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Reflecting-cavity IR temperature sensors:
an analysis of spherical, conical and double-wedge geometries.

by J.-C. Krapez, P. Cielo and M. Lamontagne

National Research Council Canada, industrial Materials Research institute
75 De Mortagne Blvd., Boucherville, Québec J4B 6Y4

ABSTRACT

Reflective cavity pyrometers are increasingly used for on-line temperature sensing of metal sheets. The
presence of the reflector increases the effective emissivity of the sheet, thus reducing the measurement error.
Hemispherical geometries have been mostly used in the past for the reflector. This paper presents a Monte-Carlo
analysis for a number of different cavity configurations. The value of the effective emissivity is evaluated for
different cavity parameters and standoff range over the sheet as well as for different degrees of the metal sheet
real emissivity. It will be shown, in particular, that a trucated hemisphere with centre of curvature belowthe sheet is
preferable to the more conventional full hemisphere to reduce losses due to sheet fluttering. Applications to in-
furnace temperature monitoring of steel sheets will be indicated.

1. INTRODUCTiON

Reliable on-line temperature sensors are strongly needed in the materials processing industry (Cielo,
1988, Sect. 7.2). Because the product whose temperature is to be monitored is often continuously moving,
noncontact methods are most convenient to automate. One of the greater problems faced by noncontact
pyrometric temperature measurement is related to the variability of the surface emissivity, while reflections from
nearby heat sources (flames, heating tubes and hot furnace walls) as well as spectrally selective atmospheric
absorption may result in equally important sources of error in certain cases (Roney, 1982; Jones and Tapping,
1984; DeWitt, 1986; Dixon, 1988).

Several methods have been investigated to improve the reliability of pyrometric measurements. A
muitiwaveiength spectral analysis of the emitted infrared radiation may be performed searching for a correlation
with Planck's emission curve if some information is available on the spectral distribution of the emissivity function
(usually a two- or three parameter distribution is assumed - Gardner et al, 1981 ; Hunter et al, 1985). However,
either double-wavelength devices or simple low-wavelength brightness pyrometers appear to provide comparable
or better performances for the on-line inspection of metallic surfaces (Coates, 1981 ; Jones et al, 1987). The
reason is that in order to obtain the same error with a multiwavelength pyrometer, assuming a linear spectral
distribution for emissivity, as with a double-wavelength pyrometer, assuming a constant emissivity, when the real
distribution happens to be far from linear, one has generally to perform the multiwavelength radiometric
measurements with a higher accuracy.

The introduction of an external source has also been considered. A laser or other optical beam may be
directed toward the surface to be inspected and the amount of reflected light is detected to evaluate the surface
reflectivity and thus its emissivity (Gardner and Jones, 1980; luchi and Kusaka, 1982; Kraus, 1987; Stein, 1987).
Such an approach is, however, only valid if some assumptions can be made on the relation between the specular
and the diffuse reflectance of the inspected surface (if the specular and diffuse spectral distributions differ, the
sampled-reflectance technique is ineftective to infer the emissivity relative distribution and to perform a accurate
multiwavelength analysis - Gardner and Jones, 1980; Gardner et al, 1981). Similar problems, for nonspecular
reflectors, are encountered with polarization analysis methods (Murray, 1967; Berry, 1980). Alternatively, high-
power lasers can be used to heat the inspected material in order to evaluate the absorptivity and thus the
emissivity ratio at two laser wavelengths (DeWitt and Kunz, 1972). With the so-called photothermal pyrometry
approach (Loarer and Greffet, 1988) a modulated laser beam heats the analysed surface and the synchronous
modulated emission is retrieved from the noisy radiation coming from this surface thus enabling one to get rid of
the stray reflections. However, the requirement for a powerful laser substantially increases both the costs and eye
safety concerns in industrial applications.
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The stray radiation can be eliminated with a cold black shield surrounding the optical path between the
object and the detector. If the shield is not cooled so that it is freely emitting and reflecting on the inspected
surface, a second pyrometer has to monitor the radiation directly emanating from it (luchi, 1985). A compensation
approach can then be set up where, by properly weighing the two signals, the reflection contribution is eliminated
from their sum (Roney, 1982). An other method where the temperature of a blackbody radiator near the target is
successively set at two different levels enables one to infer both the emissivity and the temperature of the target
surface (luchi, 1985) but this is long, requires the introduction of a bulky radiator, and is affected by the surface
diffuseness problems mentioned above.

A difterent approach for noncontact, albeit not remote, temperature sensing of variable emissivity
materials makes use of a hemispherical reflector in close proximity to the inspected surface (Land and Barber,
1954; Heitz, 1988; Ramelot et al, 1988). The cavity realized in this way acts as a near-blackbody so that the
effective emissivity is increased. This effectively reduces the emissivity excursions for variable surface conditions
(Becker and Wall, 1981 ; Cielo et al, 1986). Other reflector configurations, such as a cylindrical cavity with its top
alternatively opened and then nearly closed (luchi and Kusaka, 1982), or the wedge formed between the metal
sheet and the cylindrical surface of a sheet-guiding roller (Harada et al, 1985) have also been used.

Drury et al., I 951 , showed that the apparent emissivity of a diffuse plane surface covered with a spherical
segment reflector and containing its center is given approximately by:

=
1 -(1 CM)(1 CR)[1(R)][1 -(H/R)]

(1)

where:
* CM5 the nominal emissivity of the inspected surface;
* i;;; its apparent emissivity;
* CR the emissivity of the reflector;* R the radius of the sphere;* rthe radius of the aperture through which the surface is viewed;
* Hthe gap between the reflector and the plane.

Bedford et al., 1988, provided a rigorous treatment of the local apparent emissivity for the previous
surface-reflector configuration. Later, Bedford et al., 1989, extended the performance analysis to that of a full
hemisphere which is slightly lifted off from the inspected surface (this model is more representative of the use of
the commercial Land pyrometer). Compared to the previouscase, the apparent emissivity is lower and it varies in
an area from the center to about one third of the cavity radius. Again, the reflector was assumed perfectly specular
whereas the plane surface was, on the contrary, assumed perfectly diffuse.

Becker and Wall, 1981 , also considered the full hemisphere but without any gap between it and the
surface. The reflective characteristics were the same as before but a Monte-Carlo method was preferred to
calculate the flux leaving each of the ten annular zones which were defined on the plane surface. They noticed
that the gradual increase of the flux towards the center which was observed prevents the use of the relation (1) as
this equation assumes a uniform flux distribution.

Ono, 1979, used the same numerical method to compute the probability of a photon bundle to escape
from a hemispherical reflector with a hole on its top, depending on where on the plane surface this bundle is
emitted from. This approach allowed him to estimate the apparent emissivity, and thus, the radiative loss of a black
radiometer covered by such a reflector. He later used the uniform specular-diffuse model to better simulate the
radiative surface properties and finally computed with a Monte-Carlo method the apparent reflectivity of a variety of
cylindrical and cylindrical-cone cavities (Ono, 1980). The purpose was to infer the best geometries for a practical
blackbody cavity.

In this paper we present an analysis of spherical, conical and double-wedge geometries with different
truncations and standoff values of the reflector above a grooved steel sheet. It will be shown, in particular, that a
truncated hemisphere with center of curvature below the sheet surface provides better performances than a full
hemisphere.
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2. ThEORY

We recently used the Monte-Carlo method to compute the apparent emissivity of a plane metallic surface
covered by a hemispherical or double-wedge reflector with finite standoff (Krapez et al., 1990). We assumed the
reflector to be specular and the inspected surface to follow the uniform specular-diffuse model (Ono, 1980):

p1ST (2)
COSOr SiflOr it

where:
* ór is the reflectivity per unit solid angle for a light bundle of given wavelength incident on a given point 0

of a surface at the angle Oi with respect to the normal and at the circumferential angle qi and reflected
in the direction specified by similarly defined angles Or and pr

* o is the Dirac fonction;
* Ps and p represent the specular and diffuse components, respectively, of the directional-hemispherical

reflectivity p1Q Ps + Pd which is thus assumed independent of both the angles (Oi, pi) and the
location 0 of incidence.

After having established the conditions necessary to validate the identity between the apparent emissivity
and the apparent absorptivity of the plane surface from the point of view of an optical fibre bundle positioned at the
top of the reflector, we calculated the last one in the limits of the fibers aperture (the apparent emissivity which is
deduced corresponds to the integrated value in the aperture cone of the one obtained analytically by Bedford and
al., 1989).

Based on the modelled properties of an aluminum sample (nominal emissivity of 0.15; specular-reflectance
coefficient Pi(PsPd) of 0.9), and the reflector in its optimal configuration (wedge angle of 5°; fibre bundle tilted by
17.5° with respect to the sheet normal), the simulation proved the double-wedge to be more convenient than the
hemisphere, as the apparent emissivity appeared to be higher and less affected by variations of the ref lector-to-
sheet distance (the purpose was to design a reflector such as to provide an apparent emissivity as close to one
and as independant of the sheet vibrations as possible).

In this paper we extend the analysis for reflectors having a spherical segment or a conical shape and
compare their performances with the easier to realise double-wedge reflector.

Comparisons will be based on the case where a steel plate is inspected. Specific values for its radiative
properties were taken from experiments we made on a particular sample. For each of the simulations which will be
presented here, it has been assumed that the steel sheet has the following properties:

- emissivity CM=O.28 independent of the observation angle (this approximation is acceptable in a first
approximation as the experimental data show only a small increase of the sheet emissivity for
observation angles at 70°, a value which is seldom reached by the multiply reflected beam);

- the reflectivity of the sheet takes into account its anisotropic topography due to directional rolling:
* a gaussian-distributed light scattering pattern of half-width equal to 2.5° is assumed in the cross-

machine direction;
* a similar distribution is assumed in the longitudinal direction but with a half-width of only 0.5°;
* the light-scattering grooves on the sheet surface are themselves assumed to follow a direction

which is itself defined by a normal distribution of 0.25° half-width.
(the present study takes thus better in account the real reflective properties than the former one
which was based on the simplified uniform specular-diffuse model).

On the other hand the reflector was assumed to be perfectly specular with a reflectivity of 0.95. The
acceptance angle of the optical fibres collecting the lR radiation corresponded to a 0.2 numerical aperture (23°).

The radiative flux which is emitted by the different surfaces and finally collected by the fibers can be
expressed by:

= 1SF J o) L°(To) cos d.Q dSF



... + .L I i [ct'L°(Ti)cos oi'] p'° cos i$is

.ii• :L•
I i: i ffc L°(T2)cos o2) jQ(2)] Z 1 coso'dQ) 0 cos dSF

where Bouguer's identity cos d($° iso cos ctc is has been used and where:
* i means that the integration is carried out with respect to dfl over the full hemisphere visible from ds;
* LT) is the blackbody spectral radiance at the temperature T1which prevails at ds;
* dSF represents a surface element over the fiber bundle;
* the solid angle corresponding to dso as seen from the point F at the fiber bundle.

By inverting the direction of the light rays, we can readily show that, for a radiance LF emitted from the
fibers within their angular aperture F,the absorption within the cavity is described by the expression:

bab€ LF 4O) cos ci
1SF Jc

...

+ 1. 1 .I•
LF CCj ) [ o' i.a )] °cos o ic$ cis

.ii :. 12 LF a ([cos O2) 2)] . i cos 1) ic$'} 0 cos O i$ dSF

where again Bouguer's identity was applied as well as the Helmoltz principle of reciprocity pr

towards the optical
fibres andthentothe

detector(s)

reflector Fig. 1: Path of a few flux lines in a
general nonisothermal cavity.

inspected
plane

surface

A comparison of Eqs. (3) and (4) shows that, in the general nonisothermal case, the calculation of the
absorbed flux may be used to evaluate the emitted flux provided LF is chosen uniform and isotropic and

that the values of the absorptivities a' of each surface are changed to a' L°(TiYLF (if the surface directly seen by
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the fibers is isothermal at T0, LF can be chosen as LTo) so that a is changed to a'L°(T)/LTo) which now
depends on the temperature of the first surtace reached by the ray which, only after some reflections, reaches the
surface i).
These results generalize those presented by Ono, 1986, which were restricted to the case F—,O , SF—>O.

When each of the four main contributing surfaces or media is isothermal, the expression for the radiative
flux transmitted by the fibers and collected by the detecting system can be simplified as follows:

cbem { L°(TM)+ L°(TR) + L°(TE) + L0(Tp)) F (i SF (5)

where the subscripts M, R, E and F refer, respectively, to the metal sheet, the reflector, the isothermal
environment and the fiber bundle, whereas ' is the corresponding apparent emissivity.

The details concerning the Monte-Carlo technique which was used to carry out the integration procedure
definedabove were published elsewhere (Krapez et al., 1990). Let us just say that in order to speed up the
procedure, a stratified sampling has been carried out (Hammersley ad Handscomb, 1 964) and "batches" of nearly
400 rays were added to each other (at least 10 of them) until the half-width of the confidence interval (at 95%) for
fell below 0.005.

This way of calculating the apparent emissivity by calculating the apparent absorptivity proves to be more
efficient than the one by which the flux leaving a given number of zones is computed (Becker and Wall, 1981) as,
by the last procedure, the same density of photon bundles must be emitted from regions which are, however,
quite differently coupled with the detector.

Comparisons between the reflector geometries were established by assuming as standard parameter
values for all of them:

I H/B = 0.25' rIB =0.03
where (see Fig. 2):* H is the gap between the reflector bottom and the metal sheet,

* B is the radius of the reflector projection,
* r is the radius of the fiber bundle section,

(for the purpose of a performance comparison the dimensions of the double-wedge reflector are such that the
projected areas have the same values -i.e. identical encumbrance; the aperture for the fiber optic cable on the
reflector is assumed to have an area such that if it was circular -which is the case for the hemispherical and conical
surfaces, for a double-wedge reflector it is preferably rectangular- the ratio r/B would be equal to 0.03).

3. CONICAL SHAPED REFLECTOR

The first results pertain to a cone-shaped reflector (see Fig. 2). They have been obtained by assuming
the fiber bundle aperture at the top of the cone.

Fig. 2: Schematic cross-sectional diagram of a
conical reflector over a plane metal sheet.

metal
sheet
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The cone half-angle 3 was made to vary between 900 and 500 (900 corresponding to a perfectly flat
reflector), while the fiber bundle angle 'ycould be varied between O and 4O. The steel sheet is first assumed to be
normal to the axis of symmetry of the reflector, the effect of sheet tiRing will be analyzed later.

The effect of each of the parameters (, y, H/B etc.) was analyzed by assuming a set of "standard" values
for these parameters and by varying the value of each parameter individually while the others were kept constant at
their standard value. For example, the standard value for the fluttering parameter H/B is assumed to be equal to
0.25, while its value will in reality change between 0.1 and 0.4 because of actual sheet fluttering.

A first 3D graph showing the eftect on the reflector-assisted apparent sheet emissivity of the parameters
I (cable tilt angle) and 3 (half-aperture of the cone) is represented in Fig. 3, for standard values of the other
parameters. The highest emissivity value is in this case:

CM 0.881 for f3 = 85° and 'y = 25°
(the confidence interval half-width at 95% is ofthe order of iO).

This graph corresponds to a cable orientation such that the rolling groove direction on the steel sheets is
in the plane of Fig. 2 (fiber pointing parallel to rolling). When the grooves are perpendicular to the plane of Fig. 2
(fiber pointing normal to rolling) the apparent emissivity is slightly reduced with a maximum of 'M= 0.868 21O for
the same parameter combination as above.

0.9

:' Fig. 3 Dependence of the effective. emissivity on the values of the fiber cable
.w tilting angle and on the half-aperture of
4.' the conical reflector, for a fiber pointing

I
parallel to rolling.

I

0.4

In general, the efficiency of the reflector is slightly better when the fiber cable is tilted (y > 0) : this
decreases the exchange factor of the cable with itself. Tilting the cable, however, leads to a lower efficiency of the
cone section opposed to the bundle (high stray-reflection losses through the reflector-sheet gap toward the right
side on Fig. 4 for large values of y and of H/B). A possible solution would be an asymmetrical conical reflector (Fig.
4a), but its production would be problematic. The alternative approach consists of positioning the cable out of
center by a distance d in the direction of the fiber tilt (see Fig. 4b).

Fig. 5 shows a graph similar to the one shown in Fig. 3 but with a fiber displacement d = 0.25 B in the plane
parallel to the rolling direction (the results are slightly inferior, but by only 1%, when the displacement is performed
in a plane perpendicular to the rolling direction). By comparing the data of Figs. 3 and 5 one can see that the peak
emissivity is almost identical (0.885 iO compared to 0.881 iO) but the real advantage of a fiber displacement
is the substantial uniformity obtained in this case for the emissivity over a relatively wide range of the f3 and 'y
parameter variations. Such a uniformity relaxes the geometrical accuracy required in the reflector manufacturing
and alignment, while making the performance less sensitive to the sheet fluctuations.
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Fig. 5: Same as Fig. 3, but with the
fiber bundle displaced out of center by
25% (cl/B = 0.25 in Fig. 4b).

If we extend the displacement to d = 0.5 B (Fig. 6), the peak emissivity stays at 0.885 iO (it moves now to
the couple f = 85°, 'y= 17.5°), but the uniformity of the surface becomes poorer. Incidentally, the best fiber cable
orientation is again parallel to rolling.

It thus appears that the best configuration consists of choosing a fiber displacement d = 0.25 B and a (, y)
couple such that the resultant emissivity is close to the peak value. Two such couples:

-
(1.3=800, y=15°) and

- (1 = 82.5°, 'y= 17.5°)
where used as standard parameter values in the following analysis pertaining on:

- the variations of the sheet fluttering parameter H/B between 0.05 and 0.6;
- a tilting of the steel sheet with respect to the reflector axis by -2°, 0° and +2°.

Figures 7 and 8 show the sensitivity to sheet fluttering of the cavity with the two (3, y) couples of values
mentioned above. In each figure, the effective emissivity and the contribution due to the environment (i.e. the
stray reflectance losses through the reflector-to-sheet gap, or equivalently the relative amount of spurious
radiation due to external infrared sources; the environment contribution should obviously be minimized as the
amount of radiation from outside infrared sources is hardly predictable) are plotted vs. the sheet fluttering

(a)

Ht

(b)

I B

Fig. 4: Schematic cross-sectional diagrams of two other possible configurations for a conical reflector.

0.9

.>
E

E

0.4

°Pticei

y
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0.9

parameter H/B for three different angles of steel sheet tilt. It should be recalled that in the absence of the reflector,
the steel emissivity would be 0.28 and the environment apparent emissivity 0.72 (black-body reflecting once on the
metal).

>I
E
4,

E

0.4

so

'p.

Fig. 6: Same as Fig. 5, but with a fiber
displacement of 50%.
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Fig. 7: Plots of the steel sheet apparent emissivity and of the external environment perturbation vs. the
sheet fluttering parameter H/B for different values of the sheet tilt; = 800 and y = 15°.
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It can be concluded that for a = 82.5°, 'y = 17.5° couple, which appears to be the best one, the apparent
emissivity of the steel sheet is more than tripled while the outside contribution is smaller than 3.51O for a sheet
fluttering parameter H/B comprised in the range [0.1, 0.4] of normal operation.

Because of space limitations for the prototype which is now beeing built, a position of the bundle closer to
the center would be preferable. We have thus repeated the same calculations for a fiber bundle position
decentered by only 15% of the reflector radius. The sensor performance is almost unaffected by such a
displacement: the mean apparent emissivity in the range [0.1, 0.4] for H/B decreases by less than 1% although the
apparent emissivity is now slightly more sensitive to the sheet tilting angle.

With this last configuration and with standard values for the geometrical parameters we then calculated the
apparent emissivity for different values of the nominal sheet emissivity, keeping, however, the same gaussian
distribution for the radiation scattering pattern. The results are reported on Fig. 9.

Fig. 9: Metal and environment
apparent emissivities.vs. metal
nominal emissivity with f = 82.5°,
1= 17.5° and d/B=O.15.

As an exemple, if the nominal steel sheet emissivity changes from 0.25 to 0.5, the apparent emissivity
would only increase by 11% from 0.85 to 0.95. This would result in only a '1% temperature error if the metal is at
1000K and if a single-wavelength pyrometer at 1.5p.m is used.
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Fig.8: Same as Fig. 7,
but with f3 = 82.5° and
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4. SPHERICAL SHAPED REFLECTOR

A number of previous works (Land and Barber, 1 954; Heitz, 1 988; Ramelot et al, 1 988) made use of
hemispherical reflectors to increase the effective emissivity of the sheet. The performance of such a geometry is
relatively poor (luchi and Kusaka, 1982; Bedford et al., 1989; Krapez et al., 1990) for high values of H/B. However,
our model predicts that such sensitivity to sheet fluttering can be substantially reduced if a truncated hemisphere
is chosen instead of the more classical full-hemisphere geometry. The cross-section of a spherical segment
sector is shown in Fig. 10. Best results are obtained when the center of curvature of the sphere is always located
below the metal sheet for the whole range of sheet fluctuations.

7'

reflector

metal
sheet

/
B '. I

o spherical segment
centre

Fig. 10: Schematic cross-sectional diagram of a
truncated hemisphere cavity geometry.
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Results obtained with such a geometry for an untilted sheet and = 0 are shown in Fig. 1 1 vs. the sheet
fluttering parameter H/B for different values of the truncation parameter T defined in Fig. 10.

hemisph&e
cut
TIR

.—a-.- 0

.—*—— 0.2
....4... 0.4— 0.6

Fig. 11: Results obtained
with a hemispherical reflector
truncated at different T/B
values, for a vertical fiber
bundle.

Metal—cavity gap H/B

It can be seen that in the case of a full hemisphere (T=0) the apparent emissivity keeps dropping as the
sheet-to-reflector distance H increases (the emissivity drops from 0.79 to 0.59 as H/B goes from 0.1 to 0.4). This is
mainly due to losses toward the outside environment, whose contribution increases over the same range from
0.087 to 0.32, values much higher than those obtained with a conical reflector.

The interest of using a truncated hemisphere is apparent from Fig. I I : for example, for a truncation
TfB = 0.4, the eftective emissivity is higher than 0.8 and the environment contribution is negligible as long as the
H/B parameter is equal or lower to 0.35. Clearly, the truncation of the hemisphere should be such that the center of
curvature of the reflector is maintained below the sheet for the whole range of sheet fluttering.
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To meet the latter requirement for a practical H/B range comprised between 0.1 and 0.4, a truncation factor
T/B larger than 0.4 should be chosen. Fig. 12 shows the results obtained for T/B equal to 0.5 and 0.6 for a sheet tilt
of either 0° or 2° and for a vertical fiber bundle.

4,
.4
>.4
m
.4
E
S
4'
C
SL
aa
S
4)
C
S
E
C0
C.
.4

C
'U

Rather strong fluctuations of the emissivity value (although it should be noticed that the vertical scale is
here quite expanded) are obtained as H/B varies, with a local minimum at H/B T/2 due to an optical conjugation of
the fiber cable with itself (in this case rays from the fibers come back to the bundle after an equivalent of 6 mirror
reflections rather than 9 or 10 outside this local minimum).

A striking feature of the results shown in Fig. I 2 is the low value of the environment contribution (smaller
than 510) over the whole H/B = [0.1, 0.4] range for the modelled case of a relatively specular sheet. This
suggests that a truncated hemisphere geometry would be particularly adequate for applications where spurious
radiation from outside infrared sources is strong (i.e. when the equivalent temperature of the outside environment
is much higher than that of the steel sheet). It should also be mentioned that if the fiber cable and the reflector are
kept cool, and if the reduction rate of in the neighborhood of its local minimum is the same at the two
wavelengths of the double-wavelength pyrometer, the variations of with the H/B value visible in Fig. 1 2 will not
affect the value of the temperature indicated by the instrument.

Some further improvements of the cavity performance can be obtained by tilting the fiber bundle over the
center of curvature of the sphere to minimize straight reflection (if y is smaller than the fiber numerical aperture) but
without inducing excessive losses to the environment (if 'y is too large). Fig. 13 shows the results obtained with
,Y = 15°: the effective emissivity is generally increased without inducing environmental losses in the
H/B = [0.1,0.4] interval. Although the local minimum of the emissivity is still there (the relative drop is of 7.5% for
T/B = 0.5), the emissivity is now almost independent of the sheet tilt.
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Fig. 12: Results obtained
with a hemisphere truncated at
T/B equal to either 0.5 or 0.6
and a steel sheet tilted by
either 0 or 2°. The fiber bundle
is vertical.
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5. DOUBLE-WEDGE REFLECTOR

Because of its similarity to a conical reflector together with an easier mechanical implementation, a reflector
consisting of two plane mirrors was also analyzed.

Metal—cavity gap H/B

H
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B fl

'4.
'8'4" I.

'4-

Fig. 1 4: Diagram of a double-wedge reflector geometry.

As shown in Fig. 14, the cross-section in a normal plane is similarto the one of a conical reflector, the two
plane mirrors making an angle f3 with the vertical, and the equivalent radius B of the projected rectangular surface
being chosen so as to obtain an area equal to the one of the conical reflector with which the comparison is made.
The fiber cable is here chosen to be rectangular with a length/width ratio equal to 5. Because the behaviour of a
multiply reflective ray in the normal plane (Fig. 14 left) is essentially similar to the conical case, while in the plane
parallel to the wedge vertex the performance is inferior (corresponding to a cone with = 90°), it is expected that
the performance of a double-wedge will be slightly poorer than the one of a conical reflector. For the same
reasons, fiber pointing normal to the rolling direction is now preferable to pointing parallel to rolling.
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Results obtained with a double-wedge reflector are presented for d = 0 and d = O.25B, respectively, in Figs.
15 and 1 6, which are the double-wedge equivalent of the results shown in Figs. 3 and 5 above for the conical
reflector. H/B has been set to the standard value 0.25 as usual.

Fig. 15: 3-0 graph showing the results
obtained with a double-wedge reflector
model (fiber bundle at the top of the
dihedron).

Fig. 1 6: Same as Fig. 1 5, but with a fiber
bundle displaced by d = 0.25 B.

A comparison of these two sets of figures shows the superiority of a conical reflector: the peak emissivity is
higher by 1.8 and 1.4% respectively while the environment contribution is much stronger with the double-wedge:
0.0 18 for the double wedge at (J = 82.5°, y = 20°), as compared to 10-k for the conical reflector at (f = 82.5°,
y= 17.5°).

As for the conical reflector, an analysis of sheet fluttering effects has also been carried out for the double-
wedge geometry. The results shown in Fig. 17 for the double wedge should be compared to those presented in
Figs. 7 and 8 for the conical and in Figs. 12 and 13 for the spherical reflectors. It can be seen that, although the
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The required high specular reflectivity (95% in our model) of the gold-plated reflector should be maintained
by proper maintenance (periodical cleaning or replacement of the reflecting surfaces). As the gold-plated surface
may be difficult to clean or expensive to replace, a protective silica (fused quartz) window should preferably be
installed in front of the reflector. An analysis of the window effects on the cavity performance has thus been
carried out.

As quartz introduces no appreciable absorption losses over the wavelength range of operation, we shall
only consider the reflection losses: nearly 5% Fresnel reflections for near-normal incidence at each air-glass
interface, i.e. a total of 10% specular reflection per pass. We assume that the window will be free from dirt, if this is
not the case there will also be a diffuse reflection component at each pass.

Table 1 shows the effects of a protective window across the bottom surface of the reflector for the three
different reflector geometries (with the standard values of H/B = 0.25, and without any steel sheet tilting).

Even in the case (d) with a strong diffuse component of 50% (probably overevaluated), Table 1 shows that
the apparent emissivity only drops by 10, 6 and 13% respectively for the three geometries, although the
environment contribution increases considerably (its uncertainty varies typically from 30% to 5% for the lowest to
the highest values). The spherical configuration appears to be comparably less affected by dirt buildup on the
window. A more complete analysis of the dirt buildup effect could be made if the scattering and absorption
properties of typical furnace dirt deposits were known: it should be recalled that only relative atlenuations of the
detected infrared radiation at the two wavelengths of operation are important for a ratio pyrometer, while spectrally
uniform attenuations do not introduce any systematic errors.

7. CONCLUSION

- Our modelling simulation indicated that a conical reflector geometry offers a generally higher performance
than a wedge-shaped reflector of equivalent surface.

- A conical reflector also appears to be slightly superior to a truncated hemispherical reflector in terms of
peak emissivity; however, a truncated hemisphere performs better in terms of stray radiation
avoidance and of dirt buildup effects. It is our feeling that the choice between a conical or spherical
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emissivity remains within 5% of its peak value for H/B within the [0.1, 0.4] range, the environmental contribution is
much higher (e.g., it is 18 to 50 times higher at H/B = 0.4 as compared to the conical reflector). It can be concluded
that a conical geometry, although more expensive to realize, is superior to a double-wedge reflector under all
aspects.
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—0—-- 0'
....e.... 2'

Fig. 17: Dependence of
the double-wedge reflector
performance on the sheet
fluttering parameter H/B, for

= 82.5° and 'y= 20°.

Metal—cavity gap H/B

6. INTRODUCTION OF A PROTECTIVE WINDOW



shape should be performed mainly in terms of the expected in-furnace spurious radiation due to
furnace heaters in the planned sensor location.

- The inserLion of a protective quartz window in front of the reflector should have only minor effects on the
reflector performance.

- Stral transmissivity and angular scattering analyses on typical dirt buildup deposits in the furnace, as
well as data on the in-furnace atmosphere would be useful to complete the study.

Table 1 : Effects of the Insertion of a protective window

Apparent
emissivity

Environment
contribution

Conai
Reflector

(f3 = 82.5°, y= 17.5°
parallel to roiling)

a
b
c
d

0.876 iO
0.865 310
0.854 310
0.792 5'10

0.00013
0.0043
0.0 15

0.087

Truncated

Hemisphere
(T/B = 0.6; y= 15°
normal to rolling)

a
b
c
d

0.868 210
0.864 310
0.854 3i0
0.818 4i0

<510
0.0023
0.011
0.058

Double-wedge
reflector

@ = 82.5°; = 200
normal to rolling)

a
b
C

d

0.865 i0
0.847 210
0.833 310
0.751 5i0

0.018
0.028
0.044
0.126

a: without window;
b: with window; reflection coefficient equal to 10% per pass; specuiar reflection;
C: with window; reflection coefficient equai to 1 - (1 - p,) cos (i), where p, is the reflection coefficient at normai

incidence, i.e. 10%, i being the angie of incidence of the light beam on the quartz window;
d : same as (C), but the refiections at the window surface are here assumed diffuse at 50% rather than specular.
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