rc’+ RP 't" RS
Equations (IX.1l)and (X.2) give:
E_E,
Rl e 3 (Ro+ Rp + Re)-R,  (mx3)

If one adjusts the comncn volume control to keep Ey constant,
the position of the gelf-balancing potenticmeter is a function
of /El or 12/31. Using the same definitions as sbove, equaticn
(IX.3) gives the followinz values for R, + Ry and Ry

(IX.4)

R+ R = R, ( -1)
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Eln:n ) (IX.5)
| r\)¢‘ ) RP (E T =2min '

2 max,

Where E, max and E, min are the sigmals corresponding to the upner
and lower ends of the temnerature scale.

APTENDIX X, CALIBRATI(:T OF TSR {OCOUPLES.

For measurement of temneratures of turbine blade samnles, a
chromel~alumel thermocouple and potentiometer-indicator were
calibrated by the Pyrometry Section, National Bureau of Standards,
for the range 320-1530° F. Twenty working thermocouples were
then calibrated against the standard in cur lahoratory. The !BS
calibration is given in Table VII,

=

Curves were first plotted for the MBS calibrated thermocouple i
and potentiometer: (1) temperature vs. scale, (2) emf vs. scale,
and (3) enf vs, temperature. An exaaple is shown in Fig. 34.
The emf vs. temnerature curves were extrapolated to 2000° F.

A cubic equation of the type

enf = atbbrctordt’

i with t as the temperature and &, b, ¢, and d as constants, was
derived, Although the Eaf vs., Temperature curve is practically
straight, a quadratic equation did not produce as good a fit with
the calibration data as did the cubic equation.

{ A voltage divider was used in order to extend the potentio-
meter renge for temperatures up to 2000°. It consists of two
1000 olm resistors soldered together, the potentiometer being
‘ . connected across one resistor and the thermocouple connected across
‘ both. The circuit arrangement is shewn in Fis. 35. The values of
I
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resistance were chosen large, in order to minimize the current in
the thermocouple. This voltage divider was used for most of the
calibration. However, with these resistors the potenticmeter was
hard to read: a change of 20 scale divisions producsd a corres-
perding deflection of the galvanometer of less than one division
and, when the potentiometer wns balanced, the scale could be changed
by two divisions either way before the meter moved vislbly, corres-
ponding to an emf change of 0.13 millivelts or to a temperature
change of roughly 5°F,

In order to increase sensitivity, the voltage divider was

changed to one consisting of two 47 ohm resistors. In general,
the readings werc nore precise than those taken with the 1000 olm
voltage divider. Temperatures measured on the NBS calibreted
thermocouple with this voltajge divider agreed very well with the
temperatures measured without a voltage divider (below 1500°F),
While the working thermocouple readln; was less than that of the
MBS calibrated thermocouple by only three scale divisions at most,
as measured with the 1000 ohm divider, the reading of the working
thermmocouple with the 47 ohm voltage divider was 15 scale divisions
less than the !BS calibrated thermocouple at high tempereatures and
8 scale divisions less at low temperatures, Therefore, current may
flow through the thermocouple circult, and at high temperatures,

N the 47 ohm voltaze divider may not be as accurate as the 1000 ohm
divider.

The method of taking measurements was as follows: The working I
thernocouple and MBS calibrated thermocouple were twisted together ! ;'i(’
with thelr junctions in contact, The two thermocouples were ad-

mitted into the furnace and the temnerature was adjusted for approxi-

mately 50° intervals between 1000° and 1950° F. Readings of both

thermocouples were taken as quickly as possible, along with the

rocm temperature, as read at the check coll of the potentimmeter,

vhen the furnace had come to equilibrium. Readings were made by

sotting the potentiometer for a scale reading a little too high

with the galvanometer needle just discernibly off center, then

setting the potentiometer for a scale reading a little too low with

the needle again off center, and finally taking the mean of the

i scale readings.

In order to find the emf developed at its terminals by a
thermocouple, 1t was necessary to commare the thermocouple readings
with and without the voltase divider. A run was made between 1000°
= and 1530° with the NBS calibrated thermocouple. Readings were taken
: with and without the voltage divider. The emf was read off from
P the Enf vs, Scale curve., Ky dividing the "emf without the voltage
P e divider® by the "enf with voltage divider" at the various temper-
atures and then calcunlating the mean of the quotients, the factor 1
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by which the voltaie as read with the voltage divider must be
multiplied to get the voltage as produced by the thermocouple

was computed. This dividing factor had a valus of 2.001 for the
1000 ohm voltare divider and 2.026 for the 47 ohm voltage divider,

During the calibration, the reference junctions of the thermo-
couples were &t room temperature. Since the room temperature
fluctuated, corrections had to be made in order to have the re-
ference junction temperature constant at 32°, For this purpose
a thermocouple juncticn was immersed in an ice-water nixture, with
its termimals left at room tenperature, The thermocouple was cali-
brated against the emf for different room temperatures in the
temperature range 73°-87°F. The enf was read off against the scale
reading from the Emf vs. Scale curve and a room temperature vs.
enf curve was plotted. This thermocouple was then used in the
succeedin;; measurements as 2 reference juniction.

The correcticns that were made to obtain the termerature of
the junctions are as follows: After tho readings were taken, the
voltage across the potentiometer was read off from the Emf vs., Scale
curve for the scale reading of the NBS calibrated thermocouple.
This voltage was multiplied by the voltage divider factor. To the
product was added the voltage read off from the Emf vs. Temnerature !
curve, in order to correct the reference junction frem room temper- &
ature to 320F. This gave thc emf developed by the MBS calibrated
thermocouple. Ageinst this emf the temperature of the thermocouple ) d
junctions was read off from the emf vs. Temmerature curve, 4

The correanonding correction for the seale reading of the
working thermocouple undergoing the calibration run was obtained
by first findin; the voltage correspondin; to the room temperature
from the Room Temperature vs, emf curve for the thermocouple to
be kept at the ice point. Since the emf vs. Scale curve is practi-
cally linear between 1000°-1950°F the slope is constant and equal
to 32 scale divisions per millivolt, The scale correction was ob-
tained by multiplying the voltage corresponding to the difference
between rocn temperature and 32°F., (the temperature of the refer-
ence junction) by 32 scale divisions per millivolt, and then di-
viding by the voltage dividing factor. This correction was added
to the scale readin; of the potentiometer when the reference junction

was at room tenperature, to get the scale readin: with the reference
junction at 32°,

The data and celculations are {iven in Table VIII, In the first
colunn is the temperature to which the furnace was set. The second
colunn contains the rom tewperature, as measured at the manganin
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check coil of the potentiometer. The third and fourth coluan
refer to the notenticmeter scale reading of the thermocouples as
read at the particular furnace temperature. The emf coinciding

to the check-coil temnerature (referred to 32°F) is listed in the
£ifth coluan as read from the emf vs. temperature curve of the
NBS-calibrated thermocouple. In the sixth colunn is the voltage
colnciding to thc scale reading of the N3S-calibrated thermocouple,
as read frem the cmf vs, scale curve. The seventh column contains
the corrected emf of the NBS-calibrated thermocouple, the coin-
ciding temwerature appearing in the ninth column. The scale correc-
tion in the eighth column is to be added to ihe scale reading at
the themocouple undergoinz the calibration (in accordance with

the method described above). The corracted scale readin: is in the
tenth column. Finally, curves of temperature (ninth column) vs.
potentiometer scale (tenth column) were plotted for the variocus
working thermocounles., The callibration curves are very similar,
differein by no nore than 50CF from each othor for a ziven scale
reading,

Temmeratures indicated with the standard and working couples
were checked at five noints in the range 1000°-2000°F. An exanple
of the resultis of this calibration has been given in Fig. 34.




TALE I, FIRST COTPARISON OF DICH:QMATIC PYRCETER AYD TIERIOCAUPLES.,

Thermocouple Readings (°F)

Thermo- ' Dichromatic
couple Reading Rending
Yo. 16 15 14 13 Average between (Scale Div)
1431 1421 1426 13 & 1 51
1654 1620 1598 1550 1609 14 & 15 43
1715 1682 1670 1658 1679 1 & 15 50
1754 1726 1706 1700 1722 1 & 15 54,
1792 1766 1743 1735 1755 14 & 15 58
1842 1815 1790 1782 1803 14 & 15 64.5 - 65
) 1797 1766 1733 1720 1750 ditto 60
1765 1736 1706 1695 1721 ditto 5445 ._
1693 1675 1650 1640 1662 ditto 40 ;
1634 161, 1590 1581 1602 ditto 39
1611 1592 1567 1560 1520 ditto 35,5
; 1414 1397 1282 1350 1390 dittc 15.5
| 1300 1200 1281 1281 1286 4
| 12 11 10 9 |
; 1290 1298  not 1321 10 & 11 0-
' . installed

f‘ . 1349 1361  --- 1379 ditto 6 3




TABIE II. EARLY ’{BASURRENTS VITH DICHRCHATIC PYRGIETER

Thermocouples
Dichromatic
15 14 T Yean (Scale Div.)
157°F 1150°F 7 1153, 5°F 37.0
1221 1212 9 1216.5 42.0
1254, 1246 8 1250.0 47.0
1334 1321 13 1328 59.0
1374 1357 19 1365.5 67.0
1421 1405 16 1413 73.5
1467 1452 15 1459.5 82.0
1179 1169 10 1174 32.5
1239 1228 11 1233.5 45.0 |
125/, 1246 8 1250 47.5 ‘
1312 1300 12 1306 59 ; ?
1366 1351 15 1358.5 67.5 1
1429 1412 17 1420.5 75.5
| 1451 1435 16 1443 80
' 1483 1mn 17 1479.5 87
1449 1431 18 1439 73 |
1428 1410 18 1419 72 ,
1359 1346 13 1352.5 67
1342 1325 17 1933.5 , 64
1256 1245 11 1250.5 43.5
1215 1207 8 1211 38
1186 1181 5 1183,5 34.5
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TABLE III. FINAL MEASURTENTS WITH DICHROIATIC PYRCGIETER

Thermoccouples Dichromatic
- Rec. Div,
13 14 15 16
1359°F 13650F  13850F 1426 29.2
1351 1357 1374 1427 27.5
1364 1371 1387 1442 27.5
1359 1366 1379 1430 29
1366 1372 1370 1445 27.0
1369 1372 1390 1447 29,5
1371 1382 1398 1450 23,5
1484, 1492 1505 1575 45,5
1485 1495 1510 1582 Lo
1569 1576 1591 1675 53,5
: 1593 1600 1614 1709 60
1477 1485 1502 1590 44 |
- 1367 1373 1392 1450 30 L
1282 1294, 1310 1360 21.5 |
1378 1384 1400 ———— 27
1450 1455 1470 32,5
1521, 1527 1540 42,5
‘ 1574 1584 1598 49,5
1506 1515 1527 2.
| 171 U 193 38
1 ) 1420 1426 VYAl 32
| 1376 1382 1398 26
| 1301 1304 1316 <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>