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Emissivity of a metal is fairy low in its bare condition. Due to oxide films formed on the metal surface, however, itstgmissivi
changes rapidly, and large errors in the temperature measurement are caused. This is a serious problem for the radiatoy thermo
of metals. In order to eliminate the error due to surface conditions of the objects, the authors propose a new methdieirased on
findings that the apparent emissivity of a metal surface depends on the direction from which the target is looked atsTha mean
the radiance of the target does not obey Lambert law. The proposed method uses the ratio of radiances measured at two different
angles to compensate the emissivity or the emissivity ratio. This method is promissing for the in-line use at metal mapufacturi
processes such as steels and aluminums and so on.
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1. Introduction the Lambert law. Considering these phenomena, the ratio of

The emissivity change is a serious problem in radiation radiances at two different angles, for example, at 20° and 80°,

thermometry, because it causes the temperature error to a largerondly depends on the surface conditions of the metal on which

extent. Therefore, radiation thermometry for solving the emissivity oxide film is grown, therefore the ratio assumes to be an excellent

problem has been studied from various view points. These methods,19Ure to estimate the spectral emissivity of the metal.

that is to say, emissivity compensated radiation thermometry ~Based on the above phenomena, the authors have proposed an

roughly is divided into two techniques. The one is called an active €Missivity-compensated radiation thermometry.

method or a hybrid method that estimates the emissivity of the object 2 Theoretical

or minimizes the effect of the emissivity using reciprocal process

of radiation between the object and a reflector that is introduced in 1€ Fresnel formulas, which can be derived from Maxwell's

a measurement system [1,2]. The other is a passive method that i§quations, are expressions for the reflectivity of an ideally smooth

often called a multiband radiometer that estimates the temperature@nd Optically homogeneous plane surface to incident

of the object using detected spectral radiances more than two [3-5].€eéctromagnetic radiation, in terms of the optical constaratsgk
This paper describes a new method that measures an emissivitﬁf the surface meterial afiithe angles of incidence and reflection.

of a metal using directional properties of spectral radiances emitted oM these formulas, with the aid of Kirchhoff's law, the magnitude

from the object that in turn enables to obtain the temperature of the and the directional distribution of the emissivity can be inferred

metal. Accordingly, this method is a passive one [6-8]. The normal [10]- The spectral emissivitg,(6) at a wavelength o and a

emissivity of a metal is quite low generally, but it increases gradually direction off is shown as follows,

with increasing angle measured from the normal of the surface, (6) :% 640 [ 1+ .
and it attains its maximum value at nearly 80°, and then decreases a2+ b2 + sin20 ] @
rapidly to zero at an angle of 90°. The emissivity of the metal covered cos26 (a2 + b? + 2asingtand + sin’H tan?6)

with the oxide film on its surface, on the other hand, is high

generally, but monotonically decreases with increasing angle. These £ (6) = 4a cosd 0o0ooOooooER)

. o . 2 + b2 + 2a cos + cos?f
properties of emissivity correspond to the optical constants of a & acosu co

metal as a conductor and oxide film as dielectrics, respectively, Where &«6) is a directional emissivity that is polarized

which are led from Maxwell's electromagnetic equations [9]. These Perpendicular to the plane of incidence.

phenomena show that the radiances of these materials do not obey 1N€ quantitiesa andb are related to the angle 6fand to the

refractive indexh and the extinction coefficiektof the material on

T Partially presented at SICE' 95 which the radiation is incident.
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If the optical constants of the matemedndk are known, Eq.(1)  whereL, (1) is the spectral blackbody radiance of the temperature
provides a prediction of the directional disribution of the spectral T atA. LetR, be the ratio of the above radiantg@,) andL,(6,)

emissivity of the material. The parameis the angle of emission then it becomes the ratio of the emissivities at two directiéns,

in the present context. Generally, with increasing value tfe andé, as shown below,
material shows electrically conductive, and with decreasing value

of k, on the other hand, it becomes electrically nonconductive. Re=La(62) / LA(BY) = &r(62) / () )
Fig.1(a) shows the predicted directional distribution of the emissivity The spectral emissivits; of a metal at any angiis expected to

which changes with the optical constants. increase with growing oxide film on its surface as shown in Fig.2.

—0° 6=0°
10 15
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0.8 Metallic oxide(n=4, k=0) i Metallic oxide(n=4, k=0)
1.
__ 06
o 60°
o 14
0.4
Increasing 0.5
oxidation
0.2 Increasing
oxidation
. . L |90 0! 90’
0 02 04 06 08 10 0 0.5 1 15
€,(8)] Re
(@)&,(0) (b) Re=¢,(6)/¢,(0)

Fig.1 Directional emissivity

For an electric nonconductde=Q), the emissivity appears to be Accordingly, a relation betweeRy, ands, is presumed to hold as
essentially uniform over the range of angles between 0° and aboushown in Fig.4(a) from the characteristics of Figs.1 and 2. Moreover,
60°, then it drops sharply to zero. With increasing valuds thie as the raticeg= £,(6)/ ,(6) of spectral emissivities at two

directional emissivity displays a maximum at a moderately large wavelengths,, andA, (A < A, ) is estimated to decrease with

value of6, for example, at 80", and then returns to zer@=80. increasing oxidation, a relation betweRnande, also is presumed

Fig.1(b) shows the normalized figuRg=¢,(6)/,(0) that represents {5 nold as shown in Fig.4(b).
well the above description of the phenomena concerning to an  |f the relation of Fig.4(a) is constructed once, a spectral emissivity

electric conductor and an electric nonconductor. £,(6) can be obtained by using the measurement of the Ratio
Though the surface of a commercial base metal such as a COIdI'hus a true temperatufeof the object can be derived from

rolled steel sheet is not optically smooth in the strict sense of theSubstituting the obtainex)(6) into Eq.(5) or Eq.(6). This method is

word, it is assumed that the surface condition of the metal before o
N . . named asg; -compensated radiation thermometry from now.
oxidation keeps the features of the electric conductor concerning to

the emissivity. When the metal is heated in air, however, its surfaceL'_kew'se’ the measurement Bé‘ prov@es the ratia, .as §hown. n
becomes nonconductive because of the oxide film covered on it._F'g'4(b)' A true temperaturis obtained by substltgtlng thig
into the well-known formula of two color pyrometry in Eq.(8) [6].

Therefore, the figur&, changes drastically near 80° with growing ) ) 7
This method ia called @g-compensated radiation thermometry from

oxide film.

now.

Now, letL,(6,) andL,(6,) be the spectral radiances of the object
_Lau(o) _ A2 \5 G

of the temperatur@ at A and at direction®, and 8, (6;<65), R @ &G ) o= 77) ®)
respectively,

whereA=2A11,/( A, —A1) andc,=Planck's second constant.

La(61) = &(6) W, p(T) ()

Re is a non-dimensional figure that represents the change of the
directional properties of emissivity depending on the variation of a
La(62) = £ (62T 5(T) ®) metal surface during the oxidizing process. TherefBgeis a
potential figure that can be used for a measurement of the behavior
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of the oxide film on the metal surface as well as an application tolarge change of emissivity. A sample with 88 mm in diameter and 1

radiation thermometry. mm in thickness was used.
& o
> Metallic oxide
= o
B &
5
i w
o Increasing oxidati on|
@
Metal
A1 A2 . —
Wavelength A Increasing oxidation
Fig.2 Change of, with increasing oxidation Fig.3 Change of, with increasing oxidation
& &
Re Re
(a)Reande, (b) Reande,

Fig.4 Predicted relations (a) betweReande,, (b) betweerReander

3. Experimental

Fig.5 shows an experimental apparatus that has been used for the

confirmation of the measurement principle. In order to measure Rzla\_dii_(r)arr(l)egter Rﬂgggg
radiances, three radiometers were used. The two of them were set at Lx.(64) La(81)

a direction of;=20°" to measure the ratiof spectral emissivities 6,220

at two wavelengtha,; andA,. A semiconductor InGaAs sensor

effective al; =1.5um and a pyroelectric LiTaffective ah,=3.4 A;=1.5pm
um, were used for these radiometers, respectively. The third Ay=3.4 um

radiometer with a pyroelectric sensor, LiTafective at\,=3.4 Rafifl)_rjawgter Specimen
iTaOs
H : ° : S~ ——
Hm was set at a direction 8§=80°. The ratiRg = Ly2(6,) / Lx2(61) La,(65) o K-type T
was calculated by using the radiantgg6,) andL ,,(8,) that were Heater thermocouple
measured by the latter two radiometer€9at80° andg,=20°,
respectively. The ratieg= £1(6,) / £.(6,) at ,=20° was derived Fig.5 Experimental apparatus

from the measurements of the former two radiometers. True

temperature of a specimen surface was obtained by a K-type .Ac.co.rdmg toa preparaory experiment, th_e .temperature
distribution on the specimen surface was ak8uf within 30 mm

thermocouple welded on the surface of the object. Cold rolled steel )
from the center of the sample. In order to estimate the measurement

sheets were selected as metal specimens that were easy to oxidize .
error of temperature by a thermocouple, the black paint that was

at rather low temperatures of about 700 K, thus enabling to cause
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assumed to be a pseudo-blackbody (effective emissivity is aboutthe early stage of heating, both the emissivitigg6;) and

0.92) was applied to the surface of a specimen, then the temperaturg,(g,) increased rapidly. The emissivits;,(6;) at a shorter

of the surface was measured by a radiometer with a InGaAs sensofyayelength o, =1.5um, however, took a peak value, then decreased.
The temperature by measurement of the latter was regarded as thg, o emissivitye,,(6;) at a longer wavelength df =3.4pm, on the

true temperature of the specimen surface. The difference betweerather hand, continued to increase. As a result, theggiiaised in

the true temperature and the temperature measured by th‘?he early stage of heating and had a peak value, then decreased.
thermocouple was about 7 K near 800 K. As the temperature ermolge ., ;se of the difference between these phenomena and a predicted
by the measurement of a thermocoupted the temperature o 5ti0n of Fig.3, considerations on this cause have been done in section
distribution on the surface of a specimen were assumed to bg,

systematic errors, the reproducibility of the measurement was kept

by welding a thermocouple to a specified position of the sample. The 1 5

detected area by a radiometer was 5 mm in diameter when it was &,(81)
looked from the normal direction, but it became an ellipse when looked

0.8 = 4

from a direction 0B,=80°". The length at the major axis was about 28
mm. The sample had enough size to cover detected area on the sample B - £,,(61)
when the sample was looked@£80°. 06 - 3
Fig.6 showed the changes of directional emissivitigs(6;) and @ ﬁ
£0(6,) , at a wavelengthl; =3.4 um, and their ratio &
Ra=£12(8,) / £,5(8;) of a specimen during heating in air to 723 K. In
the early stage of heating, the emissivitya80° was higher than
the emissivity ap,;=20°, thus the rati®, in Eq.(7) displayed a high 0.2 "_
value. The directional emissivities, however, rapidly changed with
increasing time, that is, the emissivitygat-20° became higher than

Specimen : Cold rolled steel
A=L5pum, A,=3.4 um 2
8,=20°

£r=E3,(01)/€),(8))

Mn—i’i—;

the emissivity aB,=80°. Accordingly R, decreased drastically from 0 1000 2000 3000 4008
a higher value to a lower value. These results corresponded with the Heating time (3)

prediction of a measurement principle as shown in Fig.4(a).
Fig.7 Experimental results afy;(6;) and&),(6;) at 6;=20° and the ratio

&= 61(61) 1 £,2(61)

2
1
16
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Specimen : Cold rolled steel €,(62) R
i A=3.4pum h 0.2 ®e e
O0 l 1000 I 20I00 I 3(I)00 I 400% b
Heating time (9) . SpeC|merI| : Cold rollled steell
, _ 0 0.5 1 15 2
Fig.6 Experimental results ofy1(6;) and &,,(6,) at A; =3.4pm and the Re=L,(8,)/L,(8)

ratio Ro = £)2(65) / £32(61) ) ) )
Fig. 8 Experimental relation betwe&eande, (6)

Fig.7 likewise showed the variations of the directional spectral

emissivitiess,;;(6;) ande,,(6,) at a direction 08,=20°, and their ratio Fig.8 displayed the characteristic curves betweande,(6) that

were derived from Figs.6 and 7. In this figure, the changes of three

= 61(61)  £\2(6;) of a specimen during heating in air to 723 K. In ) N
RC Aol ezt emissivities £,1(6;) , £12(61) at 6;=20°, ande,,(6,) at 6,=80° were
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plotted for the change &% that corresponded with a predicted relation obtained. In this figure, real temperatures measured by a K-type

of Fig.4(a). These relations proved that¢heompensated radiation ~ thermocouple and real emissivities that were obtained using the real

thermometry is valid, that means &, is derived from the temperatures, and calculated temperatures and calculated

measurement of directional, spectral radiances at two different anglesemissivities that were derived from thecompensated radiation
the emissivitys,(6) is uniquely obtained, then the temperature of a thermometry were plotted simultaneously. In spite of large changes
specimen can be calculated. Fig.9 likewise showed the characteristi®f the emissivities, it was observed that the calculated temperatures

curve betweeiR, andey that were also derived from Figs.6 and 7. well corresponded with the real ones. Similarly, Fig.11 displayed

From the measurement B, the emissivity raticx used for two an experimental result of simultaneous measurement of temperature

color pyrometry can be obtained, thus it enables to calculate the truel @nd emissivity ratiaz which was based on the relation of Fig.9,
temperature of a specimen. This is thecompensated radiation ~ Where spectral emissivity ratip= £,1(61) / £2(61) ~atA; =1.5um

thermometry. and A, =3.4 um, and 68,=20° was obtained. The calculated
4 temperatures that were based on dhecompensated radiation
thermometry and the real temperatures that were derived from a K-
- 61=20° type thermocouple well corresponded, thogglthanged largely.
3 8,=80"
A=15pum ETH 35 500
@ i )\2=3.4 [,lm -- - | ~
& - 1 - | 8=20° .
= 0 I " A=L5um
% F . 3 A=34um [—3 - 400
| J
ST | ot ] q i %
L o
1 o |9 &
w 25 ® a 300 o
I Specimen : Cold rolled steel n Red . o v 3
ecimen : Cold rol e
() ~
: | o Calculated |o © B3 w
0 1 1 1 1 e '
0 0.5 1 15 2 2 - 200
< ——
Re=L,,(8,)/L,,,(61)
Fig.9 Experimental relation betwedteandeg | Specimen : Cold rolled steel |
1 5 L 1 1 1 L 100
-0 400 800 1200
1 773 Heating time (s)
Fig.11 Online measurement e andT
- | 6=20° T
A=15 pm A ::’ 4. Considerations
0.8 = 673
'l [ o . It is assumed that oscillating changes of the spectral emissivity
¥
B .! =° 7 E; £,1(6;) atA; =1.5um and at9;=20°" and the ratieg during heating
> - % are caused by the interference effect of radiation between the sample
& 06 a® 573 g surface and the oxide film grown on it [11]. That means, both of the
i - i la_Ea spectral emissivities,;(6;) ande),(6;) increase with increasing
,o thickness of the oxide film at the early stage during heating. But in
04 _' iol § Red M 473 the mean time, the emissivity;(6;) at a shorter wavelength df
p.i: * Calculated =1.5um has its peak value due to the interference effect, then
- ® -
- decreases, while the emissivity(6,) at a longer wavelength a
| Specimen : Cold rolled steel W ! ! _NHM( D gerwav gth af
0.2 I I I \ 373 =3.4um still increases. This phenomon causes the occurence of a
0 400 800 1200 peak value for the ratiey. As there is one by one correspondence

Heating time ()

. . betweerR, andey in Fig.9, the principle of measurement based on
Fig.10 Online measurement &f(6) andT

the theory holds.
Fig.10 showed an experimental result of simultaneous measuremet The ratioRg decreases with mcretasm.g OX|dat|9n and it finally
of temperatur@ and emissivity, (6) which was based on the ralation converges to about 0.55 as shown in Fig.6. At this value, spectral

of Fig.8, where spectral emissivity &t1.5um ard at8 =20° was emissivitiess;;(6;) ande;»(6;) and emissivity ratio
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Table 1 Measurement errors by the method for bright and dull surfaces of cold rolled steel sheets (T=800 K)

Wavelength Specimen | Emissivity Emissivity error Temperature error
B A (um) type g | nele| | AT/T | oy
E 3 dull 0.28~0.86 0.065 0.005
S c A=15um
§ T bright | 0.25-0.94 0.010 0.008
& dull - 0.093 0.016
A=3.4 pm 0.15~0.96
bright 0.14~0.97 0.080 0.014
2 Wavelength Specimen | Emissivity | Emissivity ratio error Temperature error
B < A (um) type & | Aegler | | AT/T | e
& E max
o
£ g A=15pum dull 3.0~0.7 0.056 0.008
o
& A;=3.4um bright 2.9-0.8 0.081 0.012

&= 61(01) | £(8;) vary one another. These phenomena should also Specimen. The denominator was the emissivity of the latter. The
be caused by the interference of radiation between the bare metaielative error of emissivity rati¢Ass/eq| was derived from Fig.9 in a
surface and the oxide film. As the emissivities are high and the changé&imilar procedure as stated above. The temperature diffesdiice
of & is small generally aR,=0.55, the measurement error of the relative error of temperatugT}T| was obtained as the difference
temperature remains to be small. As the interference phenomenahetween the true temperatdreneasured by a K-type thermocouple
however, is not preferable for the principle of this method, a new and the temperature measured by the principle of the method. The
procedure to negate this phenomena is necessary. The one of powerfdenominator was the true temperature measured by the thermocouple.
methods for that is to utilize a radiometer that responds to longer According to the experimental results, thecompensated
wavelengths as expected from the behavior of two emissisjtigs , radiation thermometry practically got similar accuracy in
£,0(6) in Fig.7. The detailed discussions and the development of themeasurement as thig-compensated radiation thermometry. The
procedure are to be reported [12]. signal processing for the former as conventional two color
Table 1 shows the measurement errors of temperature ancpyrometry, however, was rather complicated than the latter, so that
emissivity by the method for bright and dull surfaces of cold rolled the& -compensated radiation thermometry should be preferable for
steel sheets. The experiments were done at 800 K. There was a slightPractical use.
difference between the characteristic curves for bright and dull
surfaces caused by the difference of surface roughness, thus the
errors were arranged separately in Table 1. In case of dull surfaces,
for example, the spectral emissivity(6) atA =1.5um and6=20°
changed from 0.28 to 0.86, the relative errdegeg and AT/T] of
emissivity and temperature calculated by the principle otthe  emissivity or an emissivity ratio, respectively, by using a iRgiof
compensated radiation thermometry, however, were 0.065 and 0.005;y0 spectral radiances that are measured from two different
respectively. Likewise, the emissivity ratig atA =1.5um andA directions. These methods are experimentally confirmed to be
=3.4um changed from 3.0 to 0.7, the relative erfayf | and AT/ promising for online temperature measurements of metals during
T] of emissivity ratio and temperature calculated by the principle of oxidizing process. In order to improve resolution of these methods,
the eg-compensated radiation thermometry, however, were 0.056the one of the radiometers is preferable to be set at a direction
and 0.008, respectively. In Table 1, the relative error of emissivity between the normal and 60°, especially between the normal and
|Ae/e| was obtained by using the characteristic curve bet®gen 30°. The other of the radiometers should be set at a direction between

ande, in Fig.8, where\e was the difference between the emissivity 60° and 857, but judging from practical view point, a direction
between 70° and 80° is preferable.

5. Conclusion

The authors proposed ttegg-compensated radiation thermometry

and thesg -compensated radiation thermometry that compensate an

that was derived from the measuremeroénd the true emissivity S . .
that was obtained by the temperature measured by a K-type Emissivities of metals change due to the interference effect with

thermocouple, that in turn was used to calculate the emissivity of athe growth of oxide film on their surfaces. It is necessary for wide
applications of these methods to find a procedure to avoid the
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interference effect. The usage of a longer wavelength for the o -
to emissivity-compensated radiation thermometry, Trans. of SIEE,

measurement dig is one method to ease the interference effect 7, 832/839 (1999)
[12]. Cold rolled steel sheets are mostly used for experiments. Other3) T. Tsurukawaya, T. Furukawa and T. luchi: Emissivity compensated

metals that represent much more clearer interference effect, however, ~radiation thermometry, Proc. of the 35th SICE Annual Conference,
111A-5, 319/320 (1996)

) o 14) T. luchi, T. Furukawa and T. Tsurukawaya: Measurement of polarization
The authors have confirmed that a usage of polarization instead  ,operties of metals and their applications to radiation thermometry,

of directional properties of radiances is possible for emissivity Proc. of the 14th IMEKO, Tamperé, 108/113 (1997)
compensated pyrometry, and also the combination of directional

and polarized properties of a metal is promising for wide applications

of radiation thermometry [13,14]. There are some fundamental

problems lef o be investigated. Thats, the infiuence of variatons [N ACAMAMEN A MARRMRMRTMAMAA

of surface roughness and compositions of materials to a characteristic

curve of the method should be considered and an effective procedur@ohru IUCHI (Member)

to ease the influence should be developed. A compact measurement He received B.E. from Kyushu Institute of Technology

system using fibers is under consideration for a practical use of the in 1966, and M.S. and Ph.D. from Tokyo Institute of
principle Technology in 1968 and 1980, respectively. He had been

Nippon Steel Corp. from 1968 to 1991. He has been a
professor at Toyo University, Department of Mechanical
Engineering since 1991. He is a member of Japan Society
of Applied Physics, Optical Society of America,
International Society for Optical Engineering and so on .

may be much better objects for these methods.
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