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Surface Temperature Measurement in Semitransparent Media

F. Z. Roissac,* T. T. Osman,t and J. F. Sacadurat
Institut National des Sciences Appliquées de Lyon, 69621 Villeurbanne, France

The surface temperature of a semitransparent wall, placed in a convective medium and exposed to external
radiation (e.g., building window glasses) can be well approached using a remote sensing technique associated
with a correction model. Radiometric measurement is first carried out on an opaque small size black target,
which is glued on the concerned surface. This measurement can then be corrected to get the “‘real’’ temperature
through a model solving a combined conduction-radiation heat transfer problem.

Nomenclature

thermocouple wire surface area, m?

= Biot number, Egs. (2)

reduced variable, Eqgs. (2)

blackbody emissive power fraction

heat generation (source) term, Egs. (1) and (2)
= global heat transfer coefficient, W-m~—2-K~!
exernal radiative flux incident on the surface,
W-m~?

Bessel function of the first kind

thermal conductivity, W-m~1-K~!

= radiative heat flux, W-m~—2

= dimensionless radial distance, dimensionless radius
= radial distance, radius, m

temperature, K or °C

= dimensionless axial distance

= axial distance, m

= absorptivity (target and thermocouples)

= eigenvalue

= radiation propagation angle, measured from the
normal to the surface

temperature correction, K or °C

emissivity

= reduced temperature

= volumetric spectral absorption coefficient, m~!
wavelength, um

cos .y

spectral reflectivity

Stefan-Boltzmann constant

spectral transmissivity
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Subscripts

= collimated, or thermocouple property

= diffuse

exterior

= interior

relative to the limit angle of refraction

= relative to the mth eigenvalue

= relative to the nth spectral band n € (1, N)

= relative to the pth zone created by the target
p €, M), Fig. 2
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t = target

w = wall

z1 = first thermocouple position
z2 = second thermocouple position
Superscripts

a = ambient

s = surface

integral transform of a variable

Introduction

URFACE temperature measurement is a difficult met-

rological problem, particularly when dealing with semi-
transparent materials. These materials are widely used in
buildings, means of transportation, solar energy installations,
spacecraft, and many other thermal systems. In such systems,
it is often necessary to know the surface temperature of these
materials to compute the heat exchange with the surround-
ings. Several errors may arise in either contact or remote
measuring methods. If contact thermometric sensors are used,
even if their size is small, they perturb the temperature field
and interact with the surrounding thermal conditions.'? On
the other hand, the use of pyrometric devices leads to erro-
neous surface temperature measurements due to the semi-
transparent character of such materials, the influence of re-
flected radiation, and also to the use of inaccurate radiative
properties data.>

The work presented in this article is part of a research
program devoted to the assessment of different methods for
surface temperature measurement of building window glasses
exposed to solar irradiation. The object was to develop meth-
ods that could be used for the validation of building energy
consumption and thermal comfort computations.

Several contact and noncontact measurement techniques
were studied in this program. The present work deals with
the infrared (IR) pyrometric techniques. The main advantages
of these over thermocouples and other contact sensors are
the ease of use for outdoor controls (fine wire thermocouples
are generally too fragile) and absence of errors due to contact
resistance problems. So IR pyrometers are frequently used
in building thermal controls. But other uncertainties arise
from radiation measurements. A method to decrease the er-
rors inherent to such pyrometric measurements is presented
here. :

This method is based on radiometric measurements carried
out on a very thin opaque spot (target) of well-known spectral
radiative properties, and perfectly adhered to the semitrans-
parent wall. In this method, the influence of subsurface ra-
diation is eliminated. The corresponding surface temperature
is still inaccurate, mainly due to perturbations of the tem-
perature field created by the target. Consequently, it is nec-
essary to quantify these perturbations in order to obtain the
“true” temperature. The perturbations were estimated through
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a coupled conduction-radiation heat transfer model, devel-
oped here to compute the temperature field in a semitrans-
parent slab, taking into account the target effect and the var-
ious external conditions. The difference between the target
center temperature and the temperature at a surface point
sufficiently far from it, closely approaches the introduced per-
turbation. The “‘exact” surface temperature may then be ob-
tained by adding the quantified perturbation to the measured
temperature.

In order to test the feasibility of this method, an experi-
mental setup was built allowing the simultaneous measure-
ment of the surface temperature of a semitransparent plate
by two different methods: 1) the radiometric one under test,
and 2) from thermocouples embedded in the sample.

Due to the difficulty of embedding thermocouples in a glass
plate, after some unsuccessful attempts made by a glass man-
ufacturer, Plexiglas® was selected.

By extrapolation of the thermocouple measurements, very
accurate surface temperature data are obtained, which are
taken as a reference for the comparison with the radiometric
results.

The model used to correct the pyrometric measurements is
presented first. A numerical exploration of this model is then
briefly reported, as well as the model allowing to extrapolate
the surface temperature from temperatures measured inside
the material. Finally, the results obtained from experiments
performed in a controlled cell and in outdoor ambiances are
presented and discussed.

Measurement Correction Model

The problem may be stated as follows: a semitransparent
wall of large radius-to-thickness ratio (r,./z,,.,) separates an
“external” from an “internal” media. This is the case, e.g.,
of a window glass. «, k, and the spectral refractive index of
the semitransparent wall are assumed known. The ambient
temperature and global heat transfer coefficient on both ex-
ternal and internal sides are 7%, H, and T¢ H,, respectively.
The external surface is exposed to diffuse isotropic and/or
collimated radiation of intensity I, and I, respectively. The
external surface temperature of the slab is sought.

To find the external surface temperature, a very thin opaque
target of radius r, and spectral absorptivity «, is perfectly glued
to the external surface. Temperature measurements are car-
ried out using an IR radiometer viewing the target. This mea-
surement does not yield the correct surface temperature due
to the perturbation introduced by the target to the real tem-
perature field. In addition, the target reflects a part of the
incident radiation towards the pyrometer causing another er-
ror. This later difficulty may be overcome by selecting a target
of low reflectivity, as will be shown later. We shall first deal

with the perturbation introduced by the target. The measured -
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Fig. 1 Problem representation.

temperature may be corrected by adding a correction term
obtained from the solution of the problem represented on
Fig. 1.

The analysis is carried out under the following assumptions:
1) steady-state, axisymmetry, and constant thermal proper-
ties; 2) the material is homogeneous, isotropic, and scattering
is negligible; 3) the interfaces are optically smooth, and plane
parallel to each other; 4) the thickness of the layer is much
greater than the radiation wavelength so that optical inter-
ference effects can be neglected; 5) the temperature of the
medium is sufficiently low so that internal emission can be
neglected compared to the absorption of external radiation
(cold medium assumption); and 6) the radiation field incident
onto the layer is resolved into a collimated and diffuse
component. The mathematical model is briefly described
below:

li[R 36(R, Z)] .
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In these equations, the dimensionless and reduced variables
are defined by
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Fig. 2 Different zones created by the target radius and the nature of
radiation falling from outside.
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on the nature of the external radiation, on the opaque target
size, and on the position inside the medium. This is illustrated
in Fig. 2. A general treatment of this problem would obviously
require the evaluation of QO = Q(R, Z) and G = G(R, Z).

A simplified treatment was carried out here, leading to
expressions for Q independent of R. It is based on a separate
evaluation of the radiative transfer equation in nonshadowed
and shadowed zones, supposed without mutual radiative in-
teraction.

For the nonshadowed zones of the layer, the radiative flux
is given by the following equations*~:

0(2) = 07(2) - 0 (2)

N F Z N
0(2) = I, 2, ;‘ T, exp(—xn —) + 20, Y, Fods(7a, k,Z)
n=1Yy, 22 n=1

\ J )
Y s

a b
- < F z 2 — Z
Q (Z) = /"’elc 2 T T, €Xpl| — Kk, ~ ] p, €Xp| —k
n=1 U, ® M
c
N
+ 21, 2 Fobilr 0 6,220~ Z)] )
n=1
d
where
H = COS Yy
U(m) = 1 = p exp (-2Kn Z—)
o
" a exp(blp)p
oty = [ HERO 4
¢3( ) My ‘pn(/“’) # ( )

F, is the blackbody emissive power fraction within the nth
wavelength interval A € (A,_,,, A, ) for a given source
temperature. The term u is calculated from p,, the value
corresponding to the external incidence angle of radiation v,,
using Snell’s law with the spectral refractive indexes of both
medium and surroundings being known.

The lower limit of integration u, in Eq. (4) corresponds to
the limit angle y, bounding the transmitted intensities incident
from outside. Its value depends on the wavelength through
the refractive index, which makes the problem more compli-
cated. Fortunately, the variation of the refractive index with
the wavelength can be neglected for the media and wavelength
range considered here. The spectral surface reflectivities p,
and, hence, transmittivities 7, are calculated from Fresnel’s
law.

For the shadowed zones of the slab, Q is computed ac-
counting for the contributions of different terms (noted a—d)
of Eqgs. (3) (see Fig. 2). In order to simplify the analysis and
to preserve the axisymmetry of the radiative field, only normal
incidence is considered for the collimated component.

Equations (3) and (4), through integration over the appro-
priate solid angle, account for the directional effects of ra-
diation near the opaque disk. Another simplification intro-
duced in the model is to neglect, in the term D representing
the boundary condition on the opaque disk [expressions (2)],
the contribution of the absorbed radiation coming from within
the semitransparent material. Since the collimated radiation
is supposed normal, this contribution is limited to the diffuse
component reflected back to the opaque disk by the back face
of the slab. Owing to the order of magnitude of the refractive
index of Plexiglas and borosilicate glass (<(1.5), the angle of
incidence of radiation onto the back surface of the slab is less
than 41.8 deg. The corresponding reflectivities of the inter-

faces are less than 0.05. This allows to neglect the radiative
flux reflected by the back surface of the slab and absorbed
by the backside of the opaque disk.

The conduction problem with source term can be solved
analytically using the method of separation of variables as-
sociated with the integral transform technique.’* The main
features of the solution are presented in the Appendix.

A simpler numerical finite-difference solution is also given
by Roissac.” However, the analytical solution is easy to pro-
gram, in spite of its apparent complexity. It allows the com-
putation of the temperature directly and independently at any
point in the specified domain.

The correction term AT, i.e., the amount of temperature
perturbation caused by the target, may be estimated by the
difference between the temperature T(R, Z) calculated at a
nonperturbed surface point {7(1, 0) far from the target, in
practice, a distance greater than two times the target diameter
is large enough] using Eq. (A19), and the temperature cal-
culated at the measurement point [7(0, 0) i.e., at the target
center] using the same equation. Due to the simplifications
introduced in the model, these two calculated temperatures
7(1, 0) and T(0, 0), do not correspond to exact values. How-
ever, their difference AT well approaches the real perturba-
tion.

The term AT is a function of many parameters, including
1) r,, 2) a,, 3) the difference between the two ambient tem-
peratures 8¢ = T¢ — T¢, 4} the heat transfer coefficients H,
and H,, 5) the physical properties characterizing the semi-
transparent material, and 6) the incident radiation intensity
I. The nature of the incident radiation (e.g., diffuse or nor-
mally collimated) has nearly no effect on AT. This was shown
from a numerical simulation by Roissac.”

In order to examine the influence of the above parameters,
a theoretical parametric study is first carried out on a Plexiglas
specimen. The advantage of choosing this material is that it
is relatively easy, for experimental purposes, to embed ther-
mocouples.

The spectral refractive index and absorptivity used in the
computations are those given by Lumsdaine,'® and the ther-
mal conductivity is that estimated at room temperature by
Raynaud" (k = 0.198 W-m~'-°C~1).

Figure 3 shows the computed temperature field for the
parameters specified on the figure, which correspond to a
moderate incident radiation and a black spot of radius r, =
50 mm. The amplitude of the front surface temperature var-
iation is 11.2°C. It can be seen that the temperature pertur-
bation extends over an area of radius equal to about two times
the target radius. The amplitude of perturbation decreases
with the depth inside the slab.

Figure 4 shows for the same conditions, but with variable
r,, the influence of the spot size on the front surface temper-
ature field. Even under these moderate conditions, decreasing
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Fig. 3 Temperature field in the Plexiglas wall. Case of normal col-
limated irradiation.
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Fig. 4 Influence of target size on the surface temperature. Case of
normal collimated irradiation.
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Fig. 5 Effect of nondimensional parameters on AT.

the spot radius down to r, = 5 mm, gives a temperature
variation of amplitude 3.91°C. Starting from the following set
of data:

r, = 5 mm

H, = 10W-m~2-°C~!
T¢e — T¢ = —10°C

Q, =1

H,; = 10W-m~2-°C!
L = 200 W-m~2

used as a basic case, by changing individually the value of
each parameter, one can examine its effect on AT. Figure 5
shows the variation of AT with these parameters in a non-
dimensional form. [t can be seen that AT 1) increases with
the increase in «a,, r,, and I,; 2) decreases with the increase in
H,; and 3) remains nearly constant for variables H; and 6%

A similar study is carried out using a borosilicate glass
specimen of thermal conductivity k = 1 W-m~'-°C ', and
spectral thermo-optical properties given by Kunc.'*> Similar
results are obtained and compared to those of the Plexiglas
specimen, as shown on Fig. 6.

According to this theoretical study, a target of small radius
and low absorptivity may be used to decrease AT. This result
could have been anticipated. However, the selection of the
target radius depends on the optical performance of the ra-
diometer, which should be appropriately chosen. On the other
hand, a low absorptivity means a high reflectivity. Therefore,
in a practical application, a part of the externally falling ra-
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Fig. 6 Effect of I and H, on AT for different materials.

diation is reflected by the target back to the radiometer. This
reflected radiation is a parasite which leads to erroneous target
temperature measurement. Therefore, a compromise is nec-
essary according to the objective. We are particularly inter-
ested in a correct surface temperature, not especially in a low
AT. The correct surface temperature is obtained from
Tf:orrcc[cd

=T .+ AT

s
measure:

where T3,...req 1S the surface temperature measured at the
target center by means of a good quality pyrometer (that is
capable of providing accurate measurements on small targets
near room temperature).

Provided that AT is sufficiently correct, the value of
T3 caswea Should be as correct as possible to get a good
T orrectea- A g800d T% . .cueq 18 Obtainable only if the target is
of high absorptivity. The choice of a high absorptivity target
is essential. In addition, if a small AT is also sought, one can
use a small size target.

Surface Reference Temperature Calculation (7% )

We present here the mode! used to determine the specimen
surface temperature from measurements carried out using two
embedded thermocouples.

The surface temperature is obtained by solving the follow-
ing inverse problem:

daf_ dre _
dz[ k P +Q(z)]—0 0 <z <z

T(z) = T3 = T, (unknown) z=0
T(z) = T¢ (unknown) Z = Zpay

The temperature should be known at two locations inside
the specimen. k is also assumed known. The term Q(Z) is
given by Eq. (3). For limited temperature ranges, where k
may be considered constant, the solution becomes

Zmax

z

T(z) = T —

[T@ - T + % 0(2) dz]

Zmax
[ o) az
X Jo z z

Ts and T% are unknown, but using temperature measure-
ments at two different positions z1 and z2 inside the specimen,
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we get the following equations:

z1 . z1 _ lf“
(1 Zmax) Ts + (z ) T: =T, o Q(z) dz

max

z1
Zmaxk

z2 ' z2 . _1J22
(1— )Te+<z )T,-—Tzz < e

Zmax max.

+

fo ™ 0z) dz

z2
Zmaxk

+ J; o Q(z) dz

from which T$ and T are obtained.

The temperatures T, and T,, inside the specimen are ac-
curately measured using carefully calibrated thermocouples.
This procedure leads to accurate values of 7% (accuracy better
than 0.1°C) which will be used as reference temperatures to
validate the radiometric technique.

The effect of thermocouples on the temperature field should
be examined separately. The opaque, and supposedly gray,
thermocouple wire of surface area A and absorptivity «, is
considered to absorb the radiation according to the relation

Qabs = Q(Z) ' CZC'A

where Q,,, is the absorbed radiation, and z = z1 or 22 is the
thermocouple position. Clearly, the thermocouples effect be-
comes less important for low Q,,,, and hence, for low Q(z2),
a,, and A values. This has been confirmed quantitatively through
a simple finite-difference model proposed by Roissac.” The
absorbed energy is assumed to be rediffused in the medium,
by conduction, with the thermocouples considered as cylin-
drical heat sources. It is shown that the effect of thermocou-
ples, represented by the maximum temperature rise in the
medium, is very weak, even with a, = 1. For experimental
conditions similar to those used in the present study, the effect
of thermocouples can be neglected.

Experimental Setup and Data

Experiments were carried out in a controlled cell and in a
natural ambiance. In either case, the surface temperature of
a semitransparent specimen was estimated under different
conditions in two ways: 1) through radiometric measurements
carried out on small opaque targets of known absorptivities
and perfectly glued to the specimen surface (this temperature
will be corrected using the technique just presented to get the
true temperature 7%, ..q); and 2) by using internal temper-
ature measurements carried out by means of two thermocou-
ples embedded in a nonperturbed region, to get the reference
temperature T3, Figure 7 shows the locations of these ther-
mocouples inside the specimen. In fact, three thermocouples
were used in order to try different combinations of two mea-
surements.

¥
thermocouples J_
2 um ¢
140 mm .
type K ¢= 0.08 mm T : N
70 mm 45°
. 140 mm - f 8w o

Fig. 7 Plexiglas specimen.

SURFACE TEMPERATURE MEASUREMENT

Comparisons are carried out between T, ....q and T% to
evaluate the pyrometer technique, and to give the best op-
erating conditions.

Several small-size targets are placed sufficiently far from
each other on the surface. The spectral quasinormal emissiv-
ities of these targets—necessary to compute the correction
term AT—were previously measured using a parabolic re-
flectometer.'* This setup allows the measurement of the spec-
tral radiation reflected by the target, then by a reference
surface, at each incidence angle. Their ratio leads to the target
reflectivity, and hence, to its emissivity. The results are shown
in Fig. 8. On the other hand, the mean emissivity of each
target in the pyrometer spectral band (8—14 um)—necessary
to carry out the radiometric measurements—are obtained
using a direct method.® In this method, the pyrometer is used
to sight successively the concerned target and a blackbody at
the same temperature to get the required emissivities, as shown
on Table 1. The measured emissivity values are nearly con-
stant in the temperature range of the experiments. The spec-
tral thermophysical properties of the Plexiglas are given by
Lumsdaine.!® The incident radiation intensity is measured by
a photovoltaic cell, calibrated using a Kipp and Zonen pir-
anometer, and placed on the irradiated specimen’s surface.
Finally, noting that H, has a negligible effect on AT, one can
consider that H, = H,. An iterative procedure may be needed
to estimate H,, which is function of the surface mean tem-
perature.

Table 1 Mean emissivities of different targets,

A = 8-14 um
Target nature Emissivity
3M 2010 Black Velvet paint 0.95
Black Mecanorma labels 0.92
Aerosol white paint 0.90
Aerosol metallic paint 0.60
0.9 TNy e
// \\\//

2 // — . — 3 M paint

E 0.7 // = "Mecanorma"

wn v V2

E 4 — — — White paint

12}

Metallic paint

0.5//_,.\/’__/\/

0.3

1 4 7 10
WAVELENGTH ( pm)

Fig. 8 Spectral emissivities of different targets.
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Fig. 9 Controlled cell setup.
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The controlled cell setup is shown on Fig. 9. It includes
two compartments simulating the external and the internal
ambiances. The internal surfaces of the cell are painted black
to reduce the reflected radiation. The temperature of these
surfaces is regulated by circulating water of controlled tem-
perature within the double walls of the cell. The two com-
partments are separated by a Plexiglas plate of the same thick-
ness as the sample, on which are mounted the specimen and
a blackbody, which is used to calibrate the radiometer. The
external side of the plate is rather uniformly irradiated by
four lamps appearing from windows in front of it. A reason-
able uniformity and diffuseness of the semitransparent wall
irradiation in the region of the sample was checked by means
of a small radiation cell moved and rotated close to the sam-
ple. The lamps are cooled by air ventilation to reduce the
infrared radiation. The radiometer can sight the targets and
can be calibrated on the blackbody through a fifth central
window, as those of the lamps. The ambient temperature in
each compartment is measured by thermocouples stretched
parallel to the Plexiglas plate and well screened from radia-
tion.

The outdoor setup is composed of the Plexiglas plate on
which are mounted the specimen and a solarimeter. The plate
can be oriented with respect to the sun by means of a simple
mechanical system. The setup also involves an anemometer
to measure the wind speed, and a piranometer to measure
the solar irradiation.

The values of H, and H, needed to evaluate the correction
term AT are obtained through the following relation, taking
into account the radiative and convective exchanges of the

SURFACE TEMPERATURE MEASUREMENT
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obtained from the other two combinations. This combination
was adopted to give the reference temperature 7%.

Tables 3 and 4 show some results obtained from the con-
trolled cell and the outdoor experiments, respectively. The
comparison of 7% .ceq and T3 shows excellent agreement
between them, which means that the correction AT is rea-
sonably accurate. Although higher perturbation AT are cre-
ated by the black targets, less errors {7 ecea — Liefl ar€
introduced when using them. The reason is not difficult to
find: for I # 0, a higher absorptivity leads to a higher target
temperature, and therefore, to a higher AT, as already shown
on Fig. 5. On the other hand, and due to the corresponding
low target reflectivity, less radiation is reflected toward the
pyrometer sighting the target. This leads to more accurate

Table 2 Extrapolated surface temperatures using three
combinations of two thermocouples each

T Extrapolated T Extrapolated
T Measured using with I = I, with I = I,
two thermocouples = 210 W/m? = 210 W/m?
Tz 1 Tz 2 T:3 le”c f(TH Tf ' Tﬁc (T8 Ti"
14.80  15.55 14.646 16.126 14.644 16.119
15.55 15.91 14.913 15.929 14.995 15.928
14.80 15.91 14.666 15.934 14.664 15.934

Table 3 Results obtained from the controlled cell experiments

Surrounding conditions with H, = H, = 10 W/m*C

oy . . Iy, W/m?
sample surface with its surroundings of ambient temperature Ta eCm 18'9 Zg 3 ??7 gg 21(3) 9 2;? 4
I T¢, °C 199 228 204 233 220 247
H = C[(T* = T)/L]"* + doe[(T* + TH2P 3M Target of ¢ = 10 mm
where C is a coefficient depending on the type of convection gé?“cd ¢ 18(1] Zg% 338 “221;8 Egé fgg
and plate position (1.42 for natural laminar convection of air T L°C 151 26.2 161 27.6 20.6 321
on a vertical plate) and L is the plate length. The second term comeaed
of this expression accounts for the IR radiative exchanges of White target of ¢ = 10 mm
the plate surface with the surroundings, in the opacity wave- T 138 272 154 8.3 21.7 45
length range of the material. In a practical situation where AT S 0.0 00 -07 -07 -35 —35
the surface temperature is not known, an iterative procedure Ts . °C 138 272 147 276 182 310
is used with an initial value for the mean surface temperature
T equal, for instance, to that measured at the target center Metallic target of ¢ = 10 mm
T easurea- Having calculated H, and H; = H,, one can deter- Ts C 115 28 14.8 30.6 21.4 36.9
mine AT, from which a new value for T* is obtained, through AT S 0.0 00 -05 -05 -18 -18
the relation Tlomeeess °C 115 28 143 301 196 351
T = T5 coeuea + AT Black Mecanorma target of ¢ = 10 mm
. . . T3 casureas “C 14.7 26 16.9 28.5 242 35.4
The procedure continues until a convergence criteria is sat- AT, °C 0.0 0.0 ~09 -09 -35 35
isfied. TS omeceas °C - 147 26 16 27.6 20.7 31.9
. . Black Mecanorma target of ¢ = 7 mm
Results and Discussion - c 147 Iy 1g6 . 84 238 351
Table 2 shows the specimen exterior and interior surface A?““S“C”“’ 0.0 0.0 08 -—08 _3 3
temperatures 75 and T% extrapolated through the measure- Téo,rmcd, °C 147 26 15.9 27.6 20.8 2.1
ments, carried out by three combinations of two embedded
thermocouples each. Reference surface temperature (extrapolated)

The combination of thermocouples placed near the surfaces Ts . oC 149 26.3 15.8 28.1 20.4 322
lead to values for T¢ and T3 (=T, lying between those- il i ; . - - -
Table 4 Results obtained from outdoor experiments using black Mecanorma targets

Pyrometer

type target, KT4S CYCLOP 33 UX 41

diameter mm 10 20 20

I, Wim? 761 804 421 705 763 786

Thcasurear °C 43 45.1 41 55 54.4 51.2

AT, °C -12.3 —-13.4 -12 -20.1 -21.7 —-22.4

T orrcereas “C 30.7 31.7 29 34.9 32.7 28.8
Sets 29.3 30.4 27.9 34.3 34.8 29.7
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target temperature measurement 7% . ...4, 1.€., tO MOre pre-
cise corrected surface temperature (Tcorrected = T casured T+
AT), and hence, to less deviation from the reference surface
temperature Tref As we pointed out, AT is sufficiently ac-
curate regardless of its value (low or high). However, it can
be reduced by using small radius targets. This was shown on
Fig. 5 and is confirmed here for the black “Mecanorma”
targets. One can conclude that the use of small black targets
represents a good compromise. Finally it should be pointed
out that the outdoor experiments were carried out under un-
controlled conditions for which steady state was barely ob-
tained. Even though, the maximum error |T%, . cea

T casureal 18 less than 2.5°C, i.e., less than 7%. These results
confirm the interest of this technique.

Conclusions

An efficient method to measure the surface temperature of
a semitransparent wall, placed in a convective medium at
moderate temperatures and exposed to external radiation like
solar radiation, is given in this article. In this method, radio-
metric measurement is carried out on a black small size and
very thin adhesive target of known spectral radiative prop-
erties, perfectly adhered to the concerned surface. The true
surface temperature can be obtained by adding a correction
term to the target temperature, measured by the pyrometer.
The correction term is obtained through a model, elaborated
to solve a coupled conduction-radiation heat transfer problem
in a “‘cold medium” of known spectral thermo-optical prop-
erties.

Several experiments were designed to apply this method
under different conditions. The corrected surface temperature
measurements were compared to exact reference surface tem-
perature so as to validate the proposed technique. The ref-
erence temperatures were obtained through the solution of
an inverse heat transfer problem in a nonperturbed area of
the semitransparent wall (far from the target position). The
inverse solution is based on temperature measurements car-
ried out inside the specimen, using embedded thermocouples,
and then extrapolated to yield the surface temperature.

Sufficiently accurate results can be achieved along with the
use of black targets. Low perturbation level can be attained
by decreasing the target diameter. The target may be a simple
adhesive black label, commercially available in a wide di-
ameter range. The method is simple, flexible, and can be
successfully applied even under less controlled conditions with
the steady-state situation hardly maintained.

For building glass windows temperature measurement, this
method avoids the problems associated with the use of contact
sensors (thermal resistance of contact, fragility, inaccuracy,
etc.). It necessitates a metrological package comprising an
accurate IR pyrometer and some simple devices to estimate
the ambient conditions and solar irradiation. A data bank of
correction term calculated from the model for the most com-
monly used materials, need build-up. Then the correction
term can be obtained graphically or directly using a dedicated
calculator.

Appendix: Analytical Solution of the
Conduction Problem

Taking the integral transform of the governing Eqs. (1)
with respect to the space variable R yields

- dzé Z B}
~B386,, 2) + L) 4 G, 7) = 0
0<Z<Z, 0
_dé(Bnn Z) A . _
— a4z~ t BHB..Z)=EB) Z=0
dé(ﬁma Z) 0 — —
—az T B#B,.Z) =0 Z=Z.. (A1)

where B,, are the eigenvalues satisfying the equation J,(8,.)
= ( which involves the Bessel function of first kind of or-
der 1.

8, E, and G are the integral transforms of 6, B,, 8¢ (or B,
0s + D following the values of R) and G, re%pectlvely Spe-
cifically # is defined by

8B, Z) = L ' R-Io(B,.R)-0(R, Z) dR (A2)

where J, is the Bessel function of first kind of order zero. It
can be shown that

R
EB,) = (B.02 + D) | R-J(B.R) + B.b:

LID-RIBR) (AD)

m

X f; R-Jy(B,R) dR =
(B 2) = | R1(B.R)-G(Z) 4R

M-—1 Rp i
=S 6@ | R1(B.R) aR
p=1 Rp

1 M-
B— 2 p(Z) p+1 'Jl(Bme+ l) - Rp Jl(Bme)]
(A4)

where M is the number of different irradiation zones created
inside the wall by the presence of the target and the irradiation
type.

For B,, = 0, the values of E and G may be obtained while
making use of the relation’

lim [J,(B,.R)/B,.] = (R/2) (A5)
B0
In this case
E(0) = (DR212) (A6)
G(0,7) =3 3 Gp(DIR:., - Rl (A7)

p=1

The solution of system [Eq. (Al)] for B, =
expressed as’

0 may be

80, Z) = f U G(0, Z) dz] dZ + C1-Z + C2  (A8)

where C1 and C2 are the integration constants

T, Zmax 1 ~
Cl = __]g I;L Q(O, Z) dz + B, Q(O, Zonax)

1. 11 o
+ E Q(0, 0)] (E + F + me> (A9)

i

1 r,
C2 = {(Zmax + E) [E(O) + =2 0(0,0) — ;

X fQ(o, Z) dz|z,0] ~ rf U 00, Z) dZ|;-,,,

1 - 1 -1
+ E (0, Zmax)]} |:Be (E + B—e + Zmax>] (A10)

—_
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D | =

00.2) =3 3 Q@R - R)  (ALD

as for G with g, = 0
For B,, # 0, the solution of the same system would be?

— C3eBZ + CheBoZ 4

6(B,n, Z) 3

x j G(B,,2")sinh[B,(Z — Z")] dZ’ (A12)

where C3 and C4 are obtained by applying the boundary
conditions of the system [Eq. (A1)]

C3 = [UB,. — BIexp(—BnZmw) — V(B + BIVY
(A13)

C4 = [UB,, + Blexp(—B.Zms) — V(B — BIJY
(A14)

U= BB 0) = £ | 6B, Z)sinhlB,(Z = 2] 42l

+ E,;&f G(B,,, Z)sinh[B,(Z — ZN] dZ|,_,
(A15)
V- fi | 6. 2sinhlp 2 ~ 2] 421,
+ 5 &f G(B,.. Z')sinh[B,(Z — ZN) dZ|;-2, .
(A16)
= 2[(B% + B,B,)sinh(B,,Z,...)
+ Bu(B: + B,)cosh(B,,Z,..)] (Al7)

The solution 8(R, Z), and therefore, the amount of per-
turbation AT, can be obtained by introducing 8(8,,, Z) in the
following inversion formula’*:

2 3 MR G5 2 (At

OR.2) =2 2 1)
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to get
8R,Z) =2 f f G(0,ZYdz' dz" + C1-Z + C2

+2 mZ 0(?55)) {C3~eﬁm2 + C4-e—bnZ

+ ﬁi f G(B,., Z')sinh[B,.(Z — Z")] dZ’} (A19)
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