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NOTICES

When Government drawings, specifications, or other data arc used for any
purpose other then in connection with a definitely related Government procure-
ment operation, the United States Government thereby incurs no responsibility
‘nor any obligation whatsoever; and the fact that the Government may have
formulated, furnished, or in any way supplied the snid drawings, specifications,
or other data, is not to be regarded by implication or otherwise a8 in any

- manner licensing the holder or any other person or corporation, or conveying
any righte or permission to manufacture, uge, or gell any patented invention
thet mey in any way be related thereto.

Qualified requesters may obtain copies of this report from the Armed

Services Technical Information Agency, (ASTIA), Arlington Hall Station,
Arlington 12, Virginia.

This report has been relessed to the Office of Technical Services, U.S,
Department of Commerce, Washington 25, D.C., in stock quantities for sale
to the general public.

Copies of ilis report should not be returned to the Aeronautical Systems
Division unlese return ig required by security considerations, contractual

obligations, or notice on & specific document.
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Resesrch, University of California at Berkeley, Californis,
under USAF Comtract AF(313)-6630. The contract was imitisted

- under Project 7360 "Materisls Apalysis and Evaluation Tech-
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It was administered under the direction of the Directorats
of Materisals and Processss, Deputy for Techrology, Aeronsutical
Systems Division with Mr, Robart A. ¥inn 2cting as project
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ABSTRACT

Results obtained for the spectral emittance of materials
measured in air at intermediate temperatures of about 1400°CF
are compared to the spectreal reflectances measured at room
temperature to provide an appraisal of the effect o1 temperature

cn those radistion properties.

The temperature effect is foumd

to be small for oxidized metals and for ceramic coatings and
some of the apparent effects are still associated with varia-
tion of the material and with inaccuracy of measuremant.
Spectral emittances for metals wore determined oaly for plat-
inum; these results and those of other inveatigators are
analyzed tc shou that the apparent coincidence in tks appli-
cability of the Hagen-Rubuns equation is of incressed validity
at higher temperatures and that this is the basis for the
applicability of that formulation to the specification of the

total emittance.

A system designed for the determination of the spectral
emittance of metals or of materials with metallic substrates,
in vacuum or in an inert atmosphere, is described and pre-
liminary results are indicated for Incomel.

Spectral and total properties of various materials ob-
tained in certain tasks are also presented, this comprising
particularly the properties of ceramic coatings prepared by the

Chance~-Vought Company.
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IFIRODUCTIOR

The firet part of this roport 1) prosentsd thermal radia-
tion propertiss of a nunber of matorials and alssc deseribed tho
systems by means of which theze propsrties wsreo obtaimed. The
properties were, in general, normsl velues omly, aad cozprised
the spsctral reflectance froz 0.30 to 25 microns, of the anter-
ial at room tempsrature; tho spectral reflectance, from 1 te
325 microns, of the matarial at a tempsrature of 1000°P; and tho
total emittance for tempsraturss froz S500°F to 25000F, all being
megsured in air, Spectral properties at higher temparaztures aro
best detesrmined as emittancee and there was described a systom
for spsctral normsa)l emittance determinations in which the sample
wss in air and with which tomperatures up to 1800°F could be
obtaiped., At that time only a few results were available from
tnis systez and for oxidized nickel alloys these indicated, for
most of the range from 2 to 15 microns, a correspondence between
the reflectance deduced from tho emittance measured at high
temparature and tho reflectance messured at room temperature.
This corrocborated; relatively, the resultz found for the re-
flectance of oxidized and coated materials at 1000°F, which wero
only slightly differcnt from those messured at roocm temperature,
but which did depsrt from them sufficlently so that the total
emittance predicted from the spectral values measurcd at 1000°F
turned out to be, for those good emitters, about 5% below the
emittance prodicted from the reflectance m2asured at rooa tom-
perature. The measured total emittances, morecover, were closer
to the predicticn meds from the room temperaturs reflectsanco
thua from the prediction based on the reflectancs measured at
high tempsrature,

Additional results for the spactral smittance at tempera- ~e9r~
tures betweon 12009F and 1800°F ars given here. Becaugo of the o
air eavironeent in which the sample was situated, thege rosults

are limited to oxidized and to coated metals, and for polighed

platinum., Clearly the ¢limination of oxidation effecte requircs

measurcmsenta in ap inort stmogphere or in a vacuum oad the .
systsm irom which the results wore obtained wes an intorim devico -9
to the cloead system which was dovoloped subscquently and which
is deacribed in Sectionm 4. Tbe resulis from this usidt are still
prelimipary spd are mot reported except as they appsar im

Section 4. L
—Q

Henuscript roleascd for publication 31 Jeauary 1862 as & -
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The resulte for the spsctiral emittance of oxidized and
coated matorieis are compared ir Section Z to the results for the
reflectance at room temperature. ¥hile these comparisons ars
8ti11l sffected by variability in the material itself, the inp-
dication of the comparison is cne of relatively small effects
of temperaturs on the spectral properties of these dielectric
aurfaces. The differsnces that do exist occur in the long wave
length rogion, sc that they exert but a small influsmeo on the
total emitiance at high temperatures.

The effect of temperature on the spectral emittance of R
metals is coasidered in Section 3, in reference to the resulis .
obtained for platinum and to available results for nickel. A S
roview of the electromagnetic theory and the contribution of e
pactoelectric sffects is combined with the availsble results in ‘ -
an examipation of the relisbility of the often specified Hagen- ot
Rubers rslation for the specification of the emitisnce of metals,
to ipdicate that its applicability is due apparently to a coin-
clidence of effects. Rezulte for the effect of surface stress onm
the reflectance at room temperature are presented also %o in- [
dicate that this effect also msy provide correspondence with e
the Hagsn-Bubens relation even for metals such as copper for =
which it would ordinarily be comsidered ipappropriate.
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TEWPERATURE EFFECTS OFN THE REFLECTANCE
OF COATED OR OXIDIZED METALS

2.1 Iatroduction

The thermal rediation properties of metals coated with re-
fractory matsrials snd of metzls with well oxidized surfaces ars
determined by the properties of these surface layers. Thess
layerz are essentizlly dislectric, with optical properties deter-
mined by ocacillators associated with electronic, ionic, and
molecular vibrationes, Except near thesse resonance fraguencies,
the absorption tends to be low and the index of refraction rela-
tively invariable and soms of the absorption of these layers
arises also from the irregularity of the surface and from in-
ternal interfaces which diminish the tramnsmission through multi-
ple reflection and scattering. In broad spectral regions the
reflectance of the material is lov and relatively constant, as
is expected for a dielectric.

The temperaturs dependence of the radiation properties of
such matorials is usually presumed to be small, a view of course
guided by the low reflectance of these materials in general, so
that even & significant change in the reflectance affscts very
little the total emittance of the materizl. This latter effect,
of couras, has been deronstrsted by the fair predictions of
totrl amittance at sleveted temperatures that are produced from
the reflectamce measured at low temnerature. A more direct
asseasmant 18 naturally obtained by the measureeent of spectral
propertiea at higher temperature, and reflectaances have beon
mezsured for numerous materials of the type uander consideration,
a8 reported previously(l) and here sfter described. These
however, were scarcely sufficiently definitive, other than in-
dicating that temperature effects were small. Since the tem-
perature at which reflectance could be determined was limited to
the ordsr of 10009F, studies of the effect of higher temperatures
on the spectral properties required the measurement of spectral
enittance, Such messurements were made, in air6 with sample
temperatures in the temperature range from 1200°F to 1800°F,
using a system previously described. The results therefrom are
the major presentation of this section and these support the
relative invaeriability of the spectral propsrties with the tem-
perature, though they do show local veariaticns which are moreover
still made uncertain by the question of the stability of the
material with respect to further oxidation during the pericd of
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Pisally, there is presented a brisf cunsideraticn of the
effoct on the optical constants that wouid be dus to band
brosdenirg in & single classical oscillator, un the inference
thkat an incresse im band width might accompany an incregse in
temperature, these results do support soms of the local eflects
cf temperature that are democnstrated by the sesults, But such
correspondence as does exist is at present insufficient to

support fundamentslly the sssumptios of bind broadeniay that is
involved.

2.2 Reflectance at Elsvated Temperatures

The heated cavity reflectometer can be operated with ele-
vated sample temperatures by decreasing the amount of sample
cooling, as previously described(l). The radiation detected is
then composed of botb reflecticn xnd emission and the latter
contribution sust be subtracted appropriately in terms of the
mesesured temperature of the sample, As the sample temperaturs
incresses the portion of the detuctor response thst is due to
reflection diminishes and a sample temperature of 1000°F is the
practical limit for a cavity temperature of about 1400°F, The
determination of the saxple temperatures is critical and an
error of 109F produces errors of 10% in the reilectance for z
material having a reflectance of 0,20, This error diminishes at
wave lengthe belov 4 microns and better results are achieved at
short wave lengths., The temperaiurs, measured by & thermocouple
welded tc the metallic substrote at the couoled side of the
sample, tends to be lower thar that of the surface layer, so that
the contribution of the emission tends to be deficiently ap-

preaised, yielding s situation in which ths indicated reflactancs
tends to be too high.

The reflectances that were obtained 2{ 2 teamperaturs of
10000F either coincided closely with the reflectance measured
at roomx temperature or wsre higher at wave lengths balow about
8 microns and at loogar wave lengths were slightly below the
values measured at room temperature, Since it is the reflec-
tance at shorter wave langths that makes the siguificant contri-
bution to total valuesz at high tempersture, a lowar total emit-
tance vas prsdicted from the reflectances measured at high
tempersture than was predicted from the reflectancss measurad
at room ismpsrature., The experimental values of totzl emittance
showed the opposite behavior and this casts doubt on the higher
spectral reflec¢ances found at short wave lengths with & hot
sample. The spectral emittance results which follow imply also
that the two reflectanuss should have been more nearly the saume
in the short wave length regiom.

PP




2.3 BEmittence et Elevated Temporature

Az sn intermedinte step to the copstruction of the system
which is described iz Section 4 for the determinztion of spsctral
emittances at high temperature im an ingst atmospbsre, there ves
developed a system for opersztion in air at temp?rstures up %o
about 1800°F and this system has been described(l), Basicsally,
it is comprissd of a huated cavity and of a sample heating fur-
nace for heating the sample by irredistion orn the side opposite
to that observed. A mirror system permits obzervation of either
the cuvity or the sample through the same set of optics and the
emittance is determized from the detector rosponsze in the two
cbservations together with the obusrved temperatures of the
cavity and of the sample. Ths major error in the emittance so
determined is asscciated with the messurement of sample tem-
Ferature and an error,A T, in this determination (or, moro
specifically, an aggregate errcr of AT in the temperature of
sanple and cavity), produces an error in the emittance of

- . This is serious at short wave lengthks and rendexe
quite gquestionable the results at wave lengths below 2 microns
when the operating temperature is of ths order of 1500°F. Since
the temperature of the radiating layer on a costed sample tondm
to be below the measured subsztrate temperature, the emittancss
as determined are too low, and the inferred reflactances co-~-
sequently tend to be high. Thus the trend of error due to
tomperature variation in the surface layer is the same as it is
in the "heated" reflectance determinations, with a magnitude
that depends on the conductivity and thickness of the surfece
layer. The actusl nature of the emittance datz cbtained does
suggest, however, that the thermocouple readings temdod to be
low and the emittancs as evaluated was probebly sbove rather
than below the true value.

In the desirse to maximize the temperature uniformity in the
reglon of observation, the original design of the spectral emit-
tance unit required samples 1-7/8 inches in dismeter. Thus,
vhen a reflectance determinstion was desired after an emittance
neasurement, a 7/8 inch dismeter reflectance sample had to be
cut from the center of the emittance saaple., To achieve an
optimum comparison this was done for all the cases here reported
but this requirezeant limited to cue the comparisonz betwecen
reflectance and emittance that could be achieved. Later exami-
nation showed that 7/8 ipch diamster samples could be used in
the emittance unit but this change was not made early enmough to
be of profit in the group of mesasurcnents presented hera,

Results ere prescntod for the micksl alleys M252, Rsae 41,
and Incomel, and for the materinl) ES25, all of which had oxide
layers which appsared to be relativoly stable in respoct to
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temperature cycles below 1800°F. In additiop, results are shown
for Stainless Stesl A286, with which however the oxidation was
progressive, and for certain coatod sumples with 2 molybdenum
substrate, obtained from the Chance-Vought Co. The results are
indicated as reflectances, one being uanity minus the emittance
measured at high tempersture, and the other the retlectance
deternined from the same sample at room temperature after the
enittance detarminstion was completed. .

Oxidized Nickel Alloys

Figure 1 presents the results ror oxidized Inconel and in-
cludes a curve for the low texperature reflectivity reported
before\l’, The present results .agree fairly with earlier values,
though there is separate evidence of considersable difference
in the spectrsl properties of different Inconel samples, Except
in the region of 9 microns, there is close correspondence be~
tween the reflectances at high and low tempersture and from the
experimenial standpoint, there is for these results good over-
lap between the results obtaipned with the NeCl and KBy prisms,
which are distinquished by different point designations on
these and on the succeeding results.

The relstive insensitivity to tsmpersture of the reflec~
tances shown on Figurs 1 is at comsiderable variance with the
previous results{l) for oxidized¢ inconel, which showed a .

substantial increase in reflectamce at high temperature for short
wave lengths.

Pigure 2 shows the results for oxidized allov 252, and
this figure contains points only for emittance values, since
oxidation had progressed so far in this sample when the emittsnce
data were obtained that a suitable reflectrince sample could not
be cut from it, The low temperature values that are shown by
the solid curve were obteined from a different sample of the
sae material but below 9 microns these values are practically
identical to those deduced from the emittance, while at long
wave lengths the reflectance that 1s deduced from the emittance
is lower than the room temperature value. A dashed curve is
showvn for the reflectences measured at 1000°F and below 9 microns
these are slightly sbove the low temperature velues, If agree-
ment is forced at short wave lengths then the agreement with the
emittance results is ipproved at the long wave lengths, Only
2 smell shift would be needed and the correspondence that is

schieved is an illustration of the stability of the oxide on
this material,
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Tigure 3 shows results for Rene 41 (Unitemp ‘41), s matorinl

almcst the same ags M2352, but the results obtained with it do aot -

show the mame kind of agreement that is shown for the latter
material on Figure 3. For this material, also, the reflectance
2" lov temperature, shown by points, was obtained from the
emittance sampls and that reflectance is lower thaa ths one
shown by the solid curve of the ezrlier report. A differeat
original mpecimen was involved and part of the difference in-
dicates the variation that can be expected in the same material.
The emittance and reflectance results, shown by points, agree
fairly until about 5 microns, with the low temperature values
becoming higher as the wave length increases., At long wave
lengthe this difference becomes substantial,

H325 Cobalt Chromium Alloy N

Figure 4 shows for tais material a small influence of tem-~
perature on reflectance at wave lengths below 9 microns. There
is a departure above this, and the low temperature reflectance
is lower than the high temperature value that is deduced from
the emittance determination. For wave lengths above 15 micronms,
where only the results from a different reflectaace sample are
available, there is a substantial change due to the change in
tenpersture, with, on the average, a higher reflectance at
elevated tempsrature.

Stainless Steel A. ‘86

Most of the results that are shown for this material on
Pigure 5 are not appropriate for an appraisal of the dependence
of the reflectance on temperature, for the results obtained
from the emittance, and shown by points on the figure, were
derived from an originally unoxidized sample which oxidized
progressively, before the first points were obtained, and there-
after as succeeding data were taken at various subsequent times,
Thus the points reveal the effect of progressive oxidation but
only those associated with the final operation can be inter-
preted as buing representative of a well oxidized condition.

The solid curve represents the low temperature reflectance
obtained from a well oxidired sample that was cut from another
sample from which total emittance data were obtained and the
dashed curve represents the deduction from spectral emittance
seasured on this sample. These comparable results do correspoad
well up to 8 microns; while at longer wave lengths the emittance
is reduced. The higher temperaturs reflectances also agree
fairly with those obtained from the first spectral emittance
sample after the longest period of oxidation and thers appears
to be a definits reductior of the reflectance, at higher tem-
perature, at vave lengths above 8 microns,
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Spectral Reflectance of Oxidized Rend 41
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Chance=-Vought Coated Materials

Part of tke program on which this report is based involvea
ths determination of spectral reflectances and emittances, and
total emittances for cartain coated molybdenum materials pro-
duced by the Chance-Vought Company. The ceramic coatings were
intended to preveant oxidation of the substrate and the thermo-
couples attached tc thesubstrate were coated ia an effort teo
prevent oxidation at the point of attachment. Ideally, ths
relative stability of the coating should have provided rzsults
for lov and high tempsrature reflectance which would focus quite
directly on the effect of tempsrature on this propsrty. Actu~
ally there existed a number of interfering factors, whichk are
defined in detail in Section 5. The radiation properties of
different samples f the same material were found to vary to
some degree and the thermocouple attartasnts to the emittance
samples failsd despite the obvious ca: taken in making the
attachment. The latter difficulty req ired thermocouple re-
attachment on the metallic substrate ard the consequent oxida-
tion problems then limited to about 1200°F the temperature at
which the spectral emittance could be determined.

Figure 6 shows for the three types of coating involved, the
reflectance at 1200°F as inferred from the emittance obtained at
that temperaturw and the figure also shows the reflectanco at
room temperature as obtained from a reflectance sample cut from
the larger sample after the spectral emittance had bewen deter-
mined. A third curve, a light dashed line, is shown to reveal
that there existed an effect of aging despite the coating of
the material and this curve is the room temperature reflectance
obtained from the same sample after heating im air for one hour
at 20007, subsequent to the first reflectance determination.
Of course the edges of this 7/8 inch sample were bare after it
had been cut from the emittance sumplz, but the evidence of the

coating on the sample aitsr this aging was such as to make
it obable that this oxide condensed from eveporation from
the edges but rather originated from gas penetration through the
coating. Similar treatment of a fully coated 7/8" diameter
sample also led to similar results. Vhat can be considered in
support of the comparability of the basic reflectance curves of
Figure 6 is that the emittance sample was never heated to much
more thar 1200°F and the aging of the sample after the first
"cold” reflectance measurement was the 'irst period of exposure

to bhigher temperature.

The reflectanzes at low and high temperature for the mat-
erial CV II + IX are practically the sami below 6 microns,
after which the high temperature reflectunce is alternately
below and above the low temperature valuu. Only at 12 micronms
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f o=

is this differemce large.

Similsr results were obtained with CV II + Ferroboron,
though with it the high temperature reflectance becomes lower
a¢ long wave lengths. For the material CV II + IX plus a
coating of flame sprayed TiQ3, higher reflectances were produced
by the Ti0, coating but the effect of tewmperature on the re-
flectance ?a again relatively small, with lover reflectances

indicated at the higher temperature.
2.4 The Effect of Tomperature on the Optical Constants

There are apparently no clear present appraisals of a pre-
dicted effect of temperature on the optical constants of die-
lectric materials and consequently on the spectral reflectivity
that is determined by these constants. In the absence of firm
theoretical guides for the consideration of results such as
have been presentad, even qualitative considerations may be
useful and those sssociated with the model of a classical oscil-
lator are reviewsd briefly here. In that view, the optical
properties are given as:

2 I N: e‘ 2 . 2
- k - l = s . P!‘ -
" mi w.‘ - w? '+ W) ?‘_ 2. 1

_5 Meet 2
Znk -Z‘ i (w-f-‘:)')’i'w'?; 3.2

The sum is taken over all the resonant frequencies &},; for each
of which the dasping is ¢. ; and at which there are A, oscil-
lators per unit volume, of effective mass »,

I1f this situation is specialized to a small spectral range
in the neighborhood of one of the oscillators, far snough from
the resonant frequencies of the others so that there is from
then no absorptive ccatribution and so that their effect in the
region concerned is specified only by a refractive index ~n,,
then for this region the prior equations become:

2- 2 - 2 Nc’ - w’- wl
n k n' = m (wf: w')z+ W"’ 2.3
2nk = Ne w
- M (- wt) 4oty 2.4
15
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Following Moss(3), the opticsl copstants in the region of
the resonnnt frequency can be approximated fairly by taking

2
é'z - & e z{“k"@} = x Ao N‘SE P
wg | mwg 2.5
Eguations 2.3 and 2.4 then assums the simpler form
n-k-n’ = |+ x* an-—;—f;-; 2.8

The numerical calculation of the optical conctants zspd from them
of the normal reflectance

r=_(-n*+ k¥ .
N+ + K 2.7

i3 mtill tedicus and is not expressible im amy algebraic form
simple encugh for anslysis., PFurther, the expression of arith-
metic rosults is complicated by the peed to sesign values of

the refractive index », and the value of p, ac that specixzl cases
must be considered. Figure 7 shows the normal reflectance

that is predicted for7, = 3 and p = 3, the latter group selected
with complete arbitrariness. This produces iittle changs froa
the reflectance of 0,25 sssocizted with the refractive index

77, = 3; & local reflectance meximum occurs on the low frequency
side of resonance and the variation in reflectance in almost
syanetrical about the rssopance point.

The influspnce of an incresse in temperature is postulated
te bs & broedening of the band, svident as an incrsase in "g"
together with & poesible smell effoct 0of thermal expansios,
which would dacrezso X siightly. It is expected that band
broadening might be the major effect, sc that here an increase
in tsmpersture is visualized to increass the damping, g, and to
thus decrease quantity p. Figure 7 contains results for various
values of p, assumed to differ because of differences in band
width, Boecsuse the band width enters also into the value of X ,
which i8 the ebscissa of Figure 7, that abscissaz has been
normalized in messures of the dsmping g that is associsted with
p =4, In addition to the reflectance calculated from Equation
2.6, the absorption coefficient iz shown also to illustrate the
increase in bend width sssociated with smallsr values of p.

18
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Since the index of refractionm,”?, , is taken as a fairly
high value, the qualitative picture shown on Figure 7 must be
associated with a fairly narrow spectrel region and the local
effects associated with this oscillator. With a narrow band
width there is a pronounced variation in reflectance, with a
Rinimum on the high frequency, shcrt wave length, side of res-
onpance. As the band width increases, the variation is smoothed
out and the local variability of the reflectance is diminished.
But in the present results such a behavior for the reflectance
is shown only for oxidized nickel i{n the region of 10 microns,
vhile all the other materials show either ill-defined or opposite

eilfecte.

Figure 8 shows additional results obtained from Equation
2.6 and 2.7, primarily for 7, = 1, so that the single oscil? u .or
is construed now to be the controlling influence on the i, .ux
of refraction over dbroad spectral regions, as in the sensuy of
the opticul properties that are determined by lattice vibra-
tions at reststrahlen frequencies. The reflectance maiximum
now occurs on the high frequency side of resonance and a broad-
ening of the band produces the spectral reduction in the maxi-
mum reflectance. At high frequencies the reflectances approach
each othor gradually. This behavior is suggestive of that of
much of the expsarimental data, for which at short wave lengths
the low temperature reflectance exceeds in increasing smount the
high temperature value as the wave leugth increases. The re-
duced reflectance in the region of the reflectance maximum is
indicated experimentally by the majority of the results, though
Inconel and HS25 are exceptions.

The foregoing analysis of coursa assumes a homogeneous
film, which is not the nature of the oxides and coatings for
which the experimental T~esults have been ohtained. In fact,
the non-homogeneity that must exist may lead to different
be.avior than that i.dicsted above because of the effect of
inter-retflectiors within the material. Thi's effect will in-
crease the reflectance when k is small, for the: the radiation
can penetrate the material and so be subi~ . to iater-reflection,
while when k is large this camnot take piace and the reilaction
will be that associated with a homogeneous film. This behavior
can then diminish the kind of variationr of reflectznce shown on
Figures 8 and 7 and conceivably could inve:rt it.
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IBMPEAATTL- EFTECTS GH THE REFPLECTANCE

OF ERTALS
3.1 Introduction

A classics] prescription for the prediction of the total
norral emissivity of metals is the eguation which is obtained
from the Easgen-Rubens relation for the spectral emissivity. The
total normal emissivity so specified is

£ ® owm-cm

€ =0.576+
769pT T w % 3.1

Other forms of this kind of result have been obtsined by re-
taining additionsl terms from ths expansion from which the
spectral result originates. Similar expressions foxr the hemi-
spherical total emissivity have been obtained by first inte-
greting the spsctral value v?r the 27T seolid angle into waich
the emission occurs. Jakob(3) summarizes such results which
are largely those of Scheidt and Eckert 4), Abbott et al 5},

retain additiong]l terms in the expansiom to express Equation 3.1
as

€ = 0.578YpT -0179pP T + 3.44(,97‘)"" 3 1a

and they demonstrate that this predicts well the total emis-

siviiy of platiaum which they messured st tempsraturss as high
a8 1500°C.

Epough is known about the spectral emiszivity snd optical
properties of those metals, for which Eguation 3.1 sappears to
apply, to establish the inapplicability of the simple Drude
theory, of which the Hagen-Rubens relation 1is the asywmptotic
fora for long wmave lengths. The correspondence that is achisved
in the cass of the total emittasce sppears thersfore to be a
kind of coiancidence and the presept purpose is & review of the
spectral properties of the transition metals nickel and plati-
nuz, together with thsories which support their proparties
particularly at olovated temperatures, in an effort to estab-
1ish the reason for the apparent suitability of Egquation 3.1
for the prediciion of tho total smissivity.
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$.2 Spoctral Emissivity and Optical Constasts

Electrocragnetic theory specifies the normal emissivity in
terms of the comp’*x dielectric constznt, 2 +i k. In the
nomenclature of Pepperhoff(5) this emissivity 1s

2/2 /v g% + a

]

€ =
vhore Vat+g® 4+ | + Yo dem +a 3.3
a = ”’—’(. ﬂ - znA‘
free

The dispersion can be evaluated from the clasesical/electron
theory of Drude, which givesz

I 2
n". k - / — {-L) I 5 3‘3
L I (.3_)
Az
2 2
2nk = (A (A2 1
AJ\A) TR 3.4
23
me*
whers 1, =y I+ 8 wave length close to the
! Ne location of the minimum of
the reflectivity
266 &

the "relaxetion" wave length,

associated with the DC conductivity %= X€r | (v 1s the
relaxation time)., For A >/0A, , approximately, Equstions 3.3,

3.3, 3.4 give the asynptotic form

This is the Hagen-Rubens form for the spoctral emlssivity.
In practical units Equation 3.5 becomes

e = 03652 £om om-cw
A A w ocw 3.5
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A ussful interprotatiocn procecds from Equatiom 3.3 sad
3.4vwher A> A, s 80 that (A¥=~%)> 1. Then if
(£2-/2) and Znk are represented on an Argand disgrem there
iz obiained a straight lice of slope Az . Locations of
perticuler wave lengths along this line depend, of course, upen
the actual values o2 both A, , and A; and for A ~» =0
the lime terminates at ap ordinate za.fc/;, = %fe

Bqueticns 3.3 and 3.4 represent the opticzl constants of
metsls in regions in which intermal photoslectiric absorption is
small emough to be negligible. Givems(7) shows this corres-
pondence for a number of metals, though s fit of the expsrimen-
tal results by Bquation 3.3 and 3.4 demands, im particular, the
sssusption of a copductivity, o , that is considersbly below
the D. C, value, This difference is in part due to the surface
stress in the spacimens from which were determinsd the expsri-
mental values, but even under the best conditionms the conduc-
tivity required by the theory is cof the order of two thirds of
the D, C. value and in zome cases this factor is one tenth.

Ie trzasition matals, such as nickel and platinum, the
frequency limit oz imternal photoelectric sbsorption decresses,
aad the effect is imp~wrtant at wave lengths as great as 5 to
10 microns. MNost of c¢he vaslues of the optical constants of
theze metals are svailable only for shorter wave lengths,
making impoasible a logical fit on the basis of Eguationms 3.3
and 3.4, For nickel, however, Beattie sad Conn{(8) obtained
optical copatants at wave lengths as high as 14 microns both
st 20°C and 270°C and they plotted these results on the Argand
diagram to egtablish s lins reprecenting the Drude theory in
terns of the presumed asymptotic bebavior of the optical con-
stants ot lomg wave leagth. Pigure 9 shows these results for
both electropolizhed and buffed nickel and for the latter thare
is indicated the associated Drudes line, It is, bowsver, not
clear from this work how the wave length scale was established
on the Drude curve, that is, bow A, , was chosem, though the
chosen values are realistic in terms of (N/m)s.

*(The ambiguity doss not occur in the cass when 2t lesst ome
experimental value falls on the line, for this establishes ons
wave length on it and thiz was, in fact, the situation im the
only case iz which Beattle specifisd directly the way im which
the wave length scale was esiabliszhed.)
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Vith vave lengths known both on the Drude line ard for the
experiventsl datz, Beattis cosmected corresponding points by
vectors, ths compoments of which, 27K/ snd (K%-/77%), repre-
sentsd the contribution of the snomelous absorption. He
observed that this contributlon wes essentislly independent of
temporature ipsofsr s could be deduced from his results at
20°C and 250°C. If this assusption is maintaiuned for all tem-
psratures then the conmtribution of the znomalous sbsorption,
kpown s& & function of the wave length, can be added to that of
the Drude theory as evsluated implicitly for vsriocus tempora-
tures by selection of appropriate values of A, .

In ancther point of view, Roberta(®) nas shown that by
usinog the Druds theory for & double set of charge carriers
(which is its original form), the optical constants for nickel,
platinum, and iron could be spacified, and on thiz basis the
copductivity that is needed in the theory is much closer to the
DC value than that which is required in ths ususl spplication

of that theory. The optical comstants are then given in the
terms:

ﬁ-k"‘Kg 7%C (3:4_11 + 2:;'1' 1& 3.6
nk _ A % o )
F) Z27¢ 27€ | AL+ AT AL 4 A%

3.7

with the following values of conductivity and relazxation wavs
length for room temperature.

Table 1
Y- -
-A&c Azt ag; x /0 oG E /O ‘
Hicreon Microz ohm Keter cha Meter
Pt 1.27 205 1.03 8.23
.51 .70 44 45 7.90
Yo -39 78 + 34 8.52

Optical constants found from Equations 3.6 apd 3.7 sad the
valuscs given in the Trble are shown on Pigure 9 snd thesse
correspond well with the experimental values for electropolished
nickel at wave leagthy below 7 microns.
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To obtain & prediction for higher temperatures ap estimante
must be made regarding the effect of temperature on the relaxa-
tion wave lengths A 5, and A gp,. It might be assumed that they
decrease equally and giguro 9 contzins the optical comstants
that are indicated by a reduction of ons half ia both of the
wave lengths, The relative effect that is obtaimed im this
way is at short wave lengths opposite to the tresd found ex-
perimentally by Beattie and there are evident no alternative
assumptions which would improve the nature of the tempersture
dependence of the optical constants as they are prescribed by

Roboarts theory.

Roberts' equations, with the values given ia Table I, are
shown by him to fit available optical prcorerties for wave leungthe
up to 4 microns, and they will do so ialrly for constants avail-
able up to 5 microns. Spectral emissivities calculated from
these corslants do not, except for magnitude, correspond well
with measured values for A > 1 micron, so that there is some
question as to the validity of the constants at these wave
lengths. The constants available for platinum do not, more-
over, extend to wave lengths large enough to emshle an appraisal
such as presented for nickael by Beattie. In comsequence, there
turns out to be almost no support from data on optical caonstants
for the spectral emissiivities that have been determined for

platinum,
3.3 Spectral Normal Emissivity of Nickel

Figure 10 shows the spectral normal emissivity that is
calculated from Equation 3.2 for buffed nickel from the opticel
constants that were obtained by Beattie and whick are shown
in Figure 9, and beyond 10 microns from the Drude theory
associated with those results. At very long wave lengths there
is shown the magnitude of EBquation 3.5 to which the Drude result
Yecomes asymptotic. For comparison, there is also shown the
position of Equation 3.5, the Hagen-Rubens law, when the D, C.
conductivity is used therein,

Valuos of the emissivity for higher tempsratures are
shown in terms of the prediction from Beattie's results for
smaller values of Aa, though to make these results specific s
relation between A; and the temperature must still be chosen.
The position of Equation 3.5 is indicated for coaductivities
which are one quarter of the room temperature wvalues, and as
the value of A, decreases, the Drude contributioca approaches tho
linear form of Equation 3.5 and the anomalous coatribution is
proportionately less, so that the form of the spectrzl emis-
sivity curve becomes iacreasingly like that of Rquatiom 3.5.
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Values of the spectral emissivity were caleculatsd also
from Roberts' theory with the additional postulate that both of
the relsxation wave lengths diminish equally. Figurs 11 shows
the resv’ .ts, for raductiocns in relaxstion wave length compar-
able to those which yielded from Beattie's prezsntation tho

‘ results shown on Figure 10. For room temperature the emimsivity

”*’ that iz predicted is comparsable in form though lowsr thom that
given on Figure 10, an expected result beczuse of tha lowesy
absorption of Roberts' prediction, which is comparsble to that
of electropolished nickel, Reduced valuss of X, preduced a
small effact, though the emissivity near 10 microms increases e
substantially as A, is reduced. Rationalization of these effocts 04
is, hewever, difficult becauce of the complex way in which the LW
optical constants are involved in Equation 3.2,

Figure 13 shows scme experimental values for the spectral
emisaivity of nickel st room temperature, obtained as reflec~- ; ,
tance in a cavity (Gier-Dunkle) reflectometsr, and in an in- —
tegrating sphere. These values are higher than these predicted . o
from the cptical conatants of Pigure 9 (Curve a) sad the excese R
is probably due to a greater surface stress in the polishod
sample from which the roflectance values were obtaivsed. At
long wavelengths the emissivity is low and the poor accuracy
of the results is evident in their scattor.

The onmly rou?ltu available at highor tsmporature apposar to
be those of Hurst(l10), obtazined as emissivities in a vacuum for

wave lengthes between 1 and 6 microns, Thoce are skown on

Figure 4, and compared to the sbsorptivities for low tempeoraturo,

thoir relstive magnitude iz remarkably like the similar relaticn

betwean the presdictions for low temparsture and for one halfl .
the relaxation wave length typical of the low tomperature. Curva -
"k", which represents Equation 3.5 evaluated with tke D, C.

conductivity corresponding to 23290°R, shows that this predicts

tho magnitude of Hurst's rosults and is in fact coasiderably

battsr than the similar correspondence at low temparature be-

tvoon oxporimsnt and Equatiom 3.5,

3.4 Spactral Normel Emissivity of Platinum

Reoulto ero availeble for ths optical congtagts of platiaum
only at room tempeorature and for short wave lengths, and these
can be reprosented by Roberts' equation evnluated with the
nagnitudon contained in Table I. When the optical constants so -
obtaimed are used in Equstion 3.2 for the evaluatica of tho ~ 8.
emismivity, the predicted values are completaly at variaace vith
oxporimental results., In additiom, when prodictions for ro-
duced rglaxation times are mado, &8 they wore for nickel to give
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Flg. 11: Spectrel Bmissivity of Rickel from Roberts Theory.
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the results shown on Figure 11, the spsciral emissivity is
found to incresse substantially at short wave lengths aad im-
significantly at long wave lengths. It is inferred that the
presently kmown optical constants may be of insufficient accur-
acy, and they are certainly not kEnown at sufficiemtly large wave
lengths, to permit av acceptable prediction of the spectral ‘
enissivity. Ths further consideration of the experimental
values of the emissivity therefore lacks the guidence of any
theoretical predictiocn,

Figure 13 contains vslues of the emissivity inferred from
experimental values of the .eflectivity messured at roos tem-
perature. These raflectances are high and the conseguent
experimontal scatter is severe, more sc than in the case of
nickel, The two sets of data shown are at some varisnce, &
difference perhaps attributable to cleaning procedures, or to
changes in ths surfsce, as the lower of the reflactances ob-
tained at lovw temperature were secured after the sample had been
heated to 1900°R in an smittance determination. The highsr of

the two reflectances agree reasonably with the reflectance curve
given by Pepperhoff(6),

Regults at higher temperature were ohtained both as emit-

tancs and as rafl with gensrslly satisfactory sgreement
betwecn the two . . With rsspect to those for room tem-~
peraturs, there 4+ . .aled the same trend as was apparent for

nickel, which entsi.s s substantial incresss in emitt{ance at

long wave lesgthe and an inapprecisble effect for wave lengths
botweer 1 and 3 microns,

Pogitione are shown for the lines describipg Equatiom 3.5,
the Hagon-Rubens law, evaluated with the D. C. reaistivity
corresponding tc the temperatures ipnvolved. Particulsrly at
the bigber temperatureas this ropresonts the results quite well.

3.8 Totsl Normsl Emissivity

Total mormal emissivities can be obtainsd by integration
of the spectral values apd these total values are of interest
both for sppraising how well such total values agres with those
that have been measured directly and alco for examining further
the apparent worth of Equation 2.1 for the prediction of these
values when that equation is evaluated on the basis of the
D. C. conductivity, The total values obtained from spectrsl
values are, however, subject to verying degrees of uncertainty,
depending on the proportion of the black hody emissive power
thet is comtained in spectral regions inm which the spectral
emissivity is mot zc%umlly knowa. Tsbls II contains such
Iractions for various temperaturss,

30

PN
TN,
v . 8

. ..
PR
e
i -
VORI
A

e
e
L8




G S A S N O NG e
S LA R B e T

TERUFIVIL JO AITATESTH T91303ds Tejuwewmpaadxy (€T <914

Ho 0SS WA-j

or O 02 OF 8 9 20
/IJ o c
/m//
IVLbL?oo4 €
| SO0
~ - o!
4/ J.l._-.lqaa Q
o a )
/u/ a
™
KPP —} 9
[}
vV ve
‘
*So e Vo0 _/~ 9 ®
.1'7 01
i %
| 02z
(4.0€G) S1HYIEOY p
{Ho0061) wd wyo _O1xZey=d T3 >
{He0EG) WO wye _OIxglI=d TDI g o¢
949 ¥.0¢s VYU-1 o
YHe 0981 X ©
¥.0061 U-; o ov
H.0¢¢ VU-! o
‘4dS WE ¥, 0¢€ Y-t ©
o 09

o®

31




Table IX

Temp. OF 500 1000 2600 3000 4000 solar
range mlcrone

below 0.3 .014
below 0.5 .00 .00 24
below 1.0 .00 .00 .00 .02 .10 .71
sbove 10 0.78  0.30 .07 .03 .01 .00
sbove 20 0.3¢ 0.07 .03 .00 .00 .00

Clsarly, the availability of spectral values In the range
from 1 io 20 microns provides for reasonable predictions for
temperatures from 1000 to 4000°R, while for 5000F there is con-~
siderable uncertainty which must be rescived by some appropri-
ate estimate of the emisasivity for lomger wave lengths.

Total pormal emissivities for nickel are shown on Figure
14 and that figure contains a curve which represents experi-
meptal values of the total normal emissivity, the curve being
that given by Goldsmith, et. 2l1.(10), A peint is shown for
2000°%, as obtained from the spectral emissivity as givem by
Burst, together with a slight extrapolation, up to 10 aicrons,
based on the trend revealed by the predicted emissivity. This
point is 8% below the curve representing the expsrimental velues.
Another point indicafes the prediction bssed on ths experimental
dsts for room tempeiature, together with the presumpticn that
at lopger wave lergths the emissivity would be that given by
the prediction made from the Beattie results. This polint coin-
cides with the experimental curve.

Another curve in Figure 14 iadicates the prodictioz mads
from Equation 3.1 when the D. C. verlue of the conductivity is
uged for the gvalustion, The departure from experimental
values is not too grest between S500°R snd 20000F and this kind
of sgrosmsnt was already indicated on Figure 4 where, particu-
larly st the higher temperature, Egeation 3.5 provides a failr
approxzimetionr to measured spectral values. That coincidence
18 not quite as good at 500°R; but there a preponderast con-
tribution to the total emissivity is made at longer wave lengths.
There &re no data in this reglon, and the relstive positions of
Equatiom 3.5 znd thr Reattie result indicates that a2 lover emis-

sivity will be obtain- A from Equatiom 3.5, as is shown on the
ri@!&fa *

Finglly, there sre shown om Figure 14 further points nmot
derived from dats but from the results obtaired from Beattie,
interproted iz 2 spocial way. Boeattise's results for tempora-
tures of 970°R and 530°R imdicoted volues of A, im the ratie
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of roughly 1.40, a ratioc much less than that of the D. C. com~
duetivities at these two tempsratures. With the value of XAg
takea to depend on temperature in the way that is inferred from
Besttie's results, total emissivities cazs be calculated Zrom
the spoectral smiscivitios ssscciated with the two zasller values
of A that are slLown on Pigure 10. These sre shous as points
o2 Figure 14 and those values practicslly coincide with the
prediction from Equatiom 3.1, Curve “c“ of Pigure 14, shows in
contrast the unsatisfsctory valuss of total emissivity that ars
predictod Irom the spesctral values shoen on Figure 10 if the

value of Ag is tsken es inversely proportiomsl to the actual
D. C, coaductivity.

Total normal emiszivities for platinum have been measured
by Abbott, ot. al. for temperatures from 14069K to 240007 and a
curve representing theso results is snoen in Figure 15. Sincs
the resistivity ox piatinue varies lipearly with the sbsclute
tepparaturs, Equation 3.1 indicates that 3 ilnpear reisztion 1s
sxpoctad for the emissivity. 7Tnis exists and is the basis for
the extrapolation of the expsrimental lin. to lower tempers-
turge, Lines for Bquation 3.1 are shown om the Figurs, for
D. C. conductivity evaluated from a reference and also fros
msasurensnts on the emissivity samples mada by Abbott., Az
shown by him, both sare closs and the lattsr evaluation prac-
tically coincides with the experimental results.

Abbott's resultszs revesl that higher values of the emis-
sivity are cbtsined after the saaple has been maintainesd st aa
olevated temperzture for s considerable periocd of tims, azn
effoct due toc alteration of the surface of the material, os-
tepiibly caused by recrystsllization, which moy be initiated
at temperatures above about 1500°R. After s long pericd of

heating ¢to temperatures as high as 2500°F, incresses in emis-
sivity of the order of 10% wers found,

The sposetral emisgivitios shown on Figure 13 have been ip-
tegranted to obtain total emissivities and the results gve shown
as points om Figure 15. Considerable uncertainty is sssocisted
with the points xt room temperature which wers cbtained by
aszuning Jfor lomg wave lengths a spectral omissivity varistion
of the nature indicated by Equation 3.5, matching ths measursd
valuse in ths regionm of 10 microms, though the value of Az
is apparsntly much smaller for platinum than it is for nickel
and this improves the accuracy of this sssumption. At 20000R,
the total emissivity obtainmed from ths spsctral value is
reazonably close to the measured total wvalues. At low temper-
sture the istegrated value that is obtalned frow spectral
results corresponds best with the extrspolation of the linme
reprozenting the measured total smissivities,
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The applicabllity of Equation 3.1 in the came of pistinum,
a8 it wes for pickel, rests omn ths colnciderce thet st high
temperature it happens to indicate quits well the spsctral
snizalivity for wave lepgths from 1 to 15 micromns. It doss not
d¢ 8o pear room temperature, but st that temperature there is
& small smount of the total energy in that spectral region and
Bguatioz 3.5, from which Equation 3.1 is derived, still gives
& f2ir indication of the wagnilude of the spectral emissivity
in the regiom A > 10 microns :-. shich the major part of the
radistion occurs., Another instance of the applicability of
Bquatica S.1 is given on Figure 32 for the total emittance of
the slloy platinum - 13% rhodium, though in that svaluation
there is actually comsidersble uncertainty regardipg the eiesu-
tricsl resistivity. V¥hile spectral propertiss are not avail-
able to provide reasons for that correspondence, it is sxzpec.ed
that the eitvation relatively is like that for platinum,

3.8 The REifect of Surface Stress

The well known effsct of surface strosm in altering the
opticel constants in 2 way that results in s decrezse in the
reflectivity of a metal may ic itself contribute to a corres-
pondencs of the reflectance with the prediction of the Hagen-
Rubens lav iz spectral regioms for which the iaw might not be
expected to apply. Such would be the case if the decresse in
reflactance wvis relatively greater at short wave lengthz, so
that itz coatribution would produce an effect relstively the
sams as that of the anomalous absorption that has been preo-
viously considered. In this regard thers are prezented here
certain results that were obtained by Russell(l2) for the
reflectsnce, &t room temperature, of roughened and polishsd
samples of copper and 321 stainle=zs steel which fllustrate that
one effsct of the astress is. t> maks the digtribution of the
spectral reflectance liks that of the Hagen-Rubezs law.

Pigure 16 presents results for coppar and, of the abgorp-
taaces shown there, oanly for anm eslectropolished zasple waz the
trend of the absorptance like that expected from the Drude
theory. The absorptance of a mechanicslly polished surfzce is
higher and for wave lengths from 1 to 10 microms this sbsorp-
tance varies with weve length in the way that is indicated by
the Hagen-Rubens law, equation 3.5, though with magnitudes
greater than that predicted by that lzw for the D. C. con-
ductivity at room temperature. Thiz is the behavior that
corresponds to the statements that do sppear in the literature
about the relativa suitsbility of the Hagen-Rubens law for

predicting the spectrzl reflectanca of even as good a con-
ductor as coppor.
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¥hem the polished sample was roughsned with sand paper o
produce a surface having updulaticas 1.25 microns inm height, at
a spacing of about. & microns, the absorptance was incressed
thrse fold at wave longthz above 2 microns, snd for the lomger
wave longths the power law depsndence of the Esgen-Rubeans
eqguation was approximsately maintsined, Thiz incresse in ab-
gorptance was not dug to interreflection, for when a rougherped
surface of this typs was electropolished sa abzorpissce typieal
of the smooth electropolished surface was restored, sven though
ths surface retained approcisble roughness after the electro-
polishing opsration,

Figure 17 shows the absorptance of mechsnically polished
and of roughened 321 stainless steeol to indicate for the formar
the applicablility of ths Hagen-Rubens equation to wave lengihs
a8 short as 1 micron and for the latter the preservation of &
somewhat sinilar spectral depsndence. For this material, the
correspondance with that equation is expscted to be better
becauss of ite relatively high elactrical resistivity and
correspondingly larger value of A .

Figure 18 shows relatively poor data for polished molyb-
deopum, which despite its scatter revesls the fair applicability
¢ Egquation 3.5 for wave lengths as short as 2 micronz. Resulis
are alsoc shovn for s smocth machined surface of this material,
for wbich the sbsorptance is much higher, presumably because
of the higher surface streczs. A power lavw is indicsted by thia
dats, though itz slope is perceptibly differsat thas thst of
the Hagom-Rubens law,
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: SYSTEM FOR EMITTANCE DETERMINATION
' IN AN INERT ATMOSPHERER

4.] Introduction

The eliminsgtion of that aging effect which is dus to oxids-
tion of the sample requires a high vacuum or an inert atmosphere
to surround the sample for which the radiatica properties are ST
to be determined. The system here described achieves this A
requirement in a unit in which both normal spectral and normal .. 0
total emittances can bhe determined in the temperature range .
from 15007 to 3000°F., 1In form, the arrangement that was chosen
for this system was that described by the requirement of iden-

; ticel optical paths for observation of the sample and of the

'f reference cavity, together with fixed positions for these two

' elements. In this respect this system is similar to the inter-

, mediate unit which was described before(l) and from which were
obtained the results for spectral emittance that sappear in this
report.

N -

4.2 System and Enclosure

! The essential elements, the sample heater and the reference .. 9

cavity, are located, together with a moveable mirror thru which DA
the line of sight is directed to either of these elements, in a
tank which is 16 inches in diameter and 36 inches loag. The
tank, heater, and cavity are shown on Figure 19 and the axes el
of all three 1lie in the horizontal plane, The line of sight for L
spectral determinations originates from either the sample or Y e
from the cavity and by the moveable mirror, positioned exter-
nally through a selsyn motor operating against stops, passes
through a window in the side of the tank into the coaventional
collimating system in which the radiation is chopped and focus-
sed on the inlet slits of a Perkin-Elmer Model 98 monochromater.
Horizontal slits are located at the focus which exists at the :

1 chopper location and these s.its, in combination with the ver- - R
tical monochromator inlet slits, define the arva viewed on the -
sample and on the cavity opening. At the lattor location a
height, defined by the horizontal slits, of about 3 milli-
meters has been used at an operating temperature of 15009F; the
width of the viewed area, depending on the monochrosator slit .
opening, is wmuch less, )

A syztem for the megsurement of total emittamce (not yot

installed) comsists of a thermopile detector and spherical
pirror which focusses emergy or the detector froe either the
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ssmple or the cavity, the sighting aree being definsd by a
ghield at the detector location. The spherical mirror is
located within the tank in a position opposite to that of the
window and the spherical mirror receives energy via ths moveable noT
plane mirror, properly oriented. The reflectances of the two e
mirrors nre high enough to introduce s neglizible error into L
the determinstion of total emittance, which usteraination is
considerad to be essentially a check on the spsctral vslues
that are obtained,

The tank is evacuated by a mechanical vacuu=m pump and in
operation under vacuum the pressures have ranged between one
and seven microns, Argon can be introduced, through a silice
gel drier, and with inert gas operation the pressurs used has
been slightly above atmospheric.

4.3 Cavity

The cavity itself is a graphite tube, with as internal
diameter of 4 inch and a length of 2-3/4 inches from the
orifice to the back, where the thermocouple is located, as
shown on FPigure 20, The orifice opening is 0.30 inches in
diameter. A ceramic tube surrounds the graphite core tube
and on this tube there are wound, near the froat end, two turans
of heavy (80 mil) tungsten wire, while on the remainder of the -
length of this ceramic tube arc contained two ssparate (40 mil) g
tungsten heaters. This assembly is cemented and enclosed in
& split ceramic tube, which is wound externally withan 80 mil
tungsaten wire to form the primary heating unit and provide for R
most of the thermal load. This assembly is encased in another i
ceramic tube to provide for further temperature reduction aad [
the apace betveen this tube and the jacket is filled with .
Fiberfrax insulation. The jacket itself contains cooling coils
through which water is circulated. A wire suspension, together
with the tightness of the Fiberfrax packing, maiatains the
positior of the core tube in the jacket,

In initial operation, at a temperature of about 1800°F, .
the two turn (80 mil) internal heater was wired in series with =

the similar externsl heater and the heat productiom near the

front of the cavity was excessive, 30 that the temperature at

the orifice aection was substantizlly ahove that at the back of

the cavity. Pending the installation af a separate electrical .
supply for the <front hoater, that heater was discoanected, so -B
that theroafier the temperature of the orifice section was

about 130°F below the temperature at the back of the cavity.

Optical pyrometsr measuremonts, tugether with the magnitude of

the emittances observed for certain Inconsl samples, lead to
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the comclusion that the sides of the cavity must have bess asar
the temporaturs lndicated by the back thermocouple and that this
tempsrature was indesd close to the black body itsmperature of
the emorging rediation.

4.4 Ss=ple Beoster

The decimien to provide for sample heatimg by isradistien
o the back of the sample by a furmsce, ag showrp on Figure 21,
was basod on tho desire to retain mexinum flexibility with
regard to sample thickness and substrate materisl. A 7/8 iach
diamstsr sample is affixed to a holder made of thin molybdenun
shost, tho support being by tabs which projsct into the furnace
opening for registration. A tad projects beyond the edge of
the jscket for removal of the sample assembly and this tab
supporta & cersaic imsulator for the wires of the thermocoupls
that i welded to the bested fsce of the sample. The fromt
{cocled) faco of the molybdenum sample holder contains & central
Bols, sbout 0.35 inches in dimmetsr, through which the sample
is viewed, snd the sample holder then etz a3 a partial radis-
tion shield or the froat of the sample.

The furmsce containm a sizgls winding of 50 wil tungsten
wire, with gensral features of insulationm and cocling similar
to those or the cavity. )

A door on the fromt of the unit provides sadditionsl imsula-
tion and opans to eneble introduction and removal of the sample
holder., A water ccoled shield, made of stainless steel,is
located in the center of the door amd its one inch interasl
diaseter is the opeaning through which the sample 13 viewed,

Thiz internsl surfazce of ths shield ia homed smooth to produce
spocular reflecticn apd minimize any rsllectisn of radiatios
bazk to the suxface of the sample.

4.2 Hessurement of Spectral Emitiasmece

The emittance i deduced from the respopses of the thermo-
couple detector ir ths monochromstor, wham the cavity is vieswed
and vhen the sample is viewed, togethsr with the temperatures
inferrad from the thermocoupleg on the sample ia the cavity,

In the following discussion it iz sssumed that the temperatures
arg corrgct and tha¢ the cavity is indesd black, though obvious
errors can arise from these sources &lso. The dstector resp:ass
is 2ssumed to be linmearly proportional to the differsmce be-
tween the onergy emteripg the mepochromator with the chopper
closed, and the constant of proportionpiiliiyused heve includes,
with other factors, the amgle factor of the energy stross at the
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sarple and tho trapomissivity of the vindow 4n thy Soml.

Ot that emsrgy roaching the detsctor froem the surfsco of
the saxzple as a result of reflection therefrcm, oas cumponent
arizes froa interreflectiop betwoom sample and vindow. Sinco
the window reflection is spscular, this is equivalent to the
irrsdiation of the semple by its imsge in the snoculsr window.
The distance betweer the sample and its image in the vindow is
about 20 inches and thuz a pegligible amount of emergy is ro-
turned by this reflection,

A more important contribution to the radicsity of the
sample surface arises from the diffuse admission gE, of tho
mirror and of the window €_E_, the lattor reaching the samgple
surface by way of the mirror which in this connection is
assumed to be of unity reflectance. With A tho arse of tho
window, the irradiation of the sample is €_AE F__, or, by ro-
ciprocity, AgE € sws a0d with diffuse rof!ec!ixﬁ the contribu-
tion to the sample radiosity is then é'x!i' . But Pg, = .004
and since E << E,, this contribution, and the similaf con-
tribution from t:e mirror, is negligibly saall., 1If, howsver,
the reflection of the sample is specular, then the effect is
BOre severe because, in viow of the small samplo ares, practi-
cally all of the irradiation is reflected into the cone of
observation, for which the angle factor is practically r, .
Thus the addition to the emission from the sample is, in ¥h@
cone of observation, élk‘,r due to the emission from the
window and € ,E ro dus to eflission from the nirror and it turns
out that for specular samples of lcw emittance the emizaive
powars of the windov and mirror must be minimized.

In addition to these components, the sample is irradiated
by the surface of the shield, for which the angle factor to tho
surfa~e is large, and in saddition there is a small contribution
from (. interior of the tank., The iemperature of this irradis-
tion is below that of the extersal surroundings but the ensuing
algebra is simplified somewhat by taking the eaissive powor of
that irradiation as E_, the sare as that of tho extarral sur-
roundings. Then the coatribution to the reflectod ensrgy is
raB,, and this contribution exists oanly for a diffuse sample.

A further contribution to the momochromator input arises
from direct emission ffom tbe mirror, the window, and. the two
external mirrors, of emiessive power, E,» located upstream of
the chopper. 1If the rayszs of theose emiscions which do eator tho
mopochromator are traced backvard, they impinge oe the smmple
in the viewed ares, so that to the first order the cffect of
these added emissions 18 identical to an addition of thesa
exissive powers, based on appropriste omisaivitios of the
eample surface or at the ecavity.
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All of these effects sre tabulated i summery to indicate
the total contribution to the detecter responss.

es;sgie

pegligible
€gxEgzrg | speculsnr
saEple
only
€ .ng‘g

rgk, diffuse
szmple only

€xBy
€ty
2%30

Es

Enission

Iater reflecticn with
window

Beflection of vwindovw
irpadiation

Reflection of mirror
irradiation

Beflsction of irradistion
fros zhield and tank
iaterior, £x £

Diregct emissior from
mirror

Pirsct emission from
window

Direct emission from
axiernsl optics

Less radiosity sf chopper
surface

Detector Response
Proportional to net valug

Thus the ratic of the detector responses for the sight on the
sasple and for the sight on the cavity iz for & diffuse sample

_§§; - égEﬁ '}'[éngg\ “’szwl‘!’ (l'€8}E3+ zéusi"E&

S

E, +[e.E.+¢E. ]+ 26E -E,
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ﬂ_ﬁu - &g E& + (2' €1)[‘n Eu"’ €w E"l] + 2€q Eo‘ E,_ s
% 4.

El + [éa Eu + €, Ew] + 2‘!!059"5@

Kov ths omissive power of the movesble mirror aand of the window
are pot known and it 1is neceasary to decide om the lmAtn of
sccuracy of the emittamce which is evalusted accond

relation

S, Ei-Eo) 4.3

The comparison is indirect because the emissive powers of
the window and mirror are actually not known, but the assumption
0f valuee much higher than they are expected to be indicates
that the emittance of the sample can be determined with neg-
ligible error from Equation 4.3 when the sample is diffuse and
when 'tz emittance is greanter than 0.20. When the emittance of
the sasple is below this value, and particularly when the sample
is specular, the factor by which Equation 4.3 must be multiplied
to specify the emittance as given by Equation 4.2 bacomds more
importaat. The factor is:

€ [l + _gEnEo *’[eng._q"‘engjl]

2 [E - o] —

€, + 2€aE,+(2- E)[€nEnt &E]-(-6)E, 4.4
[Es-E,]

Clesrly, tko secord term in tho denominstor muct be muck
less than 4 if that emittance is to be obtained accurately
from Equatiom 4.3. For very small valuss of € g that term is,
for €, = 0.10, €y = 0.10, approxinately

Ew Ew Eo
0.20 + O0.20 == _ —_—
E: Z ~ %% E 4.8

¥ith mirror and window tomperaturos of 200°F, greater than they
are expected to be, sample at 1500°F and surrcumdings at 70°F,
thig group has the value of 0.01 at 13 microms, Thie 1ndicatom9
corroctly, that difficulties will ariso with matollic memples,
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the emittance of which may be less than 0.10 at loag wave
longths, Put the situation in this case is mcre osmplicated,
and srrors arise also from effects asaociated with the trans-
nittance of the window, which must alsc be accoumted for if
the eaittance of apecular surfsces that are poor esitters is

to bo evaluated correctly.

4,6 Preliminary Results

The initial operation of this systex waz with an oxidized o
Inconel sample, not identical to but similar to tet for which e
reflectances are showe on Figure 1. Temperatures ranged from "‘,
1500°F to 1800°F, with vacuum and with argon, and the emittances nee T
that were obtained are shown on Figure 22. A high degree of A
consistency is realized at wave lengths above 2 microns, and
the results agree generally with those shown on Figure 1. The IR
considerations of the preceding section indicate that little

error would be expected in these emittances, obtaimed from
Equation 4.3, because of the high emittance of the material, n N
but it is of interest that no perceptible detector response wvas S
obtained when the mirror was placed parallel to the window. Sl
This indicates the relatively small value of the contribution
of the emission from the mirror and the window to the detector
response. e
‘:-“’
o
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.
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VARIOUS ADDITIONAL RESULYTS
8.1 Introduction
et 2SO0

4 substantial tacunt of information on the relation bg-

tveen spectral reflectance, Spectral emittance, and total emit-

Ce® vas obtzinsd ip connection with the exanination of certaip
coatod samples propared by the Chapce-Yought Company and some
of these results wore used ia Sectiom 2.3. A more complete sot
of results is bresented ia this section azd this show also the
variability in the radiation proparties that eza occur with
individual 8tEples even whon they are cerefully prepared with
the objective of coaplets similarity,

Spectral reflectance results are presented for cortain
cotted molybdenum samplez for which s complets evaluation was
aet posaible baczuse of difficulties with substrate oxidation.
The few values of total emittance that ware obtained do sgres
with what ip predicted from the refleciance st room temperature,

Rasulte ape iadicated fop the total mormal anittance of
Platinue - 13%¢ rhodiur aad of 3 sample of Reme 41, as Beazsured

in comnection with & program of comparison of emittance detep-
nination by varfous techrigusas,

5.2 Chaance~Yought Coated Samples

1s Pobruary 1861 there were transmitted from the Chance~
Yought Company SamEples af three typos of costed wetaliic saaplog,
designatad as Vought II and IX, Vought II and IX with flams
spraysd T10,, and Vought II plus ferroboron, Thesze Wara pro-
vided in thg form o2 7/8 inch diameter disce for reflectancs
detarninatioa. 1~7/8 inen dismeter discs for spectral emittance
determinatica, ang 4% % 43" squeres for total emittance deter-
mination. On ogs of each of the latter two types of samplesg,
thermocouples were attached and coated before delivery im an
sttempt to ses} the point of thernocouple sttachment and thue

prevent the Separation that can be caused by oxidation of tho
Betal substrate,

Results vere obtained, though not for @x8ctly the mane
Spactral rasge in 211 cases, for the spactesl raflectance at
roeom temperature from the heated cavity and integrating sphaere
systems, and for Spectral emittance at tempsrature of thes order
of 12000F 1, ths spectral s:ittance stand, Comparisons ©f some
of these results have slready been nede im Ssctiop 3.3. Is
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iddtti@mo total omittamco detormimations wore mado im tho
olectrically kected stend for temperaturez below 1800°P end
with the gas fired stomd im tho range frem 1800°F to 2200°F.

The detorminsticns of both spoctral and total emittamce
vare affectod soricumly by the failurgs of manmy of ths carefully
preperzd thermocouples, casused by separationm of the tabk to
vhich the tharmoccuple was attached or by oxidation through LT
the crating causing ssparaticnr of the tharmocouples. Oxide~ ST e
tion difficulties, either or the original thermccouples or oa REEE
those atteched during the tssts by broeking the coating and
velding to tho gubstrate, limited the sasple temporature to
1200°F for emittance dotsrminaticns. Table II is the history
of thermocoupls life and use on theze samples, Soctiom 5.3,
8.4, 3.5, preaent ths results for those materials. With slight
additionz these results are identical to those of the letter
report to the Acronauticel Systems Division, Attn:ASRCPT-1,
dated Jume 33, 1861. .. O

Table IIX Eistory of Chance-Vought Thermecsuploa

Reflectance Samples, 7/8" D ;;;;;
Material Humbor of Scmples Thormocouple
II & IX 2 Rome . f.
IX & IZ ¢ T40 P Noae

3 ———tm

I + Ferrcboron 2 Mone

Spectral Esittamco Semples, 1-7/8" D

Hatorinl Thernscouplo Atteshed Romarks S
By ®

II ¢ IX Ch-A1 c.v. Pront thormocouple
brokou on unvrapping,
back thormocouple
failed bofore opernte
ing temperaturc K
attained. Ho runs N
mode vith thie sempleo '

1T ¢+ I% Ch-A1 U.C. Velded to bagse metal
(O-govge wiro) 2t bask of sample.
Uzoable balew 130007

-

£3

@




¥ire brittle pesr
cerenic stitachment
apd broke oasily.
Back thormocouple re~
welded twvico. Data

Waldeéd to bass metal
at back of sample,
Usesbls balew 1200°P,

¥ront thermocoupls
separated om um-
packing, back tharmo-
couple satisfrctory

¥elded to bese metsl
at back of ganple.
Usesble below 1200°%P,

" ¥ire broks at ceremic

wpoe ramovel from
packege. Not re-

¥elded to base metal
at back of ssmple.
Useable to 1200°F.

Tomperaturs indica~

satisfactory up to
2500°F. Above thisa,
readings vore low and
partizl separation of
coramic apparently

coramic separasted
se2lily st the end of

a ’
P &
Hetorial Thormocousle
1 ¢ IX + Ti@k Ch=21 C.¥.
chbtained.
13 ¢ XX + Ti0, Ch=41 8.C.
(40-gauge wire)
31 + Perrzoboron Ch=31 €.V,
at 120007,
11 + Perrcboron Ch-Al v.C.
{40-gauge wire)
Totel Emittsace Samples, 4-1/3" x 4-1/53"
II + u ck-ali C. 7.
pairsbls,
17 + IX Ch-Al u.C.
IZ + IX Pt=-pt 13% Bh G.Y.
tion apparestly
occurrad, The
the experipent.
84
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Total Emittance Ssmples, 4-1/2" x 4-1/2

¥atorind Thermocouple

I ¢+ IX « uoz Ch-A)

I ¢ IX ¢ 1'103 Ch~Al
(38-gauge wire)

I1 + IX » Tioz 2t-Pt 13% Rh

II + Yerrcboron Ch-Al

II pluz Yerroboroz Ch-Al
(28-gauge wire)

Il + Ferroboron Pt=-Pt 13% Rh

85

Attached Remsrks

By

C.v.

u.C.

c.v.

clv.

Uu.C.

c.v.

Theraccouple fsiled
at 1300°F, resdings
at lower temperatures
appear to be low due
to possible separas-~
tion of ceramic.

VWelded to base metsl
at back of sample.
Useable to 12000F.

Ceramic attachment
separated uron instal-
lation ia apparatus,

Optical pyrometer
used exclusively.

Thermocouple failed
at 1300°7. Previous
readings low; indic-
ated partial separa-
tion of ceramic, g8
gauge Ch-Al thermoc-
couple revwelded on
back by U.C.

Weldsd to base metal
at back of sample.
Usesble to 1200°F,

Satisfactory up to
2500°F after which
readings became lovw,
Ceranic separated
after remcval from
apparatus,

L
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5.8 Vought IX sad IX

Spaatral Reflsctispce

The resulta ecbtainmed Zrom the two spoctral reflectance
samplos with the sample at room tomporaturs ars showa o2 the
uppss part of Figure 33 2ad these roveal good correspondsmes
beteosn the {90 ss2pleoz snd e£lzo betwson the results chiaised
fron the heated cavity apd frem the DE-3 reflsctometer.

Figure 8 cortaling comparsblse reflectance resulis obtaimed
from » sample cut from the 1-7/8 iach sample sfter the spectral
enittance doterminations, and these results are similer to thozeo
on Pigure 23, Additiomsl ageing at higher temperatures deoes
rreduce changses ip tho refisctancs; as showe by the curve om
Figure 6 and by the zesults on Pigure 24, which proszeats the
resulie obtained Irom reflectance sample Ko. 2 aftsr a succes-
sion of aping pericds at 20009F, in air, Homo of the increase
in roflectance shovn thore is sttributsd to the presence of
:eoi, and scms of the reflectance minims, such as the opo at
3 microns, appear to be dus to absorption mavima of Hgls.
Pigure 23 alzo contains the reflectancezr seasured oz 3 sanple
cut from the 44" x 44" emittance sample aftsr operatiom &t
«d00°F amd the incroased reflectance is similar to that isdica-
ted or Figure 24 a3 the comsequence of ageiwy.

S8pectral Emittance

values are shotm on Figure I3, as obtained at 1200%°P. The
saxe waluee appsar om Figure 8, {0 revesl & genoral COrFeEpUR-
dence with tho low tompersture reflsctance oxcept at wavs lemgths
nbove 10 micromps.

Totnl Kormal Exittance

Pigurs 28 proscnts the results for total pormsl emitisace
sad tho various poimts distisguish results obtalmed with differ-
ent thermecouples (and slse with different sasples of this
eatorisl) as wvell s those for vhich temperaturss were iaferrod
from optical pyrometsr imdications combined with the apectral
emittance at 0.6 nicrons that iz shown om Figure 23. The
results above 2000°F were obtained with the gas fired stand with-
iz & poricd of ome hour,

The valuse found for the total pormal emitiamce show Bube
stastisl ncatter, together with & tondency to dimimish as the
tomperatnre imcreczes. Thers i3 betier sgroement at the high
temporatures with 8 prodiction made from the spsctral roflectance
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Chsnce Vought II+ IX

O Ch-Al Thermocoupls, Back Mowmted, U. C.
0 Ch-AlL Therzocoupls, Chance Yought; Fromt.
A Pt-Ft 13% Ra Thermocouple, Chance Vought; Fromt.
Syzholnd O Olrdicete that emittance calculoted from thermocouple
indication.
Symbolsh O Oindicate that emittence calculnted froa eptical
pyrometer ipdicatica.
Curves ore integreted spectral values.
Ry, from original spectrel reflactance eaxnls.
R from apectral reflectance sample cut from total emittance sawple.
E from spectral emittonce regults of sasple indicated by @3 in Fig. 23
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s

weesured from the sample cut from the total sample at the and

of this cperation, but the seatier i3 so grsst that a firs com-
elupion canpot bo drawn,

8.4 Yought II Plus Ferrcbores

Spratrel Beflsctancs

Differsnt results, as shows or Pigure 28, werc obtainsd
fron tho two rellectance sasples botwsen 3 and 1l microns; and
Figure & shows that & third sampls sgaim produced differeat
results, being lover im tho spectral regicn. A fourth sample,
obtained from the total emittance sample after heating to 28009F,
shows a fuvrther alteratiocn of spectral properties, dizeimilay
to the agisg sffect revesled om Figure €, Therefore, theso
regulte indicate a msubstantiel diffsvence batvesa ssaples a3
well ag & promounced effact of agimg.

Spectral Emitisace

Ths valus of spectral emittancs, cbtsined at 1300°F, corres-
poad poorly with the spactral reflectsmces that are shows om
Figueo 28, but Pigure 6 raveals an apprecishle improvenent im
the correspomdoncs whem the cbesrvaticnz st lov amd high tem-
perature voro mads oo ths same sasple with surfiacs cemditican
&2 pearly idemtical 3z poogibdls.

Yotal Norsal Rmitissce

Pigure 27 contains the results for total normal emittance,
with the syzbols indicating a distinction between samples ag
well as betvwesn the thermocouples affixed to them. The scatter
iz agein gevers, and 1t is emphasized more by the duzl set of
points at high temperature, as obtaiped from the thermocouple
and from optical pyrometer readings, the lstter belamg imter-
pretad on the breis of mn emittasce of 0.90 3t 0.68 microns.

The experimental rosulis sgree with the predictions made
frem the chasrved valuss of spactral emittance but this corres-
pondence is clouded by the variability observed iz differeant
samplus of this material., The total emittance docreases slightly
&8 thoe temperature increaszss, snd this reduction is supported by
ths effsct of aging shown on Figure € and by the limiting pre-
diction obtained from the reflecisnce agsociated with the totsl
onitinnce sapple after the completion of thoze observatioms.

5.5 VYought II amd IX Plus Flame Sproyed TiOg

Spectrasl Reflsctance
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TOTAL NORMAL EMITTARCE
Chence Vought II + Ferrcboron

O Ch-Al Thermocounle, Back Mounted, U, €.
0 Ch-Al Thermocouple, Chance Vought; Front.
& PL-Pt 13% Rh Thermocouple, Chance Vought; Front.
Symboled [ ©indicate that emittance calculated from Thermocouple
indication. :
SysbolsA 0 Olindicate that emittance calculsted from optical
pyrometer indication.
Curves are integrated spectral values.
Ry from originsl spectiral reflectance sample.
R from spectral reflectance sample cut from total emittance sample.
E from spectral emittance results of sample indicsted by [ in Fig. 26
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Figure 28 shows gemersl sgreement between the twe 7/8 inch
reflectance samplez and these reflectances in turn csrrespond
quite vell with the spectral emittance measured om ozc of the v A
emitinnce samples. Sufficient variability existad im the coat- )
ing, however, to produce substantially larger spactrzl emittances e
in tho second emittance sample. Tho reflsctance obtained from ot
this second sample, shown on Figure 6, does gencrally agree with U
the spectral emittance values obtained from it. Appereatly e
the Tioz-eonting was thinner on this particuler sasple resulting .

in & lower reflsctance,

Figure 6 indicates that aging further reduces the reflec-
tance of the sample and this behavior is also evideat in the D
reflectance shown on Pigure 28 that was obtained from the total U
emittance sample after operation at 2800°F, though for this T
latter sample the originsl reflectance was apparently nearer Pt
that of the high values shown on Pigure 28 for ths first emit-
tance sample and the reflectance samples.

Spectral Emittance

The difference in the spectral emittances of the two samples, -
shown on Figure 28, was due to differences in the coatings. The o
emittance for one of the samples agrees well with the reflectancs
measured from the 7/8 inch samples while the emittamce from the
second agrees in magnitude with the reflectance measured later o
from the same specimen, as indicated on Figure 6. —e

Total Normal Emittance

Figure 29 contains results which, for temperateres below
120007, include some values from a sample with a Chromel-Alumel
thermocouple attached by the Chance-Vought Co. Tnese are bhe- -
lieved to be high, particularly since the thermocouple attachment o
separated completely at 1300°F, Similar failure occurred with -
the platinum-rhodium thermocouple and consaquently all high tem- o
perature results were obtained from optical pyrometsr observa-
tions, bassd on a spectral emittance of 0.77 at 0.66 microns.

In placing this sample on ths ceramic support ring of the
gas heated emittance stand, molybdenum disilicide powder was !
placed betwoen the sample and the ceramic surface, this being om T
the obeerved side of the sample. Vhen the sample was removed
after operation at 2800°F, after a period of about 40 minutes
at temperatures in excess of 2100°F at which the results show
on Figure 29 were obtained, all the coating had disappaared
from the sample surface that had been in contact with the disi- r
licide, and bare metal appeared there. The 2 inch diameter =

e3
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Fig. 29 - .©

TOTAL KORMAL BAITTANCE
Chance Vought II+ IX + Flame Sprayed TiG,
O Ch-Al Thermocouple, Back Mounted, U. C. o
O Ch-Al Thermocouple, Chamce Vought; Front. " e
A Pt-Pt 13% Rh Thermocouple, Chance Vought; Front. - T
Syzbols A @ ®indicate that emittance cealculated froz Thermocouple

indication.
8yebols A O Oindicate thLat emittance calculated frem cpticel
pyrometer indication.
Curves are integrated spectral values. ‘
Ry from original spectral reflectance sample. . ®
R from spectral reflectance sample cut from total czittence sasple.
E from spectral emittance rogults of sesple indicated by & in Fig. 28.
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centor section, where the viewved sresx was located, wazs rather R
black 2ad acne of ths orsnge coler that origimally existed ““Ef
gppered to remain, while the back of the sample thet had beenm S
exposed to the gas flame had & glazed gppesrance, £till rather e
orsnge in eolor, but otherwise imtact. The spectral reflec-

tances cbtaipsd from the test surisce, after this opsration,

are shown on Figure 28 and roveal some chanmges in comparison to Bt
the values typical of the originmsl reflectance sample, but the it
original reflectance of the particular ssmple used for the total . .8
emittancs determinntion wes Eot kaown. -

Figuré 22 also coptains predictions of the totzrl emittance
25 obtained from certain spoctral emittsnces and of these thse
beet correspondence with tho actusl results is assccisted with
the predicticn bssed or the spectral properties of the sample .
eut frem the sample from which the total emittancez themselves Co
vere poasured. KNext best is the prediction from the propertics R
of the spectrazl emittance sample having the larger emittance. U
But this spparent varistion in properties between samples, o~ e
gother with the scatter of the results for total emittames, PR
mekes difficult any specific comclusicn, though clearly the -
prediction based on the propertiss of the 7/8 inch reflsctance ~.8
sampler 18 defimitsly too low. )

8.6 Coated ¥otals, XP-8789, XP-8780, Chromallay¥-2

Is November 1860, there were submitted through WADD threo
seaplez of costed metal for the detormination of totzl normal
snittaaca., The metallic substrates contaised melybdenum sad
this lsd to soriouc oxidation difficultics &t any cut edges and
at the point when the costipg was brokem for thermocouple sttach-
ment t¢ the subgtrate. This latter sction was taken in the
bope &t the time that high tempsrature paint could be erpioysd e
to suitably seal this small rupture, The Lore was mot realized e
&nd oxidation occurred, with consequent thermocouple separation. ——
Any further operationm, &x with ap optical pyromster, was thean ;
limited by progressive deterioration at thst point, as well &s
o the (ut edges. Total norsal emittances wers conszeguently
dotermsinad only &t s fov relatively low tempsratures.

Spectral reflectapces were determined st room temperature ©
from samples cut from the original € inch square samples that
vere supplied and these results are shown om Figure 30. The
results for XP 6750 snd XP 6789 are almost identical, leading
to the inferenmce that the coating was almoet identical with
these tvo samples. Also, this is almost true for the Chromalley

¥-2 excopt that the drop in reflectaace from its maximun occurs e
at & bigher wave lemgth. -
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Table IV contains the enittenceos predicted from the spsetral
reflectances moasured &t & low tempsrature amd the Table also
containe the mesgured valuo at the fov tompsretures for whieh
rorulés wore cbtained for the total normal emittssce., Whem, for
those tetal emitisnces, the tempersturs was infsrred from &o
eptical pyromotsr chservation, that inference was mede in terms

of the mozcured reflectivity &t lov temperature asd at 0.66
pierons.

Teble IV
Total Emittances

X2 8782 Xp 8780 Chromalloy W-2

Pred. Mesas, Pred. Hote, Pred. Eses,
540°p 0.45 0.52 .40
133509 0.83 .89
15467 8.81 ’ 0.63 G.80
18800p 0,482 0.702 P
2540°F .73 0.74 .73

20ptical pyromater used fopr surface tempsrature

8.7 Total Emittasces, Platinum-13% Rhodium and Rene 41

As part of 2 program for the comparison of techmigues of e
detorninatios of the total sormal emittasce, mezsurseents were :
made in Docomber 1960 oo samples of Reme 41 /Unitemp 41) mad of

platinum-13% rhodium #8 furnished by the Bosipg Aircraft Co.

The sesples wers supplied with thermocouples attsched, but .
during tho sxperimentel work thess thermocouples were remocved -
and mev thormocouples were attached. Only total emittsnces

e:re rgagured, using both the electrically hested and gas fired
stands, '

The recults shown for Reme 41 (Unitemp 41) were cbtained
from two gemples, each of which was about 1/8 imch thick. Ssaple .
Fo. 1 costained & Chromel-Alumel thermocouple moumted off cemter e _
or the faco, Just ioeide the viewsd ares, with the lends passed T
te the back of the sampls through & hole noesr its ceater. The
symbols o Pigure 31 indicate the history of the messuremszatsz,
The initial operations produced emittances that were low at
bigh temperature., Later 2 sccond thermocouple was added sud
by comparisos the original thermocouple appasred to ba readinmg P
low, though this, of course, wvould not account for the lower = T
emittances found iumitially, VWith the exeception of the results
* of Docembeor 16th aad 18th, however, the results are comsistenmt
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Pig. 31: Total BEmittance of René Ll :T_

Sample No. 1 Boeing T. C., Ch. Al
B 12/16 (Gas 8ta
0 12/19 (Elec. Std)
D 12/21 (Ges 8ta)
©12/29 & 1/3 (Elec.) U. C. Thermocouple edded and used

812/29 (Ges 8td) U. C. Thermo.
1/4 (Gas Std) Based on Optical Pyr.

Semple number 2 Boeing T. C. Center Mount
A12/28 (Elec. Std) N
The curve indicates the resulte in Ref, 1
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X Pt -I3% RhA
0.3 0
X @
o _
X -
ng £ ? 0O A /,“"0
7} <
X |l gl bem =38 ©
£ E Pt
) v
G ’!5”/
e
o/ |0 —
o ,
8 72 /6 20 24 28 22
°F x 107¢ -
Fig. 312: Total Emittance of Platimm 13% Fhodiwm Alloy
¥ith ChoAl Couple (Boeing) = -'!."_“
0 12/13 ¢ 12/14 @ 12/16 -
Witk Pt-Pt 104 Ru Couple (U. C.)
X12/22 0O 12/e2
0 12/22 O12/27 @12/28 (Gas Stand) ; L
The curve is the Hegen-Rubens Iav, Eg. 3.1 ' L9
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vith the avorago of esrlier moocureoments on this matorial,
shown by 8 curve on the Figure, Sample Ke. 3 was voed less
extensively, and it geve emittances sbout 6% lowsr thaw tho
firot sample, Thoe differcmceo is attributed to differcnces inm
the oxidetiorn rathor tham te any effect of thermecouplo im-
stallation,

All the emittences for the semple of platinuz-13% riodivm
were obtained from a single sample which was provided with &
Chromal-Alumgl thermccouple, lster repleced by a platinum - 10%
‘rhodium thermocouple for oporation &t high temperature. The
rosulte shown on Figure 32 ravesl s substantial veriaticz &t
tempsratures below 1800°F, ostepsibly due to oxidstiom of tho
rhediur, which oxide is eliminated by vaporization at higher
tempsrature. The appearance of theo sample alsc made this
dietinction, being dull in soze of the low temporsaturs opara-
tiops but becoming bright after operatics at high temperaturo.
The "clean” values would them be best given by tho minismm
value=s showr on Figure 33,

Because of the applicability as noted in Soctiorn 3 of tho
Hagen-Rubens equatinn for the prediction of the totzl zmorasl
emittance such a comparison is of interest in reslsation to tho
enissivities that are shown on Figure 33. Rozistivitice of
Pt=13% Rh do not appear to be aveileable end the closest in-
forsstion readily at hand 13 for Pt-10% Rh, which is givgg caly
for 20°C, a8, <g,= 20 x 10°% ohm cm and Loy =(/.7x/0) =
Only by the radi~al assumption that the temporaturc cecffi-
clent given might be used up tc very high temperaturcs ia the
evaluation of Equation 3.1 possible. The result i3 the curve
of FPigure 32. The corresponrdsnce with the mininum ozpsrimcptsal
velues is remarkably good.
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