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Brightness and Two-Color Pyrometry Applicd
to the Electron Beam Furnace

It. Dorrine anp P SnamNias

thgh Temperature Allns Branch
Metalha gy Davisien

A procedine tor temperatune measntenient avad control nean eleciion beam tnn taee was estabhished

b nang the optical and two-colon puometers, the ennssvan af the speaimen and anenmanon by the

It sigtn-pont ghs and inerahe vapor coantgs mmrodnead ctoroes i the teadgs made i bath

wnttuments. Phese ettoron iwoscotor veadings were anmad-abh less than those ;) readimgs nrade

with thee aprical pyromere

te petmn the detetmnaton of the Trae tempetatinre ol aotest speeninen,

attempr b convebion was inade between the semperanie of g blackbods hote and the tnighitness ot

A st face smnhating that of atest speonmens the aconaes of this conelanonns discussed with iespeant
1o the quahine ol the Blackbods holes, the ctrors i sghe port glass conedions, mstnmmen vaibtaton,
andd the wnnhaed stitsticat nceratiney of pruaomeio seadhings

INTRODUCTION

A fadlity 1o evaluate the mechinical properties
of refractory metals up 10 a temperatine of
GOOOF was 1ecently put mto operation at this
Labovatory.  The equipment, consisting of an
clectiron beam fnnce attachied 10 an Instron
tester, permits tensile, compression, velaxaton,
andd Jow-cvdde  fatigne testing. Heaung of the
test specimen s accontphshed by bombardment
ol the specmen surfaces by elecnon beams
generated i two selt<accelerating eleciron guns.,
The desired temperiture s obtamed by adjusting
the emisstion current i Gach gun, and the beams
are swept over the specimen to obtain an even
temperatn e distribution,

It was the purpose of tis stuchy 10 evahiate
pviometnie mstrunents for the determmanion ot
temperature i the electvon beam furnace, as
well as e establish o aeliable procedure o
naking  the temperature measurements. Also,
the statistical uncertaimy of such nreasurements
was evaluated.

INSTRUMENTS AVAILABLE FOR
HIGH-TEMPERATURE MEASUREMENT

{te more common drararrcnts ascod bor Tigh
temperatine measurement were comsidered fon
possible nse with the electron beam hunmace. They
mclnde thermocouples, total radiation pyrometers,
optical - pyrometers, and tvo-color pyrameters,

NRE Prioblom Me 00 Proga RRDOT.01 165405, VRPN (o
RSN
othe: phases ol the problem o commmog Mamscapy sabanied
Deerahr 30, T96HY

Flos aepent completes one phase of ahe poblenc work on

Thermocouples, although convenent tor both
measurement and control, e Limited, at best,
10 about 4500°F. Funthermore, they cannot be
exposed 1o the electron bean since the innoduc-
tion of clectnical aurents would cause errors in
the femper«ine neasiiemernts,

Total radiation pyiometers may be nsed tor
measurement and control at higher iemperatures,
but they are subjeat 1o very serious ermor when
(a) the enssivity ol the speanmen s not accnrately
knowin, (b) there are contaminants present in the
atmosphere, and () the turnace sight-port glass
becontes coated with metallic vapors fronr the
heated specimen.

I'he disappearmg-hlanem optical pyrometer,
because of s Iaghe: wocuracy and stability, s
more  frequenthy eed high-tempevature
maeasnrements (1. Readings of tlis nstiement,
wlneh s calibrated  tor biackbody  condhtions,
ustdly vinst be cavrected tor the tavget's enissivity
and tor anemntors sneh as sight glasses and
cotimgs,

The two-color pyiometer, which can provide

ten

ST A e ST T Ll contiol, G ETeoTimes
some of the errors which e common 1o optical
pyrometer readings (2.3, 1 he instiament directly
rreieadtes the o ol intensades ereatied sithin
two dilterent wavelength bands —the  mtensiy
within a band m 1he blue regron o the spectrnm
10 the intensity within o band m the red region of
the spectrnm, When a sighting s made ona black-
body, this rano macases witl o casing tempeva-
e accordmg 10 Phack's vadhation law. The
mstrument s so construcied that this vatio is read
chirectly as temperatme. Because this prrometer
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utilizes the ratio of energy entitted within two
wavelength bands rather than the magnitude of
energy within only one band, it should be relatively
msensitive to differences in entissivity (which is
a function of wavelength), contaminants in the
atmosphere, and attenuation by sight glasses and
coatings. It is indeed insensitive 1o these factors
when the spectral emissivities are equal within the
two wavelength bands (graybody emission) and
when the spectral attenuations within each wave-
length band are equa! in both the glass and the
coating. In reality, these conditions rarely exist

and somc error is introduced For example. if

more blue than red is emitted trom a surface in
comparison to that emitted by a blackbody, then
the temperature reading will be higher than true
temperature. Similarly, if the sight glass trans-
mits less blue than red radiation, the temperature
will read lower than it would if no sight glass were
present. The instrument possesses very high
semisitivity, and this attribise makes it partisularly
suitable for the continuous monitoring and control
of temperature.

On the basis of their inherent characteristics,
the optical and two-color pyrometers were selected
for evaluation to determine their suitability for
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temperature measurement in the electron beam
furnace.

EXPERIMENTAL TEMPERATURE
DETERMINATION

General Approach

The factors that influence temperature meas-
urement in the electron beam furnace include
emissivity, furnace reflections, and auenuvation
by the sight glass and coatings. These factors are
examined in detail as they affect readings taken
with the optical pyrometer, together with consider-
ations of instrument calibration and reading
uncertainties.

Published values of emissivity for tungsten
cannot be used with confidence in the electron
beam furnace since these values apply only
to polished surfaces sighted perpendicularly.
the west spetimens used in this lutnace may be
either rod or sheet and are machined to finishes
having a certain degree of roughness. Also,
sheet specimens cannot be viewed perpendicularly
(Fig. 1), as can the rod specimens. For these
reasons, together with the consideration of furnace

TWO-COLOR
PYROMETER

ANGLE OF EMISSION
WHEN SIGHTING ON
THE FLAT SIDE OF
THE SPECIMEN

SHEET TEST
SPECIMEN

ANGLE OF EMISSION
WHEN SIGMTING ON
THE EOGE OF THE
SPECIMEN
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Fig. 2 - Domany nmgsien speamen with blackbody holbes
used tor the determmation ol spedimen emissioaty

reflections, an empirical approach to the establish-
ment of true temperature is adopted. This s
accomplished by making the comparision between
a blackbody and a surface at the same tempera-
ture, the surface being similar to that ol the sheet
test specimen where all the possible variables are
encountered.

The effects of emissivity and ol attenuation by
sight glass and coatings on the two-color pyrom-
eter readings are determined and compared 1o the
elfects on the optical pyrometer readings. From
this comparison, and from considerations of the
basic characteristics of each instrument, a pro-
cedure is established for both the determination
of the true temperature and the monitoring and
control during a test.

Optical Pyrometry
Correction for Emissivity—The emissivity €, de-
fined as the ratio of the total radiant energy

emitted from a surface to the wotal encergy enntted
by a blackbody at the same 1wemperature, depends
on temperature, material, surface hmish, and the
angle of emission. To establish the emissivity ol a
test specimen, an experiment wais devised which
wonld accoum for all the variables upon which
emissivity is dependent, including reflections from
within the lumace. A dummy specimen of
tingsten was constructed as shown in Fig. 2 in
ordet to establish the relnanship between the
blackbody (or true) temperatine and the surtace
[brightness temperature. The two holes aof length-
Sto-radius (1/R) vatios of 16 and 8 are designed
[to provide blackbody conditons.

Theoretcally, the hole with a4 1/R ratio of 16
should radiate 0.964 10 (L997 ol the energy ol a
[blackbody and the hole with a L/R ratio of 8
should radiate 0.866 10 0.990 the energy (4). No
difference i brightness was observed between the
two holes, so at best they radiawe 0.990 of the
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Tantr |
Theorencal Temperature Dillerence (T — To) Owing 10 Depannme
of Dummy Tungsien Specimen Holes trom Blackbody Condnions

! T — T According T — Tope Aceonching

o Blackbods 10 DeVos (4) 10 Casselon ¢ a. ()
lmn;():-':.;;lun‘ T K (°K)

For LIR=18 | For L/R=8 | For LIR=16 | Fov L/K=8
— L i — -

1000 | 2 2 5

2000 5 | 6 7 ]

3000 4 14 In K7

4000 7 27 29 1n3

energy of a blackbody and at worst they 1adiale
0.964 of that energy. The resuliing theoretical
temperature differences, due to departure from
blackbody conditions, are given by Wien's law at
a wavelength of 0.65 micton as

1_1 _logs
T Tue 9606 (h

and are tabulated for four values ol true tempera-
ture in Table 1. 1n Eq. (1) T is the true (blackbody)
temperature, T, is the observed brightness
temperature of the hole. and fis the theoretical
fraction of blackbody radiation from the hole.
Wien's law is simpler than Planck’s law and is a
close approximation to it at the wavelengths and
temperatures discussed here.

Casselton et al. (5) have provided another means
of calculating the theoretical deparure from
blackbody brightne.s. The relation they developed
is based on the geometry of the holes and the
emissivity of the material in which the lholes are
drilled. This departure s given by

'
e .

- L (l . (A) . l <
T T“"ooooA[ e | e
Assuming that the spectral emissivity €, at A = 0.65
micron is 0.45 for tungsien, the departures ol
both 1/16-in.-diam holes in the dummy specimen

are also listed in Table 1.

In the present work, however, the holes will
be assumed 10 be blackbodies since the errors
would be small and since both holes appeared
equally bright. Furthermore, a thermocouple
placed inside another dummy specimen 1/16 in.
away from the blackbody hole gave agreement 1o

within a lew degrees ol the optical pyiomeres
readings over the mterval 1300-1500°C. Thus,
the assumption that the holes are blackbodies
is lurther supporied.

In order to simulate the surlace ol a test speai-
men, a llat surtace on the eylindrical dummy
speamen was provided so as to have the same
angle of emission (as dehned in Fig. 1) and
the same surface hnish (12 micromches) as
that of the narrow edge of the test specimens to
be used in the lurnace. The incease ol the
spectral emissivity  with increasing  angle  of
emission up to a maximum at 75 degrees is shown
at 1wo wavelengths tor tungsten (6) in Fig. 3.
Readings ol a oblackbody  temperature and a
corresponding  surtace  brightness temperature
Te on the dumniv specimen will permit a calcula-
tion of the speetral emissivity €, at a given wave-
length. For a number of measured temperatures,
the values ol €, were computed Irom the relation-
ship

T, — T=2.303T2TAM(A (3)

where C; = 14,833 mcrons-°X and A = 0.65
micron. These values, shown in Table 2, differ
from reported values lor polished tungsten
viewed  perpendicularly 1o the surface. Fon
exampic, at a temperature in the vicnity ol
2000°C, Table 2 shows a value € -0es = 0.47, in
contrast to reported values of 0.44 (7) and 0.37 (8).
But the vaiues shown in Table 2 were found
reproducible; hence they may be assumed correct
for the furnace reflections, specimen finish, and
angle of emission present here.
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Seleaed Values af Faoms Influencing rhe Measimenent ol
Speamen Temperanne by the Tyvpe ol Poameter tndicned
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Sight Glass Conrection— The nine tempernme
is the reading of the blackbady holes in hie
dummy speaimen aber correaing tor attennanon
by hie sight-port glass. ‘The anenvanon by rhe
sight glass s dne, i large part, o reflections from
the snrfaces of rhe glass, To a lesser exiem, e

attenation s dependent on the abscapticon of
light by ohie glass atselt and 10 1he seavenng of
hglo by imperteaions,

Among several methods nsed 1 coneo ton the
attempion by the sight glass, he toflowing
pmocedme was tound convemem and achiable.
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A temperatare Ty mcasmied thongh the simgle
ghiss (1d-m Pyrexy, Neat, an adentcal glass s
merposed in the hne of sight and the vesnlting
drop m wemperanne (Te = Te becomes the glass
cortection for T onhv, and nor tor Ty os s fre-
quenthy assumed. Using (T, — T as the cotrecion
tor Ty would introduce an ertor ob LI°K ot
JOOOK. This ertor s doe m part to nuthiple
reflections and e pare o the bact tha the cones-
tion (T, — Ty decreases with decreasing brighiness,
aed sinee the second prece ob glass sees a lower
brightness than the best, the correction (75 = Ty
s low when applicd 10 Ty Henee, ploing T
versus (T, — Ty tor difteremt specimen wemper-
atures provides a mo + aconrate empindalb correc
twon tor a sight-port glass. When a bighiness
temperature s measured throngh the sight-pon
glass, the corresponding plotted conrection for
that temperature is added to the measured bghi-
ness to hnd the brighiness as i no glass were
present,

In the above empincal procedure, muliple
1eflections between the two glasses abvo introduce
ate ervon. The four swlaces of the o glasses
make it possihle for more light to be transmited
throngh the second glass than through the Inw
so that the empincal correction tor the second
13 incvitably meastned lower than for the hra.
But if nne assumes reasonahle valmes tor re-
flectance and absorption tor 1/4-in. pyrex glass,
one may show that at 30M0°K the temperature
drop of the first glass alone is 0.5°K greater than
that of the second glass alone when the two
are placed in series. This error is small enough
to be overlooked in most applications. it would
be attractive from the standpoint of reducing
teading uncertainties in the glass correction to
ase more than ome additional ghns v make the
correction.  But  the errors  introduced  From
multiple retlections increase sharply with the
number of glasses nsed and soon oftser the
reduced reading nncertainties.

The empirical procedime provides a 1ealistic
correction as contrasied 1o calculations imvolving
known or established transmittances. For example,
it was Dowsl et w0 b siilluoiens, in diis cawe o
calculate the transmittance of the glass at one
temperature and then to apply this 1o establish
corrections at other temperatures, It appears
that the wtansmittance changes with  bright-
ness, as shown in Table 2. Thus, the empirncal
provedire comdutted vver Hre tairge ol rempera

AN

SHAHINEAN

beam hirace
comudered the most 1caostic appmoach 10 1he
correction tor glass attennation,

Coatroy

res ised i the electrm Wi

the
the attenuation ot the gliss, the
metallic deposis on ahe gliss present @ more

Aenuation - i connast 1o e

1ection fon

dithenlt problem. Heating of the speamen s
accomplshed by election beans in o vaconnm of
103 1o, and i very high temperannes metal
vapors hom the speamen readhly deposie them-
selves one the sight glass, Flhis deposi produces
ertoncons wmciismements for which no acavate
worrection o be made sinee the thickness of the
deposit cannet be predicied. Ataamtial speaimen
temperattite of 3000°C, 4 reducnon of several
hindred degrees is observed i the brgliness oher
onlv a tew mmmes, Shintters are nsually osed aned
are opened only while kg readings. Bt s
nomsatintactony tor two reasons, Even tor shon
expostres o thin metallie comting will sl
on the sight glss, possibhy oo hight to nonce, and
be suthaent 1o mtroduce errors, Alvo, because of
Aie deposity the tiemperature cannot be continue-
ousthy momitored and controlied. By vse of sutabic
shickding arrangements and imermittent 1eading
techniques, these errors are minnmzed.

Curve— A master  aalibra-
tion curve mav be plotted now o give the true
temperature from the surtace brightness reading
ol a test speamen. b this procedine, the tue
tewmpeainne of the dunnoy speamen will be the
termperatute ewd s e Blackbodn Tales sl
adding the sight-port glass correction. At various
temperatures and with no coating present, pairs
of 1eadings are taken: birst, the hole temperature,
to which the glass correction is added, and second,
the brightness temperature frem the surface which
simmilates the suitace ot a test speamen. These
readimgs ave plotted as a calibration curse
Fig. 4. This anmve takes mto gecount all the
factors mttuenong emnissivinn: material, sintace
himesh, angle ob emission, and tnrnace 1etections.,
The attenuation ob the sighn glass i abo taiken imto
account, so that now it the wemperanue ob a test
specimen is desied, one need onby read the sin
L i+ hrigihibomess treagperatin e G e s o b e
pyrometer) and inspect the curve of *ig. 4 fo
the comesponding ttue temperature, provided,
of course, that the pyrometer s properhy cali-
brated. A sinilar curve mav be plotted tor the
determination of the temperature of 1od spea-
merd. o il wmse, the canpativm » umle

Master  Calibration
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tangsten sher speonnen nnde the speond conedhinions doscnhed o the ew
The | &N puimneter soale s thiee canges imarhed ot dows N aecdion
aod NN chogho
between the blackbody hole temperature and the  Binean of Standawrds A st wb e mdiated

surface  bnghtness temperature diready above
or below a hole of the dummy spedimen.
Pyrometer Cabbration — {he  Laboraton optical
priometer nsed i this stidy 1o make the meas-
nrements for the consttnction of the e
Fig. 4 was calibrated against an aptical pyvrom-
cter that was mtially cabbrated at the Nanonal

temperatnres on the puomacr dal versis the
PR Tntermanonal femperatine Scabe s shown
in Lable 3 With
Blament lamp, o compansen was made between
the readimgs given by the Nanonal Burean ol
Stndards cahibrated pyrometers and the libora

the nse af o thngsten snp

tory pyrometer. Although the disorepanaes e
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Tame 3
Comparison of NBS and NRL. Optical Pyrometer
Measurements of Blackbody Temperature

19 Scale Reading (°C)
Ine : ‘:‘ al Pyromerer Calibrared NRL Pyromerer
ettt L NBS (1L&N No. 1502596) | (L&N No. 1604797)
.\!('ak' Low | Medinm | High lLow |Medium | High
°C) an (XH) (XXH) (H) (XH) [ (XX
Scale | Scale Scale Scale | Scale Scale
‘;_.———T_—* m

1200 1196 1193

1300 1297 1294

1400 1397 1396

1500 1496 | 1497 1497 | 1510

1600 1596 | 1597 1596 | 1608

1700 1696 | 1697 1694 | 1707

1800 1797 1812

1900 1897 1910

2000 1997 2008

2200 2197 2210

2400 2396 2414

2500 2498 2471 2515 2481
2600 2596 2571 (2616)* | (2582)
2800 2796 2770 (2817) | (2784)
3000 2967 (2985)

*Temperatures in parentheses ave extrapolated.

not exceed (.7 percent in the low (H) range,
0.9 percent in the medium (XH) range, and
1.1 percent in the high (XXH) range, they were
numerically high enough so that thev could not
be overlooked.

The true temperatures shown in Fig. 4 are
cervected for the discrepancies noted during
pyvrometer calibration, so that now readings
made with the laboratory optical pyrometer
may be applied 1 Fig. 4 10 find the true tem-
pemlur('.

Uncertainties of the Measurements — Fven with
all the above-mentioned corrections made, Fig. 4
cannot be considered numericallv exact becanse
of uncertsinties introduced in ** e reading of the
pyre acter. The operator must match the brigin-
ness of the internal filament with the brightness
of the target as the two images are superimposed.

The closeness with which this match can be made
depends on the sensitivity of his eye to small
changes in the intensity of light, as well as to the
color response spectrum of his eyve. Exposures 10
bright light and physiological conditions are
known to reduce this sensitivity. The comparison
of brightness should be made at a mean effective
wavelength of 0.65 micron, but, in fact, the match
is made within a bandwidth of about 0.04 micron
around this mean wavelength (10). This band
arises from the overlap of the eve's color response
aad the cutoff characteristics of the pyrometer’s
internal filters. The “color blind™ operator may
make the intensity match in the wavelength region
in which his eve is most sensitive. This may differ
from the wavelength around which another
operator will make this match. Now, if the spectra
of the observed filatnent and the target are the
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same, there is little discrepancy. However, should
the spectra differ, which is usually the case, due 10
the optics and filters in the pyrometer, the inten-
sity matches made by the two operators having
differeni color sensitivity responses will cause
differences in readings since the match is not made
around the same wavelength.

Brightness match is further made difficult when
sighting on targets at nonuniform temperature or
on a round target where the brightness increases
from its center to either side due to the increase
in emissivity as the angle of emission increases.
For example, a tungsten rod specimen at 2000°C
appears 35°C brighter at the sides than at the
center.

By taking a number of readings of an object
at constant temperature, the uncertainty limits
were established as 10 how close 1o a mean temper-
awure the operators at this Laboratory migin
read the pyrometer. These uncertainty limits
are shown in the second column of ‘Table 4 and
their meaning should be explained. It will be
assumed that actual readings distribute them-
selves normally about a mean temperature. To
define this normal distribution, the mean and the
stmdard  deviation are necessary parameters.
‘The mean temperature is the average of a large
number of readings. The standard deviation o,
which is a measure of the dispersion (or widih)
of the function, has the property that 68.3 percent
of all the 1eadings made will fall between +o and
—o. Similarly, 95.5 percent of the readings will
fall hetween +20 and —20, and 99.7 percent will
fall between +30 and -3¢, ete. Although sufficient
data were not available to establish a reliable
value of o for the laboratory pyrometer, the
limits shown in the second column of Table 4 are
considered 10 contain 95 percent of the readings
s that these limits will be set equivalent 10 20.
Now, if a single reading was taken, r.g., at 3000°K,
it would be possible 10 sav how good the odds are
that :he reading would fall within £3°, +6°, and
29°C away from the mean tempernure. Thus,
for example, 95.5 percent of the time the 1cading
would lic between the limits of =6°C of the
mean temperature since 6°C. corresponds 1o * 2.

In each step of the procedure used to develop
the curve of Fig. 4, readings were taken as follows:
First, the laboratory pyrometer was calibrated
from the NBS calibrated pyrometer: nexi, the
blackbody holes were read; then the correction
for glass was made; the brightness of the dummy
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Tasie 4
Measurement Uncertainties for
the Calibrated Pyromete.: and

Reading Uncertainties for
The Laboratory Pyrometer

Blackbody | PYiomerer NRI
T ] Calibrated a |
smperature o i Pyromeiert
°K) oy B.b ’K)
°K)
—— 4
1000 *3 *2
2000 *5 +3
3000 *8 *t
4000 | =8 +9

*Uncertaints hmats i measurmg brightiess tempetature
as stated by National Boresu of Sandards tor the opieal
pyiometer calibrated by them (Ret 1 h

tSpread of teadings e, reading uncertaintics) about 0,
mean tempelatute as caiculated hrom several observations
with the fabovatorsy pyrometer

specimen’s ground fHat surface was measrred;
and finally, the brightness of the test specimen
was itself measur:d. Each reading introduced an
uncertainty, and i is the accumulation of these
thar is plotted as the limits shown in Fig. 4. (The
procedure followed in accumulating these uncer-
tainties is discussed in the Appendix.) Thus,
for a given surface brightness reading, one can
determine between what temperature limits the
true temperature will lie 90, 99, or 99.9 percent
of the time.

Two-Color Pyrometry

Emsivity — Fven though the two-color pyviom-
eter is, in prindiple, relatively insensitive to both
emissivity  and  the anenuation by glass and
coatings, it was found that errors in temperature
measurements imtroduced by these factors were
of such magnitude that they could not be ne-
glected. But these errors were, in general, much
less than those found in readings made by the
optical pyrometer.

In general, emissivity does not affect readings
with the two-color pyrometer to the same extent
as it does readings with the optical pyrometer.
For exampie, if the rue temperature of a polished
tungsten target is 2000°C, the optical pyirometer
1eads {810°C while the two-color reads 2044°C (9).
The error in veadings taken with the optical
pyrometer is dependent on the logarithin of the
spectral e cissivity at 0.65 micron (Eqg. 3). On the
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other hand, for iwo given spectral emissivities
the color temperature Te and the true temperature
T arc rclated, by the following equation derived
from Wien's law (12):

2.:“)3 Tr T I"g (b/(r

Te =T == M)A Mo

4

where C; = 14,388 microns-°K and the subscripts
b and r designate the wavelength 0.47 (blue) and
0.64 micron (red), respectively. Thus, the errors
to the two-color readings described by Eq. (4),
corresponding to those of the optical readings .
described by Eq. (3), are seen to be proportional
to the logarithm of the ratio of the two spectral
emissivities. In the case of tungsten at 2000°C,
€ = 0.429* and ¢ = 0.464 (7). Now, the smaller
error from the wo-color pyrometer will be seen
Trom the Lac that [log tesle)] which rguals 0.0148,
is considerably smaller than {log €|, which equals |
0.368. No matter what the magnitude of each
spectral emissivity may be, so long as they are
close to one another, the reading error from the
two-cojor pyrometer will be small. It may be
noticed also that the two-color pyrometer gives a
reading higher than true temperature for tungsten |
because & > ¢ and, thus, the ratio of blue energy
to red is greater than that of a blackbody at
2000°C: (see Eq. (4)).

The angle of emission ¢ also has an effect on the
two-color readings, but again it is less than on
optical readings. For example, at 2000°C an
increase in the angle of einission ¢ from 30 1o 60
degrees causes the apparent brightness to increase |
by 26°C. with the optical pyrometer, while the two-
color pyrometer indicates a decrease of 17°C. |
Figure 3 shows the increase in emissivity for boin |
blue and red radiation, but the ratio of these does
not change as greatly as does the emissivity for
red alone. Thus the effect on the two-color pyrom-
eter readings should be less than on the optical
readings. It is interesting to note from Fig. 3
and Eq. (4) that for an increase of ¢ from 30 10
60 degrees the two-color readings would show a
lower temperature since at ¢ = 60 degrees it sees
a decreare in the ratio of blue to red from what
it sees at ¢ = 30 degrees. '

Sight Glass and Coating Attenuation— Errors
introduced to measurements by the two-color

*The small diffesence in eimissivity between thar a1 A = .64 mi.
e and A = 0.65 micron is negledied in this example.

pyrometer are also affected by the selective
avenuation of the Pyrex sight glass and the
tungsten co . ags. These errors are again less
than those introduced to optical readings. For
example, at 2035°C the glass correction measured
by the two-color pyrometer is only 5°C, while
that measured by the optical is 20°C. The reduced
magnitude of attenuation errors to the two-tolor
measurements is due to the fact that the errors
are dependent on the logarithm of the ratio of
the transmittances at each wavelength, e, on
llog (rs/70)], and not on |log .| alone, as is the case
with the optical. In general, as with Pyrex glass,
[log (ra/7,)] is nearer zero than |log 7.|.

Tungsten coatings on the sight glass impose a
serious problem to continuous temperature meas-
urement with both instruments. However, the
errors introduced to readings made by the two-
okt pyrotimever are about vve frith thuve cavved
in the optical. But at high temperatures and with
the sight glass open for continuous monitoring,
the thickness of the coating will increase and
cause large cerrors after long times.

The color temperature T, and true temperature
T are related for given spectral transmittances and
emissivities by the following equation extended
from Eq. (4):

_2.303 T T log (& n/er 7/)
et C:(Ar — As) /A s )

where C; = 14,388 micron-°K and the subscripts
b and r designate the wavelengths 0.47 and 0.64
micron, respectively.

Calibration and Measurement Uncertainties — The
twocolor pyrometer was calibrated against the
NBS standardized pyrometer using a tungsten
strip-filament lamp. The uncertainties of readings
by the two-color pyrometer are reported (13)
for a single reading to be =1 percent of the span
of the scale plus 0.75 percent of the measured
temperature. At 2000°K this is calculated as
=19°C, and if it is assumed to be cquivalent to three
standard deviations, this uncertainty corresponds
to accumulated uncertainties of £13°C for readings
taken with the optical pyrometer. It is not entirely
clear as to wh.. these reported reading uncer-
tainties refer. The experience at this Laboratory
indicates thiat each time the two-color pyrometer
is calibrated against a calibrated optical pyrometer,
readings fall within this range of *19°C. However,
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during a given period of operation, the instrunient
is stable to about £3° at 2000°K.

Procedure for Temperature Measurement

It was found during the course of this study
that each instrumeit displaved advantages and
disadvantages for the various aspects of temper-
ature measurement. Although both the optical
and the two-color pyrometer readings were
influenced by emissivity and attenuation by the
sight glass and coatings, the two-color demon-
strated, as expected, lar less of an eflect. However,
over a period of time, the calibration ol the two-
color varied slightly and the instrument did not
demonstrate the same high reproducibility charac-
teristic of the optical. For this reason, the optical
pyrometer was selected for the construction of
Fig. 4 and lor the determination of true tem-
perature.

The two-color pyvrometer provides continuous
readings and temperature recording. This, to-
gether with its reported high sensitivity of less
than 1°C and its greater immunity to measurement
errors from coatings, made it the desirable choice
for temperature monitoring and control.

The procedure finally adopted for temperature
measurement is as follows. Before a test is begun,
the test specimen is heated to the desired tempera-
ture as measured with the optical pyrometer
through clean sight glass in accordance with the
woirelation of Fig. 4. At this poiat in the pro-
cedure, it is important to minimize the coating
rrrofs, dnd 1o this end the bolliwing arcatigemenr
was found convenient and useful. A circular disc,
with a pie-shaped sector removed, is so constructed
that it can be rotated by a magnetic couple from
outside the sight glu": After a test specimen has
been heated to the desired temperature, the disc
can be rotated so as to expose a clean section of
glass and permit a final reliable reading before
the test is begun,

When this final reading with the optical pyrom-
cter is taken, the corresponding reading on the
two-color pyrometer is noted, and control of the
electron beams is adjusted to keep this tempera-
ture constant throughout the test. However, a
serious limitation 10 this procedure arises from the
selective attenuation of the tungsten coating on the
sight glass. At high temperatures and for long
times, even the two-color pyrometer readings

drop to where one may only estintate the tempera-
ture of the specimen. Despite this hmitation, the
overall procedure was found satisfactory in most
tests and touk advantage of the best characieristics
of both instruments,

SUMMARY

The application of both the optical and the
two-color pyrometers was mvestigated for the
neasurcment of temperatare of a test specinien
in the electron beam furnace. By using the
optical pyrometer an empirical corcelation was
established between a blackbody seniperature and
the corresponding brightness of a surface similar
to that of a test specimen. This correlation, which
was plotted as a calibration curve, accounted for
all the error-producing factors of emissivity and
attenuation of sight glass, as well as those due to
mstrument calibration and uncerainties. The
temperature of a test specimen conld then be
determined from its surface brighiness temper-
ature using this correlation. However, the pres-
ence of coatings of metallic vapor on the sight
glass of the furnace introduced an error that could
not be exactly accounted for, but rather only
minimized.

Both the optical and the two-color pyrometers
were compared with regard to the influence of
emissivity and  attemiation on e readings,
as well as 10 their accuracy and 1eproducibility.
The two-color pyrometer readings were aftected
by emissivity and attenuation by glasses and
cuitings, but v 4 lesver degree that wete e
of the optical pyrometer. However, the stability
and aceuracy of the optical pyrometer were found
superior. Thus, it was not desirable 1o use cither
instrument by itselt to determine and control
temperature in the cleciron beam furnace. Rather,
the following procedure was established to ke
advantage of the best characteristies of both
instruments. Because of its high accuriaey and
stability, the optical pyvrometer was selected 10
establish the true temperature of a specimen.
The two-color pyrometer, although not as stable
or accurate, provided continuous readings and
recording with high seasitivity. It was also less
sensitive to the presence of metallic coatings on
the sight glass. For these reasons thie two-color
pyrometer was selected ton u-nqx‘lmm'r moni-
toring and comrol.

U il
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Appendix

Accumulation of Uncertainties

In establishing the correlation between surtace
brightness and true temperature, as previously
shown in Fig. 4, a series of pyrometer readings,
each containing an uncertainty, was niade. In
order 10 accumulate the otal uncertainty, it is
necessary to identifv the distribution and magni-
tude of the individual uncertainties inherent
in cach measurement. Estimates and assumptions
concerning these distributions were made since
sufficient data were not available 10 establish
them accuratelv. Once these distributions are
set, the accumulation is done by standard statis-
tical techniques.

Temperature measurement uncertainties are
introduced by (a) the measurement uncertainties
of the pvrometer calibrated at the Nationat
Bureau of Standards (NBS) and (b) the reading
uncertainties introduced when calibrating the
laburatory pyvrometer (Table 4) against the NBS
pyrometer. Further uncertainties are introduced
in reading the blackbody temperature, in readings
made for the attenuation corrections for the
furnace sighi-port glass, and in reading the sw-
face brightness of the dummy specimen and of

the test specimen. So the accumulated uncer-
tainties pertaninyg 1 the calibration curve of
Fig. 4 should be examined.

tt will be assumed that the reading uncertainties
and the uncertainties stated by NBS are distributed
normallv about a mean temperature measure-
ment. the mean temperature measurement of
the NBS-calibrated pyrometer is assumed to be
the true temperature (when measuring a black-
body) to this extent: the average of a large number
of calibrations and measurements would tend to
approach the true temperature. Next, it is con-
sidered reasonable to suppose that 99.5 percemt
of the measurements made with the pyrometer
calibrated at NBS should fall within the limits
stated by them. Therefore, these limits (first
column of Table 4) will be considered equivalent
to three standard deviations (3a). Similarly, the
reading uncertainties of the taboratory pyrometer,
as stated in the second column of Table 4, are
considered to contain only 95 percent of readings
made: so these limits will be set equivalent te 20.

Now one can evaluate the limits o, *20,
*30, e, for the accumulated uncertainties at
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cach temperature of Table 4 and assign the
probability of falling within these limits when using
the calibration curve in Fig. 4. For simplicity let

a = uncertainty lintts ot brightuess measnre-
ments  usitg  the  NBS-calibrated  pyrometer

(equivalent 10 three standard deviations), and

b = uncertainty himits of rcadings by the labora-
tory pytometer (equivalent 1o two standard devia-
tions).

The variance o is defined as the square of the
standard deviaion . When calibrating an
instrumettt against a standardized oue, it may be
shown that the varianee of readings taken with

the instrument equals the sum ot the vartance of

the standard and the variance of the tustrument.
Thus the vaviance for the calibrated laboratory
pyrometer is [(a/3)* + (b/2)2]. The construction
of Fig. 4 is expressed algebraically as

test
’ black-
Tirwe = T| specimen | + [ T (bodv )
surface :

(Al)
T (glus.s ) _r (dummy ) ]
correction specimen surtace/ |

Since this relationship represems the addiion
or subtraction  of independent  temperature
readings, the variances of each reading may
be added 10 give the ol variance of the tue
temperature. By taking the average of nindepend-
ent readings instead of a single reading, cach
variance of a contributing reading is divided by n.
The following listing gives the variance associated
with each reading made for the construction of
Fig. 4.

'l'clnperumr(- Varance (o?) of

Rcading the Reading
Test Specimen (g_’ + Q)
Surtace 9 4
Blackbody
(average of my t (g_’+ _lf)
readings) m\9 4

\';n’i;mu_' (o?) of
lht_‘ E('a@

2 [a? b
=(Es

Tewmperamre
Reading

Glass Correction
(average of ny
readings)

Dummy Specimien

surface 1 (a_2 + [
(average ol ny ml\9 4 )
readings)

Total Variance

of True 1 2 t\fa* b
Temperature’ (] METRE 'ﬁ)( 9" 4)
Measurement

Thus the standard deviatton o tor the true

temperature ob Fig. 4 is

1,2 1Y72ar by
0*ﬂ+m+m)(a+z)

Evaluating Eq. (A2) with the a and b tor each
temperature shown in Table 4, values are obtained
tor 2o, 220, etc.. as shown in Table Al when
n = n3 =1 and n; = 2. The uncertaints limits
shown in Tabfte 4 are extended from the values
shown in Table Al. Suitable multiples of o are
selected 10 give the limits (Table A2) between
which 90, 99, and 99.9 percent of true temper-
ature deterntinations should fall.

(A2)

tYasLe At
Accumulated Uncertainties tor
Master Calibration Curve (Fig. 4)

Blackbody *o o *30
Tempermure | P=0683%* | P=95.54%| P=%.7%
°K) °K) (°K) K
1000 2.8 5.7 8.5
2000 14 89 13.3
3000 8.0 16.1 =41
4000 [ 207 | 414 62.2

P o the probabnhn that a readmyg will Gl watlin the o e,
2. o e,

Note These nucertimtes apply cnly o the curve oF by $ o brgln
ness teacings taken ath the Laborstony Paomete
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TaBLe A2
Summary of Unknown Systematic Errors

and Accutnulated Uncertainties

AND P SHAHINIAN

Amount ot Error

Type of Error at at at at
1000°K | 2000°K | 3000°K | 4000°K
CK) K) K) (°K)
——e —
Unknown Systematic Errors:
1. Blackbody assumption
a. best (DeVos (4)) -1 -2 -4 -7
b. worst (Casselton et al. (5))] —6 - 26 - 57 - 103
2. Vapor deposit on glass
(X = iemperature drop
for any given depmit
at 1600°K) -X —-4X | -9 | — 16X
Accumulated Uncertainties:
for:
P =90%t (].6450) *5 *7 =13 | =44
P=99% (2.5750) *7 =1l +21 | =53
P = 99.9% (3.290) %9 =15 | 26 | +68

*4+ means higher than true temperature.
= means lower than true temperature.

tP ix the probability that a reading «will fall within the limits indicated.
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