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[57] ABSTRACT

When a steel sheet or the like is heated in a furnace to a
temperature somewhat higher than the room tempera-
ture and is still or moved, its temperature can be mea-
sured by detecting the radiant energy therefrom. The
measurement is normally difficult due to the influence
of background noise of radiant energy from the sur-
roundings, change of the transmittance factor of the
environment or atmosphere for radiant energy, and
change of the emissivity of the object to be measured. In
order to remove such causes of errors and to correctly
measure the temperature by detecting radiant energy, a
radiometer and a black body radiator are disposed sym-
metrically and specularly with respect to the normal to
a surface of an object to be measured, and two different
amounts of radiant energies are emitted from the black
body radiator, and the emissivity of the object to be
measured is determined from the detected values from
the radiometer, the two temperature values of the black
body radiator, and the diffusely reflecting factor associ-
ated with the object to be measured, whereby correct
measurement of the surface temperature of the object to
be measured can be done. Embodiments for implement-
ing this method are proposed.

15 Claims, 25 Drawing Figures
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METHOD OF AND AN APPARATUS FOR
MEASURING SURFACE TEMPERATURE AND
EMMISSIVITY OF A HEATED MATERIAL

BACKGROUND OF THE INVENTION

This invention relates to a method of and an appara-
tus for radiation temperature measurement for measur-
ing the temperature of a heated object such as a steel
plate or the like, the emissivity of which changes, and
more particularly to a method and an apparatus for
accurately measuring the surface temperature of the
object by measuring both the surface temperature and
the emissivity of the object, simultaneously.

More particularly, this invention relates to the fol-
lowing method and the apparatus for performing the
method. S

In a temperature measurement by radiation thermom-
etry in an industrial furnace such as a continuous anneal-
ing furnace or the like in which a steel plate or other
object is heated or in a metal at an ordinary ambient
atmospheric temperature wherein the temperature is
measured by detecting the radiation therefrom, several
factors such as the radiant energy from the surround-
ings or the background noise the magnitude of which is
equal to or above the radiant energy from the object to
be measured and the change of the transmittance factor
of the atmosphere surrounding the measuring arrange-
ment for the radiant energy, together with the change
of the emissivity of the object to be measured, will
interfere with such measurement to degrade or render
the conventional radiation temperature measurement
impossible to carry out. These problems can effectively
be solved by a radiation temperature measuring method
with which this invention is more particularly con-
cerned.

For the measurement of the surface temperature of a
heated object which stands still or is moved in an indus-

trial furnace, a radiation thermometer or radiometer

capable of measuring the temperature of the object
without necessitating direct contact with the objéct can
be conveniently used. In fact, this kind of device is
employed in many related fields. In a furnace, since the
radiant energy coming from its wall or heat source is
reflected from the object to be measured and then de-
tected by the radiometer, such stray radiation energy
becomes a great external interference or noise. This
stray radiation energy must be excluded, otherwise
correct temperature measurement is impossible. In addi-
tion, it is well known that when the emissivity of the
object to be measured changes, the radiation thermome-
try measurement will generally cause a large error. The
two problems as mentioned above, in effect, often make
radiation temperature measurements in furnaces very
erroneous. Particularly when the object to be measured
is a thin or thick steel plate placed in an annealing fur-
nace, its surface is normally oxidized while it is being
heated in the furnace, accordingly the emissivity of the
steel plate changes with the progression of the oxida-
tion, thereby causing a large error in the radiation tem-
perature measurement. This fact substantially invali-
dates the temperature measurement. The same situation
occurs upon radiation temperature measurement of a
metal having an ambient atmospheric temperature. The
reason for this is that since the object to be measured
(for example, metal) is at around ordinary temperatures,
the radiant energy from the surface of the metal is often
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2

equal to or below the radiant energy from the stirround-
ings.

Moreover, when the atmosphere of the measuring
system absorbs radiant energy in the wavelength range
which the radiometer being used can detect, and when
the transmittance factor for the radiant energy is
changed by a change in the concentration of the atmo-
sphere, the radiation temperature measurement will
again be subjected to large errors.

SUMMARY OF THE INVENTION

In view of these serious troubles encountered, it is an
object of the present invention to provide a method and
an apparatus for accurately measuring the surface tem-
perature at all times under such an environment by
solving the problems concerning the radiation tempera-
ture measurement caused in the above-mentioned envi-
ronment.

One of the inventors of the present invention has
proposed a method of correctly measuring temperature,
by which the above problems in the radiation tempera-
ture measurement have been obviated, to some extent,
as disclosed in Japanese Laid-Open Patent Application
No. 85078/1979. In accordance with this earlier
method, a black body radiator of which the temperature
is variable, and a radiometer which can detect radiant
rays of a selected band of wavelengths, are disposed
symmetrically and specularly with respect to the nor-
mal to a heated object surface, so that the radiometer
can detect the radiant ray from the heated object sur-
face, and the temperature of the black body radiator is
changed so that the radiator produces output values
corresponding to the temperatures, which values are
used to compute the emissivity of the heated body and
then determine the surface temperature thereof. There-
fore, this earlier major feature of the method is that a
radiant ray of a wavelength to be detected by the radi-
ometer is selected so as to be specularly reflected from
the object surface to be detected. In contrast to this
earlier method, the present invention proposes to mea-
sure the surface temperature of the object to be mea-
sured with a high precision even in the situation where
the object surface to be measured is rough or a non-per-
fect specularly reflecting surface and that the environ-
ment of the measurement includes substances detrimen-
tal to the transmittance of radiant energy, such as CO,,
H>0 and so on.

Moreover, an ideal black body furnace would have a
large size and be necessary to be heated and maintained
at a constant temperature. This invention further pro-
poses a radiation temperature measurement utilizing
specular reflection which is able to omit such as black
body furance.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic diagram of a first embodiment
of the invention.

FIG. 2 is a block diagram of the arithmetic arrange-
ment.

FIGS. 3a and 3b are schematic plan views.

FIG. 4 is a schematic side elevational view.

FIGS. 5a and 5b are a schematic perspective view
and a side view of another embodiment.

FIG. 6 is a side view of an embodiment disposed in
the atmosphere.

FIG. 7 is a graph showing the relation between the
true emissivity and the measured emissivity according
to the present invention.
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FIG. 8 is a graph showing the relation between the
true temperature and the measured temperature accord-
ing to the invention.

FIG. 9 is a side view of the furnace in which measure-
ment is made.

FIG. 10 is a schematic diagram of the experiment for
determining the amount of the background noise.

FIG. 11 is a graph showing the relation between p
and d(} measured.

FIG. 12 is a graph showing the relation between p
and 0, measured.

FIG. 13 shows the definition of the average inclina-
tion angle @,.

FIG. 14 is an explanatory drawing useful for explain-
ing a second embodiment of the invention.

FIGS. 154 and 15b are explanatory drawings for
explaining the rotating section.

FIG. 16 is a graph showing the relation between G
and eg.

FIG. 17 is a plan view where a radiometer and a black
body radiator are disposed on a watercooled base plate
or chamber.

FIG. 18 is a block diagram of the arithmetic unit
applied for the invention.

FIGS. 19, 20 and 22 are explanatory side views show-
ing the path of the radiant ray where the object to be
measured is tilted.

FIG. 21 is a explanatory side view where a concave
reflecting surface is used.

DETAILED DESCRIPTION OF THE
INVENTION

When the surface of an object to be measured is op-
tionally smooth and flat, namely, has a perfect specu-
larly reflecting surface, the following equation is satis-
fied:

€0)+r(0)=1 (6))
where €(6) represents the emissivity of the object in the
direction of angle  with respect to the normal N to the
object surface, and r(0) the reflectivity of the object in
that direction. The principle of this method will now be
described with reference to FIG. 1. A radiometer 1 and
a black body radiator 2 are disposed specularly and
symmetrically at angle 8 with respect to the normal N

" to the surface of a mirror. If an object 3 to be measured
is at a temperature T and the black body radiator 2 is at
a temperature T, a radiant energy Ej to be detected by
the radiometer 1 can be expressed by
Ey=€(0)-ET1)+{1—e(6)}-Ex(T2) ]
where Ey(T2) represents the radiant energy from the
black body radiator at the temperature Tz. The first
term on the right side of Eq. (2) means the energy radi-
ated from the object 3 itself to be measured, and the
second term thereon is a component of the radiant en-
ergy Ep(T2), which is specularly reflected from the
surface of the object 3 (the reflectivity r(6)=1—e&(8)).

Then, when the temperature of the black body radia-
tor 2 is changed to T3, the detected value, E3is given by

E3=e(0)-Ex(T1)+{1—e0)}-Ep(T3) (&)}

Since Egs. (2) and (3) are two equations both includ-
ing unknown variables €(6) and Eu(T1) to be deter-
mined, they can be solved as simultaneous equations
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4
with respect to €(@) and Ey(T1). Subtraction of Eq. (3)
from Eq. (2) on both sides will yield
By~ E3={1—e(O)HE(T2)— EXT3} @

Rearrangement of Eq. (4) will be reduced to

E; — FE3
Ex(T2) — Ex(T3)

€@ =1— ®

Substitution of Eq. (5) into Eq. (3) and rearranging
will result in

E3

0

1— e@ ©)

EyTy) = ()

- Ey(T3)

From Eq. (6), it will be seen that temperature T} can be
determined from the output characteristic of the radi-
ometer 1. The above theory can apply for the case
where the object 3 has a perfect specularly reflecting
surface. This method can be realized by Japanese Patent
Laid-Open Application No. 85078/1979.

In general, however, since the surface of an object
has a certain extent of roughness, the condition of mea-
surement is not ideal. This situation implies that the
reflectivity H(0@)=1—¢€(8) of Eq. (1) becomes smaller
than that in the ideal because of the diffused reflection.
Thus, if a coefficient f (0<f< 1) is used to provide an
apparent reflectivity as

n8.N={1—e@}f

in place of r(8), and Egs. (2) and (3) are arranged, then
Eqs. (7) and (8) are given as

Ey=e(0)-E(T1)+{1 — ()} .S E(T?) m

E3=€(0)-Ex(T1)+{1—e(0)}-fET3) @®

In this case, f is referred to as “specularly reflecting
factor” which represents the degree of specular reflec-
tion. From the two equations given above, the calcu-
lated emissivity is determined by

Ey — E3

«8) =1— ®
= T FELTD — EXTY

The temperature is thus found from the expression

E3

€@

1 — &6 (10)

E(T) = «(0)

+f- EfT3)

A first feature of this invention is that accurate tempera-
ture measurement can easily be performed by introduc-
ing the specularly reflecting factor f even for the non-
perfect specularly reflecting characteristic of the object
to be measured, or rough surface for the wavelengths
detectable by the radiometer.

In the measurement on the non-perfect specularly
reflecting surface, when a surrounding wall 4 as shown
in FIG. 1 is at such a high temperature that the radiation
therefrom can not be neglected, it becomes necessary to
take into account this background noise. With a sur-
rounding wall temperature of T4 having an effective
emissivity of 1.0, Egs. (7) and (8) are rewritten as

Ey=e(0)-Ef(T)+{1—e(O)}f E(T2)+{1-€(0)} -

P-E(Ts) an
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E3=€(0)-ELT1)+{1- @)}/ ELT3)+{1 —e(6)}-
P-ETs) ) .

where p represents the degree of the diffuse reflection
from the surface 3 to be measured, and is denoted by
inventors as “diffusely reflecting factor”. The third
terms on the right side of Egs. (11) and (12) show radi-
ant energy to be detected by the radiometer 1 after the
radiant energy Ep(T4) from the surrounding wall 4 is
diffusely reflected from the surface 3 to be measured.
Let the relation between p and f be determined. If,
now, T1=T2=T3=T4=T, or if the temperature mea-
suring system is in perfect thermal equilibrium condi-
tion, then Ey(T1)=Ey(T2)=Es(T3)=EyT4)=ExT).
Therefore, Eqs. (11) and (12) are reduced to

Eb(7)=€(9)'Eb(7)+{1 — O} EKD+{1-€(0)}-
P-ELT) 13)

From Eq. (13), the followmg relatxonshlp is derived:

f+P- 14
Substitution of Eq (14) for Eqs (11) and (12) will
yield .

Ey=e(0)-ELT1)+{1 - (0)}-(1—p-
YEWT2)+{1—&(0)}-0-EfT4) 15
E3=e(0)-Ex(T1)+{1 —e(®)}-(1—p-
YEKT3)+{1—e(0)}-p-ETs) (16)
Substraction of one from the other of both equations
and rearranging will glve the same expressmn as Eqgs.

©):

Ez‘,— E3 an
€O =1 - T ETD — BT
-Substitution of the €(8) for Eq. (16) will result in
E _ \ 18
ENT) = 25 — o (L - p) - EAT) - @
Lo p - ExTy

Eqgs. (17) and (18) show the principle for the measure-
ment of the invention. In other words, the black body
radiator 2 and the radiometer 1 are specularly sysmmet-
rically disposed at angles @ with respect to the normal N
to the object surface 3 to be measured, and measure-
ments are made as follows: The radiant energy from the
black body radiator is changed to E4(T2) or Ex(T3), and
the sum of the radiant energy (1 —e(8))-(1—p)-Es(T2) or
(1—€(8))(1 —p)-Ex(T3) reflected from the object sur-
face 3, the radiant energy €(0)-Ey(T1) from the object
surface 3 itself and the disturbance component
(1—¢(0)-p-Ex(T4) from the surrounding wall 4 at tem-
perature Ty, are detected by the radiometer 1. Then, the
emissivity €(0) is determined from Eq. (17) by using the
diffusely reflecting factor p associated with the object

surface 3 and the temperature T; from Eq. (18) by use of

the €(6).

FIG. 2 is a block diagram of the computation for
effectively implementing the method of this invention.
In order to perform the operation of the arrangement of
FIG. 2, it is necessary to set the black body radiator 2 to
two different temperatures, T2 and T3 separately. To
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this end, two black body radiators 2’ and 2" are pro-
vided separately as shown in FIG. 3z and set to the
temperatures Ty and T3 respectively, and the radiant
energy to the single radiometer 1 is supplied alternately
from both the radiators 2’ and 2". FIG. 3a shows this
two-light flux optical system. The flux of radiant energy
from each of the black body radiators 2’ and 2" inter-
sects with the other at a point A on the object surface 3
to be measured and is reflected therefrom. One of the
reflected radiant energies is passed through a mirror M3
to a rotating mirror M; and the other energy througha
mirror M3 to the rotating mirror Mj, so that both the
radiant energies are alternately supplied to the radiome-
ter 1 by the rotation of the mirror Mj. Alternatively,
only the single rotating mirror M may be used without
the mirrors Mz and M3 to perform the two-light flux
optical system as shown in FIG. 3b, although slightly
different measurement points, A’ and A" must be taken
into consideration. In this case, it is of course necessary
that the object 3 be moving or at a uniform temperature
and emissivity over a certain area. .
Instead of using the two black body radiators 2’ and
2", the single black body radiator 2 and a rotating sector
§ which is placed closely in front of the opening of the
radiator 2 and is rotated by a motor MT, are provided,
as shown in FIG. 4, thereby to effect the same system as
the above-mentioned optical system. The black body
radiator 2 is set to the temperature T2. On the other
hand, the surface, 5-1 of the rotating sector 5 is treated
to be black enough to absorb any radiant energy, or as
an approximately black surface, and the temperature of
such a black surface is kept much lower than the tem-
peratures T of the object surface 3 to be measured and
T, and the black body radiator 2. Therefore, the radiant
energy therefrom can be neglected as compared with
the E4(T1) and Es(T3). The opening surface 2-1 of the
black body radiator 2 is intermittently covered by the
rotating sector 5 to alternately supply two different
values of radiant energy to the radiometer 1 where the
values are detected. If the detected value from the cov-
ered black body radiator 2 is taken as Ej, the following
equation is obtained instead of Eq. (16):
E1=e(6)-ELT1)+{1—€(0)}-p-ET) -9
Since the detected value, E from the uncovered black
body radiator 2 is expressed by Eq. (15), the 6(0) is
determined from both Egs. (15) and (19) as i

By~ E "(2(‘))
O =1-T=p ED

Substitution of Eq. (20) into Eq. (19) will yield

L— @) ey

E
BAT) = gy — L ore £ - BT

Eqgs. (20) and (21) are simpler than Egs. (17) and (18).
Also in the 2-light flux optical system, the same equa-
tions are obtained by making T3 much lower than T
and T so that the radiation is negligibly small. The
arrangements of FIGS. 34, 3b and 4 are disclosed in the
Utility Model Laid-Open Application. No. .180784/79.
In the present invention, the feature is that the diffusely
reflecting factor p is introduced in the equations so that
the object surface to be measured need not necessarily
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be a perfect specularly reflecting surface, thus permit-
ting the measurement to be performed practically.
FIGS. 52 and 5b show another embodiment wherein
the temperature of the heated object in a furnace and its
emissivity are simultaneously measured by using a 2-

light flux system corresponding to that shown by FIG.
3b.

The effect of this invention will now be described
with reference to the embodiment and the experimental
results. FIG. 6 schematically shows the experimental
arrangement in the atmosphere without accompanying
background effect. As shown in FIG. 6, the sample 3 to
be measured of 100 mm¢ was heated on a heating fur-
nace 6. The radiometer 1 and the black body radiator 2
were symmetrically disposed at angles 8, 56° with re-
spect to the normal N to the sample surface. The black
body radiator 2 was a hollow graphite cylinder with the
opening diameter D of 50 mm¢ and length L of 125
mm, and the inner wall temperature Tz thereof was
detected by a CA (Chromel-Alumel) thermocouple 2-2
mounted in the bottom surface. The detected tempera-
ture T2 was controlled by a PID temperature control
apparatus to be kept at 368° C. with a precision of +1°
C. The solid angle, d) viewed from the surface 3-1 to
be measured was 0.05 wrster. For the radiometer 1, three
different detecting elements were employed as shown in
the following table:

Effective wave
length detected

Detecting element A(pm)
PbS 2.2
InSb 5.0
Thermistor-bolometer 8.0

The experimental procedure is as follows. The char-
acteristic curve of each radiometer 1 which shows the
relationship between T, and Ex(T3) was first measured
and then the temperature was controlled to 368° C.
Subsequently, each sample 3 was heated on the heating
furnace 6 by a heater 7 and the temperature of each
sample surface was measured by a CA thermocouple 8
which was spot-welded onto the sample surface 3. Each
sample surface was set at an arbitrary temperature T in
the range from 200° C. to 450° C. In order to directly
determine. the emissivity €(f) at each temperature Ti, a
water cooled sector §', the surface of which was black-
ened was placed just before the opening 2-1 of the black
body radiator 2. Thus, from the detected value E; by
the radiator 1 at that time, the €(6) can be obtained as

Ey 22)
“9) = Exmm
where Ey(T)) is a known value because it is the radia-
tion energy from the black body radiator at T1 which
has been measured by the CA thermocouple 8. The €(8)
of Eq. (22) is the true emissivity of the sample 3.
The E; can be expressed by
Ej=e(0)-E(T1) 23
On the basis of the principle of the method according
to this invention, the detected value E; at the time the
blackened water-cooled sector 5' is removed can be
expressed by

10

15

20

25

30

35

45

50

35

60

65

8
Ey=e(0)-Ex(T1)+{1—€(0)} S ENT?) 249
which equation is the same as Eq. (7). From Egs. (23)
and (24), the emissivity and temperature can be deter-
mined as

E; — E) (25)

€O =1 - FET)
E 26
EfT) = Eﬁ @6

The measurement precision in the method of the inven-
tion can be evaluated by comparing the true emissivity
Eq. (22) and the emissivity equation (25) obtained by the
method of the invention.

Table 1 lists the measured results of the samples of a
cold-rolled steel sheet, a stainless steel sheet and a
roughened surface aluminum plate, which are obtained
by the method of the invention. In Table 1, f is deter-
mined by such a manner that the values of emissivity
€(8) computed from Egs. (22) and (25) are the same,
with each sample set at a given temperature T}.

TABLE 1

The measured results of each sample by the
method of the invention

Ty _ Ae/ AT/
Samples A(um) (°C)) €@ f f Af €@ T
Cold 2.2 326 0.316 090 - 0.92 +0.03 007 0.007
rolled 327 0.443 091
steel 369 0.447 094
sheet 390 0.495 0.94
410 0.690 0.94 -
410 0.820 0.89 -
Stain- 2.2 306 0.261 094 098 +0.02 0.06 0.006
less 327 0.300 0.99
steel 390 0.305 1.00
sheet 410 0.356 1.00
(bright 390 0.338 0.98
an- 369 0.339 0.98
nealed)
Shot- 22 306 0.383 0.091 0.098 =+£0.009 0.15 0.015
blast 368 0.424 0.098 :
treated 410 0.440 0.109
alumi- 368 0.434 0.097
num
plate
(#250)
Cold 5.0 221 0.144 097 097 =+001 0.07 0.007
rolled 275 0.146 0.96
steel 326 0.151 097
sheet 368 0.170 0.97
430 0.287 0.98
Stain- 5.0 221 0.155 098 099 001 0.06 0013
less 326 0.181 0.99 '~
steel 368 0.178 0.98
sheet 430 0.181 0.99
(bright
an-
nealed)
Shot- 5.0 221 0412 0.14 015 0006 0.25 0.057
blast 326 0423 0.14
treated 368 0.438 0.15
alumi- 430 0462 0.15
num 326 0453 0.15
plate
(#250)
Cold- 8.0 296 0.138 0.99 099 +0.01 006 0024
rolled 326 0.139 099
steel 368 0.147 098
sheet 431 0.195 0.99
296 0.376 1.00
Stain- 8.0 296 0.18¢ 1.01 1.00 +0.005 0.03 0.009
less 326 0.176 1.00
sheet 368 0.164 1.00
(bright 431 0.174 1.01

an-
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TABLE 1-continued

The measured results of each sample by the
method of the invention

T _ Ae/ AT/
Samples Aum) (°C) €@) f f Af @) T,
nealed)
Shot- 8.0 326 0451 027 026 £0.005 0.02 0.009
blast 368 0.464 0.26
treated 431 0483 0.26
alumi- 368 0464 0.26
num 326 0.463 0.26
plate
(#250)
In the Table:

AMpum): Effective detected wavelength

Ty(°C.): Temperature indicated by thermocouple
€(0): Directly determined emissivity

f: Specularly reflecting factor

f: Average f

Af: Variation of f

Ae/e€f: Relative error of emissivity

AT/T;: Relative temperature error

In Table 1, the emissivity and relative temperature error
are determined by Eqs. (25) and (26) and by using the
average f of f and its variation Af, and the relative tem-
perature error is evaluated at T1=400° C.

Eq (25) is rearranged with respect to f as

k) — E;.

1T — OIENTD)

27
e @

The variation of €(6) is taken as A¢ corresponding to
the invention Af. Taking a logarithm on both sides of
Eq. (27) and differentiating both sides thereof will yield

Af_ __4e (28)
f T 1 — e
From Eq. (28)
29
Ae L1\ _AF
€(8) _{ (6) } f

is obtained. From Eq. (29), it will be understood that the
relative error of emissivity depends on the relative error
of f and the value of the emissivity itself.

The relative error of temperature, AT/T1 can be
derived from the well known formula:

AT ATy Ae (30)
T ~ C €@
Substitution of Eq (29) for Eq. (30) will give
@3n
Ar AT 1 ) A
n o G «(6) f

!

where C;=14,388 pm-K.

The Ae/€(9) and AT/T 1in Table 1 are determined by
using the relation of f=Fin Eqgs. (29) and (31) and substi-
tuting (@) of Eq. (22) into Egs. (29) and (30). From
Table 1, it will be seen that f of the same sample ap-
proaches 1, or the sample surface approaches a specu-
larly reflecting surface as the wavelength A increases.
Also, the relative variation Af/f of f decreases as the A
increases. Since the emissivity and temperature deter-
mined by the method of the invention depend on the

10 .
€(6) and A in addition to Af/f as shown in Eqgs. (29) and
(31), the measurement precision at long wavelengths are
not necessarily excellent. From Table 1, it will be seen
that the relative error of emissivity is minimum at A=8

5 wm, while that of temperature is minimum at A=2.2
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FIG. 7 is a graph of experimental results showing the
relation between the emissivity (Eq. (22)) directly ob-
tained by the thermocouple and the emissivity (Eq.
(25)) by the method of the invention, for many samples
of cold-rolled steel sheet at A=2.2 um. In this experi-
ment, average f of 0.92 was used for f. From FIG. 7, it
will be seen that both emissivities take similar values
irrespective of wide change of emissivity along with the
formation of oxide film on the steel sheet surface due to
heating. FIG. 8 similarly shows the relation between
the temperature indicated by the thermocouple and that
obtained by the computation of the invention. The dif-
ference therebetween is almost within +5° C. From
Table 1, and FIGS. 7 and 8, it has been understood that
for the same kind of steel plates, the temperature and
emissitivity can simultaneously be measured at very
high precision under constant f established, irrespective
of wide change of emissivity.

The method of the invention is excellent particularly
in removal of background noise due to its utilization of
the specular reflection. Therefore, the present method is
considered to be very effective for temperature mea-
surement in a furnace. A simulation furnace was set up
and the temperature in the furnace was experimentally
measured by the method of the present invention. FIG.
9 schematically shows the experimental arrangement.
The inner wall 4 of the simulation furnace is made of a
thin steel plate and is of box-like shape. The entire sur-
face of the inner wall 4 was coated with a black paint to
have an emissivity of 0.95. The ceiling portion and side
wall portion between the inner wall 4 and the outer wall
4’ have three separate heaters 9 provided for radiating
heat energy to the inner wall. The inner wall tempera-
ture, T4 can be controlled independently by CA (chro-
mel Alumel) sheathed thermocouples embedded in the
steel surface (at three locations in the ceiling and side
wall portions) to be substantially uniform over the en-
tire surface. The pair of side walls of the furnace are
each provided with an opening 10, 50 mm wide and 100
mm long. Through one of the holes 10 is inserted the
black body radiator 2, while through the other hole 10
the interior 11 of the furnace is viewed by the radiome-
ter 1. From the bottom side of the furnace can be in-
serted the sample 3 and sample heating furnace 6 into
interior 11. The sample 3 can independently be heated
and its temperature controlled on the heating furnace 6.
Moreover, the sample 3 can be water-cooled to be kept
at normal temperature instead of being heated from the
bottom side. In front of the opening surface 2-1 of the
black body radiator 2 is placed a blackened water-
cooled sector 5, which is enabled to cover the opening
surface 2-1 at intervals of a certain period of time by the
driving motor 12.

In such a simulation furnace, when the inner wall
temperature T4 has become uniform over the entire
surface, the furnace inner wall 4 can be considered as a
black body at that temperature, which condition seems
to be most severe in the radiation thermometry within
the furnace.

Since the effectiveness of the prmc1p1e had already
been confirmed by the experiment in the ambient atmo-
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sphere, the proporiion of the radiant energy which is
radiated from the inner wall 4 in the furnace and re-
fiected froim ithe measurement surface 3-1 to the radiom-
eter 1 where it is detected, i.e., the proportion of the
background noise, was experimentally quantified.

As shown in FIG. 10, the inner wall temperature T4
of the simulation furnace was controlled to reach 390°
C. The opening surface 2-1 of the black body radiator 2
was covered by the blackened water-cooled sector 5
and then each kind of sample 3 was inserted in the inside
from the bottom side. Since the under side of the sample
3 was water-cooled at all times, the temperature of the
sample surface was maintained at ambient temperature
in the furnace. Under this condition, the reflected en-
ergy E; was detected by the radiometer 1. The major
part of the detected value E; provides information on
the fraction of the radiant energy E#(T4) leaving the
furnace inner wall 4 that arrives at the radiator 1 after
having radiated from the furnace inner wall 4 as a black
body and reflected on the surface 3-1 to be measured.
Therefore, the quantity of the background noise can be
determined.

The background factor 7 is defined as

Es=1-Ep (T4) (32)

n={1—-€@}p (33)
Since the emissivity of the sample 3 has previously been
measured the diffusely reflecting factor p can be com-
puted from Eq (33).

In this experiment, the  was selected to be 67°, and
the distance between the measured point and the sector
was changed to change the solid angle d§} subtending
the blackened water colled sector 5; from the measured
point.

Table 2 lists the experimental results. As the samples,
there were used cold-rolled steel sheets and stainless
steel sheets of which the emissivity changes with the
progression of oxidation of sample.

TABLE 2
Experimental results of p and dQ
Effective Solid Diffusely Specularly
detected angle reflecting reflecting
wavelength dQ factor factor
Samples A(pm) (ster) p*x— f
Cold- 2.2 0.057 0.061 & 0.001 dQ = 0.057
rolled 0.157 0.04 = 0.003 0.92
steel 0.20mr 0.02 =+ 0.005
sheets 5.0 0.057 0.048 + 0.005 0.97
0.157 0.03 =+ 0.004
0.207 0.15 + 0.003
8.0 0.057 0.021 = 0.001 0.99
0.157 0.013 = 0.001
0.207r 0.009 =+ 0.001
Stain- 2.2 0.057 0.023 = 0.007 0.98
less 0.157 0.017 = 0.004
steel 0.207 0.005 % 0.002
sheets 5.0 0.057 0.008 = 0.002 0.99
(bright 0.157 0.004 + 0.002
annealed) 0.207 0.002 £ 0.001
8.0 0.057 0.003 = 0.001 1.00
0.157 0.0012
0.207 0.0005

By changing the distance Z from the measured point
of the sample to the sector surface 5-1, the solid angle,
dQ=27 {1-cos (tan—lD/ZZ)} subtending the sector
surface (diameter of which is D) was provided, for
which the background factor 7 was determined from
..Eq. (32). This factor n and the emissivity €() of each
_sample were used to determine p and its variation Ap
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from Eq. (33). FIG. 11 shows the relation between p
and dQ). From Table 2 or FIG. 11, it will be seen that for
each sample p approaches zero as the wavelength A
increases, or the sample approaches a specularly reflect-
ing surface. In addition, as d{) increases, the diffuse part
of reflection makes p small. The relation between p and
fis given by Eq. (14). In effect, the measured f in Table
1 is also listed in Table 2. From Tables 1 and 2, it will be
understood that the relation between p and f satisfies
Eq. (14). Thus, the method of the invention is evidently
effective in the furnace. Now let us describe the method
for determining the size of the opening of the black
body radiator.

In either the atmosphere or a furnace, the emissivity
is given by Eq. (20). The error in temperature measure-
ment is expressed by Eq. (31) for the atmosphere.
Therefore, in the atmosphere, only Eq. (29) in which
the variation of f of the sample can be replaced by the
variation of emissivity €(@) can fundamentally be used
for analyzing the error. In case of the furnace, the varia-
tion of both emissivity due to change of p and the inner
wall temperature T4 of the furnace must be taken into
consideration. Thus, what extent of solid angle dQ
should be selected for tolerance, was considered as
follows.

If an apparent measurement temperature is taken as
Tq, the following Eq. (34) is satisfied in Eq. (19):

1 — 0)
(&

@9

EyTy) = EXT1) + - ELTY)

The variation range of €(@) is predicted by experi-
ment and the minimum of €(8) is assumed to be €(§)=¢€
min. The ¢ min is substituted into Eq. (33), which results
in

n={1—-€0)}p=(1—e min)p 35
Substitution of Eq. (35) into Eq. (34) and use of

Wien’s formula, Ey(T)=CiA—5-exp (—C2/AT), will
provide following

(36)
Cy C
exp(— T, ) éexp(— T ) +
1 — emin C
€min P-exp(-—- A 14 )
If, now, the allowable temperature measurement
error AT, is less than or equal to Ty;— C. (AT,=

Ta—Ti° C.), the left side of Eq. (36) is glven as
C - C -
expl{ — -1, = expy — m =

ol -5 (- 7))

Thus, substitution of Eq. (37) into Eq. (36) and rear-
ranging will yield the maximum tolerance pmax of the
diffusely reflecting factor p-as

(€0)
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ol #(-))

In Eq. (38), giving specific values to T and T4in the
temperature measurement region and A will determine
the Ppgx=for the temperature measurement error
within =AT,/2° C. Then, the solid angle dQ max for
P=Pmax can be determined from FIG. 11.

Specific computation for cold rolled steel sheet and

stainless steel sheet will be described.
. Table 3 lists Pz and dQdmax necessary for restricting
AT, to within 10° C. for T1=700° C., T4=600° C., 700°
C. and 800° C. From FIG. 11, it will be seen that the p
decreases as the A increases, thus the background noise
being reduced in proportion thereto. The dQu,x neces-
sary for restricting to the same temperature measure-
ment error AT, clearly as shown in Table 3, becomes
smaller as A decreases. Capability of reducing d( max is
very important from the technical view point. For stain-
less steel sheets it is possible to make the solid angle
very small. Description will next be made of the method
of determining p based on the roughness of the object
surface to be measured. p represents the degree of the
diffuse reflection in the direction of angles with respect
to the normal to the sample surface. For this reason, it
can be considered that there is a correlation between p
and an average slant angle 8, showing the surface
roughness of the sample surface. In effect, the relation
between p and 8, for dQ=0.27 rad from the results of
Table 2 is illustrated in FIG. 12.

TABLE 3

Computed results pf pmax and dQmax necessary
for providing temperature measurement error within +5°C.

. (38)
€min

Cy - AT,
— emin

P max -
1 A Tp2

-

Effec- Solid
tive Minimum angle
wave emis- Furnace da
. length sivity Sample  Wall X7
Sample A(pm) € min temp. Temp  Pmax  Ster.)
Cold 2.2 0.25 973 . 873 0.051 01w
rolled 973 0.024 0.197
steel 1,073 0.0127 0.227
sheet 5.0 0.15 973 873 0.012 0217
973 0.005 0.257
I AT 1,073 0.004 0.267
8.0 0.08 .- 973 873 0.004 0.257
- 973 0.0017 0.277
1,073 0.0014 0.287
Stain- 22 0.30 973 873 0.066 0
less 973 0031 0
steel 1,073 0.016 0.157
sheet 50 0.15 973 873 0.0076 0.07
(bright 973 0.0054 0.12
anneal- 1,073 0.0046 0.14
ed) 8.0 0.16 973 873 0.0043 0
973 0.0037 0
1,073 0.0031 0.057

Here, if the slant angle 6¢ of roughened surface is
expressed by dz/dx, 8, is defined as shown in FIG. 13.
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L (39
ba=+ S |0c— bmlda
o .
with the center line of
L (40)
Om=g S ochs

As described in detail above, if in the furnace, a solid
angle necessary for the surface roughness of the sample
surface is determined and the size of the opening of the
black body radiator and the distance Z to the surface to
be measured are established, it will be possible to mea-
sure the temperature and emissivity with a predeter-
mined precision. If, in this case, the shape of the object
to be measured, and change of shape due to transporta-
tion or heating are taken into account, the precision of
measurement will be enhanced.

This invention is particularly effective for an object
where it is necessary to measure its temperature and
emissivity in the case where the object surface to be
measured is generally rough and has a non-specular
reflecting characteristic. In addition to the above, since
the background noise can be eliminated simultaneously,
the temperature of steel sheets in the furnace where the
emissivity widely changes with the progression of oxi-
dation, can very effectively be measured. -

Recently, constructions of new continuous annealing
furnaces have been progressing. Unlike the. conven-
tional furnace, the new furnace fully takes the energy
saving idea which is now necessary and it is sought to
lower energy costs by improvement of the thermal
efficiency. To this end, in place of using reducing gases,
a rapid heating system by direct heating burners is
adopted. The furnace of this heating system is called
NOF (non oxidizing furnace). Thus, the steel sheet or
plate in the furnace is still oxidized by the weak oxidiz-
ing atmosphere in the furnace during its travelling, so
that the emissivity thereof is widely changed. This in-
vention fully solves both the background noise and
emissivity problems and thus is remarkably effective for
temperature measurement in the NOF. Moreover, since
in the NOF a small amount of unburned oxygen (O2)
brings about a delicate action on the oxide film forma-
tion on the steel plate, the measurement of the emissiv-
ity will contrarily provide a useful information on the
oxide film or oxidized condition.

In addition, according to the invention, even when an
atmosphere or a sealing glass filter exists in the optical
path of the measuring system, accurate temperature
measurement can be done by measuring their transmit-
tance. If, for example, in Egs. (15) and (16), the energies
E; and E3 detected by the radiometer are absorbed by a
transmittance factor K (0 <K < 1), the following equa-
tions are obtained corresponding to Eqgs. (15) and (16):

E/K = 0)- EAT) + {1 - €O} -( — - BXED + (4D
{1 — )} - P Eb(T4)
Ey/K = ) - EfT1) + {1 — «(&)}- (1 — p) - EWT3) + @

{1 — «(0)} - p+ ETY)
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From Egs. (41) and (42), the emissivity €(0) is obtained
as

0 = 1 (E2 — E3Y/K “43)
€O =1 =~ T=PEXTD — E4T>
Substitution of the €(#) into Eq. (42) will give

E3/K — 44
Eb(T1)=—g(-30T—lTw€)@L-(l—p)- “

ExTy — L5880 5. EyTy

When the K changes at all times, the radiant energy
from said black body radiators or a third reference
black body radiator which is newly provided, is directly
detected via a constant optical path not via the object
surface to be measured, either by the radiometer or by
a second newly provided radiometer. Thus, K is deter-
mined by the change of the detected value and substi-
tuted into Eqs. (43) and (44), from which €(#) and tem-
perature T can be found with high precision irrespec-
tive of the change of the value K.

Selection of a proper environment where the experi-
mental arrangement is located will prevent change of
the transmittance factor K due to the absorption of
radiant energy by the atmosphere. That is, a gas which
is transparent to the wavelength used (for example, an
inert gas) is introduced into the optical path. This per-
mits a stable, known K-to be established even in the
atomosphere where the factor K is widely changed,
thus enabling correct measurement.

Heretofore explanation has been made mainly on the
method utilizing a black body radiator or radiators,
however, according to the basic concept of the present
invention, use of such black body reflector is not neces-
sarily indispensable, but entirely the same effect can be
obtained by using a reflecting surface such as a plane
mirror. This type of the method and apparatus as a
second aspect of the present invention will now be
explained. In FIG. 14, reference numeral 10 denotes an
object the temperature of which is to be measured, 12 a
reflecting surface, 14 a rotating sector, and 16 a radiom-
eter. The object 10 is, for example, a heated steel strip
moving in the furnace. In this case, the reflecting sur-
face 12 and the rotating sector 14 are placed outside the
furnace, the object 10 can be observed through a win-
dow 18. The radiometer 16 is also provided outside the
furnace. The reflecting surface 12 and the radiometer 16
are symmetrically disposed at angles § with respect to
the normal N-O to the object surface. The reflecting
surface 12 is a plane surface perpen dicular to the
straight line which connects the point O to the reflecting
surface. Thus, the following radiant-ray path is formed.
The object 10 at temperature T radiates radiant ray of
€(0)-E4(T) in almost all directions, where €(8) repre-
sents the emissivity in the 8-direction. The radiant ray,
€(0), Ex(T), emitted directly toward the radiometer 16,
€(0)-Ey(T), enters into the radiometer 16. At the same
time, the radiant ray toward the reflecting surface 12 is
reflected therefrom and then specularly reflected from
the object surface at point 0 into the radiometer 16. In
front of the surface 12, or on the object 10-side thereof
is disposed the rotating sector 14, which has a blade

"portion 14q as an absorbing surface of radiant energy as
shown in FIG. 15 (a) and defines a space 14b between its
blades. The sector 14 is rotated by a motor to absorb the
radiant ray from the object 10 and cut off the radiant
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ray from the reflecting surface 12 when its blade portion
14 a intersects the line 12-0. Since the reflecting surface
12 and the rotating sector 14 are maintained at a temper-
ature sufficiently much lower than that of the object 10,
for instance, by water cooling the interior thereof the
radiant energy therefrom can be neglected. When the
sector 14 absorbs and cuts off the radiant ray, the radi-
ant energy entered into the radiometer 16 is only the
energy emitted from the object 10 itself. In other words,
there is a possibility that the radiant energy from the
furnace wall is reflected from the object surface into the
radiometer 16, but the possible reflected energy is cut
off by the sector 14 so as to be prevented from entering
into the radiometer 16. This aspect is an advantageous
point of this specular reflection type radiation thermom-
etry. This specularly reflecting property becomes more
effective the greater the angle @ is. Since the radiant
energy entering into the radiometer 16 is as described
above, the following relationship is satisfied:

El=71-€@6) EXD) @5

@6)
By =17-[€(0) - EXT) + Ya- 7% ()1 — €6) - (1 — p) - E{D)]

where E; and E; represent detected energies by the
radiometer 16 in the cases where the sector 14 is oper-
ated to shield or not, respectively, 7 the transmittance
factor of a filter, in this example, the window 18 pro-
vided in the wall of the furnace, v, the effective reflect-
ing factor of the mirror 12, and p the diffusely reflecting
factor of the object surface. From Eqgs. (45) and (46), the
following relationship is obtained:

@

)

=1+ 71 — 01 — pe®) =

. _1_(_Ez_ i}
yari(l —p) \ E1
Eq. 47 has the general form

€(@)=1-C(G-1) (48),
where C is a constant and G is variable, as discussed
below. From Eq. (45) is derived

Ey “9)

ED =~

From Eqgs. (48) and (49), the emissivity €(0) and tem-

perature T of the object are determined. In this temper-
ature measurement, G or Ey/E;

1
Ya- (1 — p)

is actually measured, and C, or

1
Ya- %1 — p)

is treated as a constant. ygand 7 are maintained constant
under strict maintenance control. While, p is the dif-
fusely reflecting factor of the object to be measured,



4,465,382

17

and thus it is troublesome to measure each time the
emissivity and temperature of the object. Therefore p is
measured beforehand and its value is used for the subse-
quent measurement. Thus, in order to perform this mea-
surement method with little error, it is necessary that
the measured values not be deviated greatly from the
predicted values. If C is constant, the relation between
emissivity (@) and G becomes linear as shown in FIG.
16.

In the case where the object to be measured is an
article heated in a furnace, a radiometer 16 and a reflect-
ing surface 12 are disposed on a water-cooled flat cham-
ber or base plate 17, as shown in FIG. 17 and said water-
cooled flat chamber is embedded in the furnace wall
such that it faces the article to be measured. By virtue of
this construction, stray radiation (background noise)
coming from the surrounding furnace wall can be
shielded and further the extent of radiation from the
watercooled chamber itself can be neglected, conse-
quently, the principle of the present invention is also
applicable.

FIG. 18 shows an arithmetic unit for computing ()
and Ey(T). The output of the radiometer 16 is sampled
by the application of clocks ¢1 and ¢2 synchronized
with the rotation of the sector 14 to appear as Ej and E;,
which are applied to a divider 22 so as to produce there-
from G, or Ey/E;. A standard generator 34 generates a
constant 1 and supplies it to a substractor 24 where
G—1is produced. The standard generator 34 also gen-
erates constant, C and supplies it to a multiplier 26
where C(G—1) is produced. At a subtractor 28 the
C(G—1) is subtracted from constant, 1 to be
1—C(G—1), or emissivity €(@) of the object. In addi-
tion, the standard generator 34 generates transmittance
factor 7 and supplies it to a multiplier 30 where 7-€(0) is
produced. This 7-€(8) is applied to a divider 32 from
which Ei(T), or

E;
T - (@)

is produced. Subsequently, the temperature T of the
object is determined by a radiant energy-to-temperature
converter 36.

If the object 10 is a strip which is carried in the fur-
nace, the surface of the object is moved up and down, or
tilted from time to time, and in some cases the radiant
ray specularly reflected from the object surface does
not enter the radiometer. To prevent this, the reflecting
surface or mirror must have a predetermined width as a
plane surface or mirror. This example will be described
with reference to FIG. 19. When the object 10 is tilted
by angle ¢, the radiant ray which has passed via the
surface O of the object 10, the center 12a of the mirror
12, again the object surface O to the radiometer 16, will
deviate away from the radiometer 16 as indicated by a
broken line. Instead, the radiant ray radiated from a
point 10a of the object 10 enters the radiometer 16 as
indicated by a solid lines each indicated with arrow.
Thus, the width of the mirror 12 may be determined
conversely in view of the relationship mentioned as
above. Specifically, since the length and angle as illus-
trated have a relation of

a=1-tan2¢ (50)
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-continued
.21 sin 2¢

cos (0 — 39)

b= Gn

then the size of the reflecting surface can be determined
so that the value a exists for the predicted maximum
value of ¢.

A diffusely reflecting surface 12" as shown in FIG. 20
is also effective, particularly when the object to be
measured is considerably inclined or tilted.

This is because as shown in the FIG. 20, such a dif-
fusely reflecting surface 12" will reflect rays of radia-
tion incident from whatever direction in all directions
without fail, there always exists a radiation ray compo-
nent which reflects on the measuring spot 0 on the
surface of the object 10 and goes toward the radiometer
16, even if the object surface 10 is largely inclined or
tilted. Accordingly, such diffusely reflecting surface
can be more conveniently applied to operating condi-
tions where the object to be measured is subjected to
undesirable vibration and/or tilting.

The use of a concave mirror or reflecting surface in
place of a plane reflecting surface brings about a merito-
rious effect capable of reducing the size of an opening in
the wall of a furnace through which rays of radiation
pass.

As shown in FIG. 21, when the object 10 to be mea-
sured is placed in a furnace and a concave mirror 12"
disposed outside, an opening 18 in the wall of the fur-
nace can be made small because the radiation rays are
focussed on the point O on the surface of the object 10.

FIG. 22 shows use of a cavity-type reflecting mirror.
When the object 10 is tilted by angle ¢, multireflection
occurs as shown by arrow lines and thereby the effec-
tive reflecting factor y, may change. In this respect, a
plane mirror is excellent as a reflecting surface.

The rotating sector 14 may be a rotating disc formed
of a reflecting surface 14¢ and absorbing surface 144 for
radiant ray as shown in FIG. 15 (b). In this case, the
reflecting surface 14¢ serves as the reflecting mirror 12
simultaneously. The absorbing surface 142 may be an air
gap (or cavity). In some case, the radiometer 16 is of a
scanning type, and for use of this scanning type radiom-
eter, the absorbing surface is disposed adjacent to the
reflecting mirror 12 so that the radiometer 16 scans the
reflecting mirror and the absorbing surface alternately.
In this case, the rotating sector is not necessary.

According to the first embodiment of the invention,
the radiometer and the black body radiator are symmet-
rically and specularly disposed with respect to the nor-
mal to the surface to be measured, and two different
amounts of radiant energies are alternately emitted from
the black body radiator toward the surface to be mea-
sured, thereby to measure the temperature and emissiv-
ity of the object to be measured in which case the dif-
fusely reflecting factor p is introduced into the method,
which is originally applicable only to the perfect specu-
larly reflecting surface. Thus the object to be measured
is broadened to the non-perfect diffusely reflecting sur-
face. The present invention clarified the close relation
between the p and the roughness of the surface to be
measured and derived a measurement procedure based
on the relation between the p and the wavelength to be
detected and the solid angle subtending the diameter of
the opening of the black body radiator from the surface
to be measured and further enabled the countermeasure
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against the variation of the transmittance factor K, thus
realized quite a novel temperature measurement.

According to the second embodiment of the inven-
tion, it is possible to advantageously perform a self-ref-
erence type specularly reflecting radiation temperature
measurement with no use of the black body furnace.
‘While this temperature measurement is advantageous to
measure the temperature of the object in the furnace, it
may of course be used for other purposes.

We claim:

1. A method for measuring the surface temperature
T and emissivity €(8) at an angle 6, of an object being
heated in a furnace, the surface of said object being
non-specularly reflecting, said furnace having a wall
temperature Ty, said method comprising the steps of:

determining a diffusely reflecting factor p for the

material and surface roughness of said object
where said roughness inhibits accurate measure-
ment of Ty should specularity of the surface be
assumed, to account for the non-specularly reflect-
ing condition of said surface;

measuring Ty;

positioning a radiometer and at least one black body

radiator specularly and symmetrically at angles 6
with respect to a normal to said surface of said
object;

with said black body radiator at a temperature T»,

emitting radiant energy Ex(T7) toward said surface;

with said radiometer, detecting radiant energy Ezas a

result of energy emitted by and reflected from said
surface;

with said black body radiator at a temperature

T3£T,, emitting radiant energy Ey(T3) toward
said surface;

with said radiometer, detecting radiant energy Ezas a

result of energy emitted by and reflected from said
surface;

determining €(0) in accordance with the relationships

Ey — E3 . and
(O — PENTD — ExT)] 2"

@) =1—
determining T in accordance with the relationship

E3 1 — &(6)
OO

1— &6
€(0)

ET1) = - (1 — p) - E(T3)

-p - ENTa).

2. A method according to claim 1, wherein the opti-
cal path between said surface of said object and said
radiometer has a transmittance factor K and said emis-
sivity €(8) and temperature T are determined in accor-
dance with the relationships:

"1 (B> — E3)/K o
€O) =1 ~ G EnTD) — ExTT 2"
E3/K _
EYT) = —gy— — o (1 - p)- EXT) —

_1_;_(55)@_ 2+ Ey(Ts).

3. An apparatus for measuring the surface tempera-
ture T and emissivity €(#) at an angle 6, of an object
being heated in a furnace, the surface of said object
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being non-specularly reflecting and said furnace having
a wall temperature T4, said apparatus comprising:

a radiometer and at least one black body radiator
specularly and symmetrically positioned at angles
0 with respect to a normal to said surface of said
object;

means for operating said radiator at a temperature T>
to emit radiant energy Ey(T2) toward said surface
of said object;

first means for detecting with said radiometer the
radiant energy E; resulting from energy emitted by
and reflected from said surface of said object while
Ey(T>) is emitted;

means for operating said radiator at a temperature
T35£T> to emit radiant energy Ep(T3) toward said
surface of said object;

second means for detecting with said radiometer the
radiant energy Ejresulting from energy emitted by
and reflected from said surface of said object while
Ey(T3) is emitted;

means for determining () in accordance with the

E; — Ej
(1 — pPHEKT?) — ExT3)}

) =1—

where p is the diffusely reflecting factor for the
material and roughness of the object, where said
roughness inhibits accurate measurement of Tj
should specularity of the surface be assumed;
means for measuring T4; and
means for determining Ti in accordance with the

relationship
E; _
EKT) = -e-(-;)— - -l—ewﬁ)ﬂ- -(1 — p) - EXT3)
_ L_:(_;.)(!?)_ .p - ETy).

4. An apparatus according to claim 3, wherein the
optical path between said surface of said object and said
radiometer has a transmittance factor K, and said emis-
sivity and temperature are determined in accordance
with the relationships:

(B2 — E3)/K

@ =1-T=pEr - Bxry =
E3/K —
BT = gy — Ly (L~ P EWT)

L@, By,

5. Apparatus according to claim 3, wherein said first
and second means for detecting comprise switching
means disposed in the optical path between said radiom-
eter and said at least one black body radiator for selec-
tively directing radiant energy Ey(T2) or E4(T3) toward
said radiometer.

6. A method for measuring the surface temperature T
and emissivity €(f) at an angle 6 of an object being
heated in a furnace, the surface of said object being
non-specularly reflecting; and said surface having a wall
temperature T4, said method comprising the steps of:

determining a diffusely reflecting factor p for the

material and surface roughness of said object
where said roughness inhibits accurate measure-



4,465,382

23

means for alternately absorbing said radiant energy
Ey(T>) or passing said radiant energy Ey(T2)
toward said surface of said object;

means for detecting with said radiometer a radiant
energy E; while said radiant energy E4(T?2) is being
absorbed and a radiant energy E; while said radiant
energy Ey(T3) is being passed,;

means for determining €(f) in accordance with the
relationship

0 = 1 E; — Ey
O =1 - EmD

where p is the diffusely reflecting factor for the
material and roughness of the object, where said
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roughness inhibits accurate measurement of T
should specularity of the surface be assumed;
means for determining T) in accordance with the

relationship
E; —
EKTY) = <5~ — Sl - p - BT,

15. Apparatus according to claim 14, wherein said
means for alternately absorbing or passing comprises a
sector having alternate portions respectively for absorb-
ing or passing radiant energy and means for moving said
sector in the optical path between said radiator and said

surface of said object.
* * % ¥ %
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