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Brightness and Two-Color Pyrometry Applied 
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INTRODUCTION 

A Facility ii> evaluate iht- mechantral profjerties 
uf refractory metals up i«> a temperature «»I 
(»(MM>0F was recent!) put into operation at this 
Laboratory. Ihe equipment, consisting of an 
election beam furnace attached to an Instron 
tester, permits tensile, compression, relaxation, 
,iii(l low-cycle faligll«■ testing. Heating of the 
test specimen is accomplished In bombardmenl 
öl the specimen surfaces by electron beams 
generated in two self-accelerating electron guns. 
The desired temperature is obtained by adjusting 
the emission current in each nun, and the beams 
are swept over the specimen to obtain an even 
temperature distribution. 

It was the purpose of this study to evaluate 
pvrometri« instruments for the determination of 
temperature in the electron beam furnace, .is 
well as to establish .1 reliable procedure ioi 
making the temperature measurements. Also, 
the statistical uncertainty of such measurements 
was evaluated. 

INSTRUMENTS AVAILABLE FOR 
HIGH-TEMPERATURE MEASUREMENT 

The moie common instruments used lot high- 
temperature measurement were considered foi 
IMissible use with the electron beam furnace. Thev 
im hide theimiHotiples, total radiation pyrometers, 
optiial   pyrometers,  and  two-color  pyrometers, 

SKI I'liililim Mll!-09: I'IMJUI KH IKI7 (i| lb ■i4n7 VKI'XUi.ln 
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I hermotouples, .ilihiiii)»li convenient lot IMUII 

measurement and lonti'il, are limited, at best, 
to about 4;jlM)0K, Furthermore, the) cannot IK

1 

e\|M»sed to the electron IKMIH since the introduc- 
tion of electrical currents would cause errors in 
the temperature measurements. 

Total radiation pyrometers may IK- used for 
measurement and control at higher temperatures, 
but they are subject to very serious error when 
(a) the emissivity of the specimen is not accurately 
known, (b) there ate contaminants present in the 
atmosphere, and (c) the furnace sigbt-jiorl glass 
becomes coated with meiallic vapors from the 
heated specimen. 

The disappearing-fiiameni optical pyrometer, 
because of its flight, accuracy and siabilitv, is 
more frequentl) wvA Ioi high-temperature 
measurements (h, Keadin^s of this instrument, 
which is calibrated lot biac MNHIV conditions, 
usualh must IK-corrected for the target's emtssivit) 
and lot attenuators such as sight glasses and 
coatings. 

Ihe two-coloi pyrometer, which can prmide 
loiiiinuotis measurement and control, overcome» 
some of the errors WIIM II .ue common to optical 

pyrometer readings (2,;*). I be instrumeni directl) 
measures the ratio of intensities emitted within 
two different wavelength bands —the intensity 
within a band in the blue region of the spectrum 
to the intensitv within a band in the led region of 
the spectrum. When a si^htm^ is made on a black- 
boch, this ratio IIK leases with im reading temjÄ'ra- 
iiite according to Planck's radiation law. I be 
instrument is so construe ted that this ratio is read 
directly as temperature. Because this pyrometer 

I 
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utilizes the talk) cif energ\ emiUfd within two 
wavelength hands rather than the magnitude of 
energy within oniv «me hand, it should he relatively 
insensitive to difleiemes in enmsivity (which is 
a function of wavelength), lontaminants in the 
atmosphere, and attenuation hy sight glasses and 
roatings. It is indeed insensitive to these factors 
when the spectral emissivitie« are equal within the 
two wavelength hands (gr;iyhody emission) and 
when the spectral attenuations within each wave- 
length hand are equal in hoth the glass and the 
coaling. In reality, these conditions rarely exist 
and some error is introduced For example, if 
more blue than red is emitted from a surface in 
comparison to that emitted by a hlackbodv, 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 
sensitivity, and this attribute makes it particularly 
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 

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 attenuation 
by the sight glasv and coatings. These factors are 
examined in detail as they »fleet 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 test specimens used in this furnace 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. I), as can the md specimens. For these 
reasons, together with the consideration of furnace 
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Fig,  I • Sdwmalk plan view of elcrtron btam tmnmr 
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GROUND TO   Z MlCWXNCHES 
AME FO« A.U SHEET OR 

ROD TEST SPECIMENS) 

• ANGLE OF EMISSION, 
(ANGLE AT WHICH SPECIMEN 
IS VIEWED AWAY FROM 
PERPENDICULAR TO SPECIMEN 
SURFACE) 
LINE OF SIGHT 

KIK   2 • Duininv tungsten »pwimcn »iih M.n M><><lv hulo 
IIM-II for the determinatiun nl »peritwti efni*iivil> 

reflectiom, an empiriiul approat h ii» the establish- 
ment of true teni|ierature is adopted. This is 
ammiplislu'd by making the ctiniparision between 
a blackb<Kjy and a surface at the same tempera« 
lure, the surface heitig similar to that of the sheet 
test specimen where all the (»ossihle variables are 
encountered. 

The effects of emissivilv and of attenuation by 
sight glass and coatings on the two-color pyrom- 
eter readings are determined and compared to the 
effects on the optical pyrometer readings. From 
this comparison, ami from considerations of the 
basic characteristics oi 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 

Correctmt for Emtssivity-'lhv emissivity e, de- 
fined as the ratio of the total radiant energy 

emitted from a surface to the total energy emhicd 
by a liLuklNxh at the satin- temperature, depends 
on temperature, material, surface finish, and the 
anglt- of emission. To establish the emissivilv ot a 
lest specimen, an experiment was devsed whkh 
would account lot all the variables II|HHI whkh 
emissiviiv is dependent, including reflections from 
within the furnace. A dummy specimen of 
tungsten was constructed as shown in hig. 2 in 
ordct to establish the relationship between the 
blackbodv for true) temperature and the surface 
btighincss lemperature. The two holes of length- 
io-radius (1,/R) ratios of 16 and H are designed 
to provide blackbodv conditions. 

Theoteiiiallv, the bole with a IK taiio of lb 
should radiate 0.961 to 0.997 of the energy of a 
blackbodv and the hole with a I. K ratio oi H 
should radiate 0.M66 to 0.990 the energy (4). No 
difference in brightness was observed between the 
two boles, so at  best  thev   radiate 0.990 ot  the 
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I SHlt    t 

Theoreikal Temperature Difference if - Tat») Owing to Departure 
of Dummy  rungsten Sj»cimen HoJes Iron» BiaiklM)d\ Comliiions 
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energy of a blarkhodv JIHI at worst ihw tadwte 
0.964 of that energ>, I he remkiitK theoretical 
temperature differences, due to departure From 
hlackbody conditions, are given bv Wien's law at 
a wavelength of 0,65 muion as 

I _ _L -121/ 
T    T*.    960b (I) 

and are tabulatrd tor four values of true tempera- 
ture in Table I. In F.q, (I) 7 is the true (blackbodv) 
temperature, T«*, is the <»bserved brightness 
temperature of the hole, and / is the theoretkal 
fraction of blackhody 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. 

(lassf lion et«/. (5) have provided anothei means 
of calculating the theoretical departure from 
biackbodv brightness. The relation they develojied 
is based on the geometry of the holes and the 
emissivity of the material in which the hole:« are 
drilled. This departure is given bv 

r« r 
96061 r-fw i + (i i 

«A 2iLIR) (2) 

Assuming that the spectral emissivitv CA at A ^ 0.65 
micron is 0.45 for tungsten, the departures of 
both l/16-in.-diam holes in the dummy specimen 
are also listed in I able I. 

In the present work, however, the holes will 
be assumed to be hlai kliodies since the errors 
would be small and since both holes appeared 
equally bright. Furthenmire. a thermocouple 
placed inside another dummy specimen 1/16 in. 
away from the hlackbody hole gave agreement to 

wiiltiu a IC-M degrees of the upikai pytomelei 
readings over the interval I3(M)-I5000(;. Thus, 
tile assumption that the holes are blackhodies 
is further supported. 

In order to simulate the surface of a test speii- 
men, a flat surface on the cylindrical dumim 
specimen was provided so as to have the same 
angle of emission (as defined in Fig. I) and 
the same surface finish (12 microinches) as 
that of the narrow edge of the test specimens to 
be used in the furnace. The increase of the 
spectral emissivity with increasing angle of 
emission up to a maximum at 75 degrees is shown 
at two wavelengths for tungsten (6) in Fig, 3. 
Readings of a nlackbodv temperature and a 
corresponding surface brightness tem|ierature 
TB on the dummv specimen will permit a calcilla- 
tion of the s|)C'ctral emissivity CA at a given wave- 
length. For a number of measured temperatures, 
the values of fA were computed from the relation- 
ship 

r      r_ 2.303/"«nioKCA 
(3) 

where Ct — 14.833 mkrons-0/i.' and A = 0.65 
micron. These values, shown in Fable 2, differ 
from reported values for polished tungsten 
viewed fierpendic ularly to the surface. Fm 
enampte, at a temperature in the vicinity of 
2000o(:, Table 2 shows a value CA-OM « 0.47. in 
contrast to reported values of 0.44 (7) and 0,37 (H). 
But the values shown in Fable 2 were found 
reproducible; hence thev may be assumed conect 
for the furnace reflections, specimen finish, and 
angle of emission present here. 
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Sigh\  lti(i\s  fjorrwrton—The  true temperature attenuation is dependent on the absorption (d 
is ihc  reading oi   the hl.ukhtulv  holes in the IIKIU In the glass itscli and to the scattering id 
diimnn S|H-( mifii after correcting lot attenuation light In imperfections. 
In the siglii-|)oii glass,   The attenuation In  the Among several methods uied to ioireel foi ilu- 

sight glass is due. in large part, to reflections from attenuation   l>\   the   sight   glass,   the   following 
thf siulatcs ol ihr glass. To a Ifssci extent, the procedure  ^as tound conven»ni  and  reliabJe. 
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A temperature Tt is measured ihiuuuti the singlr 
^lass (ll-m Pvrex). Ntvi, an identical KI.INS IN 

iniciiMiscti in the lint- oi MS^III and die rrsullin^ 
drop in temiieraturc (Tt — Tit betonies the nlav< 
n»rietliiin lor Tt "nl\, and not lot Ti m is li«-- 
quentlv assumed. Using {Tt — T^ .is «he torretiiun 
lor T, would jntrodiu«' an errcn nj |.1*K at 
'i(MMl°K I In« ertiii is due in patl in multiple 
reflectkms and in pan to the laii dial the rorm- 
linn {T, — Tt) (U'i rfaws with d« reasing brightness, 
and since the second piete oi K'a>s st■t■,, ■' lowti 
brightness ihan the iusi, du* com-iiion {It ~ Tit 
i» low when applnd to T,. Hence, plotting Tt 
versus {Tt — T,) lor different specimen temper- 
atutcs provides a inoi • accurate empirical torm- 
tion for a stght>poi1 KI.ISS. When a brightness 
temperature is measured through the sijihi |MIII 

glass, the corresporHiing plotted itHrectkin fot 
that temperaiure is added to the measured bright- 
ness to hnd the brightness as it no glass »ere 
present. 

In the above empitiiai prtiredure, muliiplr 
reflectitms between the tv\o glasses also introduce 
.in error. The tour surfaces of the two glasses 
make it possible lot mote lighi to IK- transmitted 
through the second glass than through die first 
so that the empirical correction for the second 
is inevitably measuted lower than tor «he first. 
But it one assumes reasonable valuvs for re- 
Hectance and absorption lor S/4-in. pvrex ^lass. 
one mav show that at 3«MM)0K the temperature 
drop ot the first glass alone is t,.5<>K neater than 
ihat of the second glass alone when the «wo 
are placed in series, i his error is small enough 
to be overlooked in most appliiations. a« would 
be attractive from the standpoint of «educing 
reading untertainties in the glass correction to 
use more than one additional glass to make (he 
correction. But the errors introduced from 
multiple retlections increase shaiply with the 
numbe« of glasses used and goon offset the 
redured reading uncertainties. 

The empirical procedure piovid's a tealistic 
correction as contrasted to calculations involving 
known or established transmittances. For example, 
it was found not to IM- sufficient, in this case, to 
calculate the transmitlance of the glass at one 
temperature and then to applv «his to establish 
corrections at othet temperatures. It appears 
that the «tansmiltance changes with bright- 
ness, as shown in Table 2. Thus, die empirical 
proceduie conducted over the langeol «empeia- 

liius used in «he electron Ix-ain iuniate »as 
inmidered «he most reaitstic approach to the 
collection tin glass attenuation. 

(ndtifiir Allruiuition In contrast to the toi- 
rection fo« «he- attenuation o| the \<,\^s, tlu- 
metallic deposits <>n the ulass present a «neue 
ditlic uh problem. Heating ot the siietimen is 
«Kcomplished l>\ electron beams in a \ iiuuni oi 
to s ton, and a: ven lugli temperatures metal 
vapors tiom «he sfiecimen readih drjKisi« «heni- 
selves o-i the sinht ^i.iss. This de|)osit produces 
erroneous measurements tor winch no accurate 
correction can IK- made since the iliuktuss ot «he 
d« jMisii t anno« h« predk ted. \i an initial SJH« imen 
temperature id ^(MMH , a reduction ot several 
luindied degrees is observed inthebrightnesHafle« 
only a few minutes. Shutters are usuath used and 
are opened onl\ while taking readings. Bui this 
is unsatisfactory tot two reasons, Even lot short 
exposures a «Inn metallic coating »ill accumulate 
on the sight glass, pussibh too iigln to notice, and 
IK- sufficient to introducr errors. Also, because ot 
.he di|Mistt. the temperature cannot IM- cuntinu- 
ouslv monitored and tontrolted. B\ u^eol suitable 
shielding arrangements and intermittent leading 
techniques, these errors are minimized. 

Mmtrr (.alihmiion fJimf—A mastei calibra- 
tion curve mav IK- plotted now to give the true 
temperature from the surface brightness leading 
ot a lest specimen. In this procedure, the true 
temp' lime of the dutmm specimen »ill be the 
temperature read in the M.HUHMIV boles aller 
adding the stght*port glass correction. At various 
temperatures and »iib ne» dialing present, pairs 
ol leadings ate taken: first, the hole temperature, 
to whic b the glass correction is added, and second. 
the brightness temperature from the surface which 
simulaies «he surface ol a test s|MTimen. fhese 
leadings are plotted as a calibration curve in 
Fig. 4. tins curve takes into account all the 
lac tors mllueneing emissivity: material, surface 
finish, angle ol emission, and furnace reflectkms. 
I be attenuation ol the sigh« glass is also taken into 
account, so that now it the temperature ol a test 
s|iecimen is desired, one need onlv read the sin 
face brightness temperature (as measured b\ the- 
pyrorneterj and inspect the curve ol Vig. I loi 
the corresponding ttue temperature, provided, 
ol course, thai «be pyrometer is pro|>eib cah- 
htated. A similat curve may 1M- plotted lot the 
determination of the temperature of loci speci- 
metis.   In   this   case,   the   comparison   is   made 
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1 ABIT   3 
Comparison of NBS and \RI. OptHal Pyrometer 

Mea&urementi <tt Blacklxxlv Temperature 

1948 
International 
Tentipentture 

Scale 
(T.) 

Stale Reading ("C) 
Pyrometer Calihrated 

at NBS(L&N No. 1502596) 
NR1. Pyrometer 

(L&N No. 1604797) 
low 
(H) 

Scale 

Medium 
(XH) 
Stale 

(XXH) 
Scale 

Low 
(H) 

Vale 

Medium 
(XH) 
Stale 

High 
(XXH) 
Stale 

1 if» 1196 1193 

1500 1297 1294 

1400 M97 1396 

1500 1496 1497 1497 1510 

1600 1596 1597 1596 1608 

1700 1696 1697 1694 1707 

laoo 1797 1812 

1900 1897 1910 

M00 1997 2008 

2200 2197 2210 

2400 2396 2414 

2500 2496 2471 2515 2481 

2600 2596 257! (2616)* (2582) 

2800 2796 2770 (2817) (2784) 

3000 2967 (2985) 

•Triiipclaturrj in parrnlhf«-» ff < <iii4)«il.ilril 

not exceed 0.7 percent in the low (H) rainje, 
0.9 percent in the medium (XH) range, and 
1.1 percent in the high (XXH) range, thev were 
numericallv high enough so that thev could not 
he overlooked. 

The true temperatures shown in Fig. 4 are 
o;--'etted lor the discrepancies noted during 
pvrornMer calihration, so that now readings 
made with the lahoratorv optical pyrometer 
mav he applied to Fig. 4 to find the true tem- 
perature. 

L'merlamttfs of the Mfasurements - V.sen with 
all the above-mentioned corrections mad«', Fig. 4 
cannot be considered numericallv exact because 
of uncertainties introduced in '* e "eading of the 
pyrr leter. The operator must match the bright- 
ness of the internal filament with the brightness 
of the target as the two images are superitnptwsed. 

The closeness with which this match tan he made 
depends on the sensitivity of his eye to »mall 
changes in the intensity of light, as well as to the 
color response spectrum of his eye. Fxposures to 
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 eye's color response 
a.id the cutoff t harac teristics of the pyrometer's 
internal filters. The "color blind" operator may 
make the intensitv match in the wavelength region 
in which his eye is most sensitive. This mav differ 
from the wavelength around which another 
operator will make this match. Now, if the spectra 
of the observed filament and the target are the 
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same, therr is liitle discrepancy. However, should 
ihe spectra differ, which is usually the case, due to 
the optics and filters in the pyrometer, the inten- 
sity matches made by the two operators having 
different color sensitivity responses will cause 
differences in readings since the mate h 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 s»8 the angle of emission increases. 
For example, a tungsten rod specimen at 2000o(; 
appears 350C brighter at «he sides than at the 
center. 

By taking a number of readings of an object 
at constant temperature, the uncertaintv limits 
were established as to how c lose to a nu-an temper- 
ature the operators at this Laboratory might 
read the pyrometer. These uncertaintv limits 
are shown in the second column of Table 4 and 
their meaning should be explained, ft will be 
assumed that actual readings distribute them- 
selves normally about a mean temperature. To 
define this normal distribution, the mean and the 
standard deviation are necessarv parameters. 
The mean temperature is the average of a large 
number of readings. The standard deviation tr. 
which is a measure of the dispersion (or width» 
of the function, has the property lhat H8.S percent 
of ail the readings made will fall between -Hr and 
—a. Similarly, 95.5 percent of the readings will 
fall between +2<r and -2cr, and 99.7 percent will 
fall between +3<r and —Scr, etc. Although sufficient 
data were not available to establish a reliable 
value of a for the laboratorv pyrometer, the 
limits shown in the second column of Table 4 are 
considered to contain 95 |>ercent of the readings 
so that these limits will be set equivalent to 2a. 
Now, if a single reading was taken, e.g., at S0(K)oK, 
it would be possible to sav how good the odds jre 
that ;he leading would fall within ±3°, ±6°, and 
±90C away from the mean tempeiature. I bus, 
for example, 95.5 perceni of the time the reading 
would lie between the limits nf JibT. of the 
mean temperature since ±60( 1 corresponds to ±2cr. 

In each step of »he procedure used to develop 
the curve of Fig. 4, readings weie taken as follows; 
First, the lalioratory pyrometer was calibrated 
from the NBS calibrated pyrometer; next, the 
blackbody holes were read; then the correction 
for glass was made; the brightness of the dummy 

I ADit 4 
Measurement Uncertainties for 
the Calibtated Pvrometc.  and 

Reading Uncertainties for 
The i^alioratoiv Pvrometer 

Btackbodv 
Temperslure 

f0K) 

Pyrometer 
Calibrated at 

NBS* 
(0K) 

NRI 
Pyronwtert 

(0K) 

1000 

2000 

S0(K) 

4000 

±.1 

±S 

±8 

±28 
  

±2 

±<i 

±9 
*l'iiiri1iiiril\ limil» HI nuatuniiK bnghinr« Irinprtaluir 

a« stalnl hv N^ltiMul Biitrau ol SUIKUMU Im thr optkaJ 
imoiwi«"! i.iljliuuil b\ Ihrm (Rrl   111 

tSpir.dl tit tradiiiK* fl". ifarimg tirh^ttaiiMirsi ahiiut U. 
nif.iii it in|M-i.Miii(- M . .itt III,MI'<) from Mwi.tl •>lMrr\atHiiu 
»nil ilii Uhnidimv (»iiimrnr 

s|)ecimeirs ground flat surface was measi red; 
and finally, the brightness of the test specimen 
was itself me.isiii d. Fach reading introducect an 
uncertaintv, and it is the accumulation of these 
that is plotted as the limits shown in Fig. 4. (The 
procedure followed in accumulating these uncer- 
tainties is discussed in the Appendix.) Thus, 
tor a given surface brightness reading, one can 
determine between what temperature limi'% the 
true temperature will lie 90, 99, or 99.9 percent 
of the lime. 

Two-Cdor Pyromctry 

Emissivity—Even though ihe two-color pvtom- 
eler is, in principle, relativelv insensitive to both 
emissivity and the attenuation by glass and 
coalings, it was found that errors in temperature 
measurements introduced bv these factors were 
of such magnitude that thev could not be ne- 
glected. Hut these errors were, in general, much 
less than those found in readings made bv the 
optical pvrometer. 

In general, emissivilv dc»es not affect readings 
with the two-color pyrometer to the same extent 
as it does readings with the optical pyrometer. 
For example, if the true temperature of a |)olished 
tungsten target is 2(MM)e(;, the optical pvrometer 
leads IHIO'C while the two-color reads 2044*0 (9). 
The error in readings taken with the nplical 
pvrometer is dependent on the logaiithtn of lb.' 
spectral e   issivity at 0.65 micron (Fcj. .H). On the 
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other  haiui,  for tw<i given spectral emissivities 
the toloi temperature Tf and the true temperature I 
T are related, hy the inik>wing equation derived | 
from Wiens law (12): 

_ m 2.303 7V T log €>/c, 
' "    CAkr-MlKrk*' 

(4) 

where C* = 14,388 microns-0K and the subscripts 
b and r designate the wavelength 0.47 (blue) and 
0.64 micron (red), resperlively. 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 prof<ortional 
to the logarithm of the ratio of the two spectral 
emissivities. In the case of tungsten at 20008(]. 
«r = 0.429* and c» = 0.464 (7). Now. the smaller 
error from the two-color pyrometer will be seen 
from the fact that |log («»/*-)|. which equals 0.012, 
is considerably smaller then |log Cr|, which equals 
0.368. No matter what the magnitude of each 
spectral emisstvity may be, so long as they are 
close to one another, the reading error from the 
two-color pyrometer will be small. It may be 
noticed also that the two-color pyrometer gives a 
reading higher than true temperature for tungsten 
because €» > e, and. thus, the ratio of blue energy 
to red is greater than that of a blackbodv at 
2000o(; (see Eq. (4)). 

The angle of emission 0 also has an eHec t on the 
two-color readings, but again it is less than on 
optical readings. For example, at 2000oC an 
increase in the angle of emission 0 from 30 to 60 
degrees causes the apparent brightness to increase 
by 260Ci with the optical pyrometer, while the two- 
color pyrometer indicates a decrease of 17%'.. 
Figure 3 shows the increase in emissivitv for botn 
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 fie less thati on the optical 
readings. It is interesting to note from Fig. 3 
and Eq. (4) that for an increase of ^ from 30 to 
60 degrees the two-color readings would show a 
lower temperature since at ^ = 60 degrees it sees 
a decrease in the ratio of blue to red from what 
it sees at ^ == 30 degrees. 

Sight Glass and Coating Attenuation - ¥.rn>r% 
introduced  to  measurements  by  the  two-color 

pyrometer are also affected by the selective 
attenuation of the Pvrex sight glass and the 
tungsten co . ngs. These errors are again less 
than those introduced to optical readings. For 
example, at 2035*0 the glass correction measured 
by the two-color pyrometer is only .VC, while 
that measured by the optical is 20eC. The reduced 
magnitude of attenuation errors to the two-color 
measurements is due to the fact that the errors 
are dependent on the logarithm of the ratio of 
the transmiuances at each wavelength, i.e., on 
|log (T»/Tr)|. and not on |log Tr| alone, as is the case 
with the optical. In general, as with Pyrex glass, 
llog (T6/Tr)| is nearer zero than |log Tr|. 

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- 
color pyrometer are about one-fifth those caused 
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 errors after long times. 

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

2.503 TV f log (€> T>/€, Tr) 
e ~ C»Ur - A*)/Xr A» (5) 

*Thr «nwli ilitfrtrfKC in nnnuvHy hHxmi ihiH JI A 
■ um 41x1 A ■ 065 iiiHinii n nrgtatttl in ihi« rxamplr. 

064 mi- 

where Ct = 14,388 tnicron-0K and the subscripts 
b and r designate the wavelengths 0.47 and 0.64 
micron, respectively. 

Calibration and Measurement Uncertainties —The 
two-color pyrometer was calibrated against the 
NBS standardized pyrometer using a tungsten 
strip-hlament 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 2000eK this is calculated as 
±19SC, and if it is assumed to be equivalent to three 
standard deviations, this uncertainty corresponds 
to accumulated uncertainties of ±13sr 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 that each time the two-color pyrometer 
is calibrated against a calibrated optical pyrometer, 
readings fall within this range of ±19"(;. However, 
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diuiiiK a given pt'iiod ni n|M>ralioii, (he inMrunieiit 
is stable to aboui ±3° a« 2(MH>0K. 

Procedure for Temperature Measurement 

It was found during the course ot this studv 
that each instrument displayed advantages and 
disadvantages for tlie various aspects ot temper- 
ature measurement. Although both the optical 
and the two-color pyrometer readings were 
inHuenced by emissivity and attenuation by the 
sight glass and coalings, the two-color demon- 
strated, as expected, far less of an effect. However, 
over a period of time, the calibration of 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 for the determination of true tem- 
perature. 

The two-color pvrometer provides continuous 
readings and temperature recording. This, to- 
gether with its reported high sensitivity of less 
than leC and its greater immunity to measurement 
errors from coatings, made it ihr 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 pvrometer 
through clean sight glass in accordance with the 
correlation of Fig. 4. At this point in the pro- 
cedure, it is important to minimi/e the coating 
errors, and to this end the following arrangement 
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 gla After a test SJH-C inu-n has 
been heated to the desired temperature, the disc 
can be rotated so as to ex|>ose a clean section of 
glass and permit a final reliable reading before 
the test is begun. 

When this final reading with the optical pvrom- 
eter is taken, the corresponding reading on the 
two-colar pyrometer is noted, and control of the 
electron beams is adjusted to keep this tempera- 
ture constant throughout the test. However, a 
serious iimitaMoh to 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 estimate the tempera- 
ture of the specimen. Despite this limitation, the 
overall procedure was found satisfactory in most 
tests and look advantage of the best charac teiistics 
of both instruments. 

SUMMARY 

The application of both the optical and the 
two-color pyrometers was investigated for the 
measurement of temperature of a test specimen 
in the electron beam furnace. By using the 
optical pvrometer an empirical correlation was 
established between a blai kbodv temperature 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 thcH- due to 
instrument calibration and uncertainties. The 
temperature of a test specimen could then be 
determined from its surface brightness temper- 
ature using this correlation, However, the pres- 
ence of coalings of metallic vapor on the sight 
glass of the furnace intrcHiuced an errot 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 
emissivitv and attenuation on their readings, 
as well as to their accuracy and leproducibilitv. 
The two-color pyrometer readings were affected 
by emissivity and attenuation bv glasses and 
coatings, but to a lesser degree than were those 
of the optical pyrometer. However, the stability 
and accuracy of the optical pyrometer were found 
superior. Thus, it was not desirable to use either 
inslrumeni bv itself to determine and control 
temperature in the electron beam furnace. Rather, 
the following procedure was established to lake 
advantage of the best characteristics of both 
instruments. Because of its high accuracy and 
stability, the optical pvrometer was selected to 
establish the true temperature of a specimen. 
The two-color pvrometer, although not as stable 
or accurate, provided continuous readings and 
recording with high sensitivitv. It was also less 
sensitive to the presence of metallic coatings on 
the sight glass. For these reasons the two-coioi 
pvrometer Has selected foi temperature moni- 
toring and control. 
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In establishing the correlation between surface 
brightness and true temperature, as previously 

shown in fig. 4, a series of pyrometer readings, 
each containing an uncertainty, was made. In 

order to accumulate the total tincerlainiv, it is 
necessary to identify the distribution and magni- 
tude of the individual uncertainties inherent 
in each measurement. Estimates and assumptions 
concerning these distributions were made since 
sufficient data were not available to establish 
them accurately. 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 pyrometer calibrated at the National 
Bureau of Standards (NBS) and (b) the reading 
uncertainties introduced when calibrating (he 
laboratory pyrometer (Table 4) against the NBS 
pvrometei. Further uncertainties are introduced 
in reading (he blackbodv temperature, in readings 
made for the attenuation corrections for the 
furnace sighi-port glass, and in reading the sui- 
face brightness of the dummv specimen and of 

Appendix 

<rf Uncertainties 

the test specimen. So the accumulated uncer- 
tainties pertaiiung to the calibration curve of 
Fig. 4 should IK- examined. 

It will be assumed that the reading uncertainties 
and the uncertainties stated by NBS are distributed 
normally 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- 
bodv) to this extent: the average of a large number 
of calibrations and measurements would tend to 
approach the »me temperature. Next, it is con- 
sidered reasonable to suppose that 99.5 percent 
of the measurements made with the pyrometer 
calibrated at NBS should fall within the limits 
stated bv them. Therefore, these limits (first 
column of Table 4) will be considered equivalent 
to three standard deviations (%tr). Similarly, the 
reading uncertainties of the laboratory pyrometer, 
as stated in the second column of Table 4, are 
considered to contain only 95 {lercent of readings 
made; so these limits will be set equivalent to 2<r. 

Now one can evaluate the limits ±(r, ±2cr< 

±3cr, etc., for the accumulated uncertainties at 
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each u-mpcraiure of lablt- 4 and assign the 
|>robabilit\ of falling within tht-st- limits when using 
the ralihration curve in Fig. 4. Foi sitnplkiiv lot 

a = uniettainiv limils «if brightness measure- 
ments using the NBSH alibi ated pyrometer 
(equivalent   to  three  standard  deviations),  and 

h = uncertainty limits of readings by the labora- 
torv pvrometer (equivalent to two standard devia- 
tions). 

The variance tr* is defined as the square of the 
standard deviation a. When calibrating an 
instrument against a standardized one, it may lie 
shown that the variance of readings taken with 
the instrument equals the sum of the variance of 
the standard and the variance of the instrument. 
Thus the variance for the calibrated laboratory 
pvrometer is [(a/3)*+ (6/2)']. The («instruction 
of fig. 4 is expressed algebraically as 

(test 
sjiecimen 
surface 

[« 
+ r /glass \ 

Vcormiion/ 

(Al) 
_ /dummy 

\s{>ecimen surface )]■ 
Since this relationship represents the addition 
or subtraction of independent temperature 
readings, the variances of each reading mav 
be added «o give the lotal variance «if the true 
temperature. Bv taking the average of n independ- 
ent leadings instead of a single reading, each 
variame of a contributing reading is divided bv n. 
The following listing gives the variance associated 
with each reading made for the construction of 
Fig. 4. 

lenqierature 
Reading 

lest Sjiecimen 
Suria«e 

Blackbody 
(average of «i 
readings) 

Variance {a3) of 
the Reading 

Temperature 
Reading 

(ilass Correction 
(average of ni 
leadings) 

Dummy Specimen 
surface 
(average of n.\ 
readings) 

Total Variance 
of True 
Temperature 
Measurement 

Variance (tr*) of 
the ReaHing 

1 K + ^ 
»H\9     4/ 

"^9     4/ 

K+^XM) 
Fbus the standard deviation a for the true 
tetiqierature of Fig. 4 is 

/.I      2      1 We*    ^X"1 

Fvaluating Fq. (A2) with the a and b for each 
temperature shown in fable 4, values are obtained 
for ±0". ±20'. etc., as shown in Table Al when 
ni = n.! = 1 and n-i = 2. The uncertainu limits 
shown in Fable 4 are extended from the values 
shown in Table Al. Suitable multiples of a are 
selected to give the limils (Table A2) between 
which 90. 99. and 99.9 percent of true tenqier- 
ature determinations should fall. 

TABLE Al 
Accumulated I'ncertainties for 

Mastei Calibration Curve (Fig. 4) 

Black hoch ±tr ±2«r ±bT 
Temperature p^-ta.w* P = 95,53 P = <W.7'? 

(0K) (0K) CK) (0K) 

KXN) 2.8 3.7 8.5 

2000 4.4 8.9 13.3 

WOO 8.0 16.1 24.1 

4000 20.7 41.4 
1 

62.2 

*/' \s the  |it<ili,iiMiii\   lti.it A irjtliiiK »HI I'll ttithtn tht- \\\\\\\\ tsf. 

Nou-   I h« *e ititttn.iitMM^ .i|i|»K "ttlv utlhr im\f itl hK   I Uti brighl- 
liens 11,11 in^^ 1.1k* it '.viih (he  l.()Ntij|ifn Hviwinrtrt 
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TABU A2 
Summary «»1 Unknown Systematic Errors 

and Actumulated Umerlaintie* 

Type oj Error 

Aniuuni of Error 

at at at a) 
lOtKTK 2000eK SOOO'K 4(MMIak 

<aK) CK) CK) CK) 

Unknown SysiematK Errors: 

1. Blarkbody assiiiiiptiuii 

a. besi (DrVos (4)) - 1* -2 -4 -7 
b. worst (Cassdton el at. (5)) -6 -26 -57 - 103 

2. Vapor deposii on glass 
{X * temperature drop 
for am given depfHii 
at IOOO*K) -^f -4jr -9jr -IfiJT 

An umulated UiKertainties: 
for: 

P-90%t  (l.645€r) + 5 ±7 ± 13 ±34 
/»-TO*    (2.575<r) ±7 ±11 ±21 ±53 
f-99.9%(S.29ir) ±9 ±15 ±26 ±68 

•+ meuM hiKhri than true irwperMutr. 
- mrtm tnwrr ihjn irur UfflprrMure. 

tf i« ihr |triituh4ltn ihji a tr«linK -»ill faH wittmi the limits indkaird. 


