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Abstract—This study’s aim is to appreciate real site surface temperature error values obtained using a

thermocouple on semi-transparent materials and to determine a method of correction. Using an efficient

measurement system, an experimental study was carried out under a number of climatic conditions. The

results show that high values for solar radiation and wind speed have a significant influence on thermocouple

measurement. The authors, therefore, decided to validate and develop a corrective model for the measure-

ment errors of these two parameters. The conclusion also provides data on the model’s relative drawbacks
and current limitations.

1. INTRODUCTION

Glass is now widely used in building construction and
can have considerable influence on building consump-
tion and on the thermal comfort conditions of dwell-
ings. It is therefore of prime importance to determine
surface temperatures accurately.

Forms of interference in the use of contact thermo-
metric sensors have been studied for a number of years
now. But, obviously, it is difficult to consider the
phenomenon generally as experimental conditions,
the facilities used and expected results can vary con-
siderably from one case to another. Bibliographic
research has allowed us to identify a number of articles
on work carried out in relation to temperature
measurement and related errors. A non-exhaustive list
of such work is provided by Kinzie [1].

Interesting experimental and theoretical work on
surface temperature measurement through contact
has been carried out by Bardon [2] and Bardon and
Cassagne [3] on opaque materials. More recently,
numerous authors developed such work, but on semi-
transparent materials. As far as artificial sites are con-
cerned, we can cite work by Cerruti [4] and Werling
[5], and, for real sites, work by Grenier [6] and Moreau
[7] can be mentioned. The authors applied the general
thermocouple measurement technique as such devices
are cheaper than platinium resistances, for example,
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and any reasonably equipped laboratory can produce
them.

Note that such recent work has been carried out
as part of a concerted research action of CNRS-
PIRSEM of France and with the collaboration of
several other laboratories mentioned below.t

Our laboratory’s task was to study the influence of
real meteorological conditions on surface temperature
measurement error.

2. DESCRIPTION OF EXPERIMENTATION

We used a remarkable experimental system to
evaluate measurement error. This comprised a semi-
transparent plastic material known as polymethyl
methacrylate (PMMA) with a thickness of 8.0 mm
and in which three 0.2 mm diameter thermocouples
are inserted (Figs. 1 and 2). This experimental system
is justified by the fact that thermocouples cannot be
inserted inside ordinary glass. We therefore chose a
similar material whose general properties are close to
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Fig. 1. Thermocouple insertion inside semi-transparent

material made of plastic (PMMA).
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C; local rub coefficient

C constant pressure thermal capacity
kg™ K]

D,, D, bar equivalent diameter and sensor
head diameter [m]

D,  contact diameter of sensor
(Dec = 2R,) [m]

E,  vertical solar radiation [W m ™3

P

E, thickness of fixation and/or protection
processes [m]

F,, F. thermal balance of equivalent bar and
sensor head [W]

H,,, H,. -convective superficial heat
exchange coefficients [W m~2 K ~1]

H,, H_ radiative superficial heat exchange
coefficients [W m~2 K]

Hy, H,. overall superficial heat exchange
coefficients [W m™2 K]
(Hgb = ch+Hrb and Hgb = Hcc+Hrc)

K extinction coefficient [m~']

L, length of calculated thermal balance
[m]

Pr Prandtl number

r normal incident reflexion coefficient

R overall thermal resistance

(R = Rm+ Rct+Ril) [K W_l]
R,  contact thermal resistance [K W]
R,,, R.. overall thermal resistance of
superficial heat exchanges [K W]

R, R;; thermal resistances of fixation
and/or protection system processes
KW

R,  macroconstriction thermal resistance
KW

R,  calculated radius surface of fixation
paste [m]

S.p, S, absorption surfaces [m?]

Sebs S..  exchange surfaces [m?)

T, ambient temperature close to
equivalent bar [°C]

T,, external temperature of air [°C]

NOMENCLATURE

T,, T. equivalent bar and sensor head

temperatures [°C]

T, T, equivalent bar and sensor head
temperatures [°C]

T,  surface temperature measured by the
sensor [°C]

T.,  sensor head temperature between glass
and fixation and/or protection after
processes [°C]

T, surface temperature calculated using a
model of semi-transparent material
[°Cl

T, real surface temperature [°C]

V.,  mean wind speed [ms™'].

Greek symbols
o, 0, short wavelength absorption
coefficient
d distance between connection wires
(equivalent bar) and semi-transparent
material [m]
N thermal conductivity [W m~' K]

Amst  Semi-transparent material’s thermal
conductivity [ Wm™! K]

oy thermal conductivity of fixation
and/or protection processes
Wm™' K]

p voluminal mass [kg m~?]

g Stefan—-Boltzmann constant
Wm? K™

0] outlet thermal flux of semi-transparent
material [W]

®,, ®. equivalent bar and sensor head
thermal fluxes [W]

@, ®, solar radiation absorbed by
equivalent bar and sensor head [W].

Subscripts
b connection wires (equivalent bar)
c sensitive part of sensor (thermocouple

head).

those for ordinary glass. The main difference con-
cerns the conductivity coefficient, which is equal to
0.2Wm~'K~! (Table 1).

This semi-transparent reference material was manu-
factured by the Thermokinetic Laboratory of the Uni-
versity of Nantes.

Using these thermocouples we are able to define an
internal temperature field allowing us to determine the
real surface temperature ‘T,’ of the semi-transparent
material by extrapolation. However, as solar radi-
ation passes through the semi-transparent material
(PMMA), internal thermocouples will absorb such
radiative flux and their thermal behaviour will become
equivalent to that for an internal heat source. There-

fore, to calculate the real surface temperature ‘7T,
these measurements have to be corrected. Several
models were developed. Using the Cerruti model [4],
we can quantify radiative heat transfer inside a semi-
transparent material and, consequently, the error due
to solar radation absorption by internal thermo-
couples. Table 2 gives the error for an internal thermo-
couple receiving the highest level of solar radiation
(near the outside surface of the semi-transparent
material).

Work carried out by Cerruti [4] and Werling [5]
demonstrated that the specific emissivity of the semi-
transparent material is negligible and that radiative
heat transfer inside the semi-transparent material is
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Fig. 2. Thermocouple insertion inside plastic semi-trans-
parent material (PMMA).

only taken into account for absorption and diffusion
of solar radiation. Consequently, we chose a model
whose absorption satisfies Beer’s law in order to deter-
mine the real surface temperature ‘7., :
r—1

Toy=Axx+B+ meoxexp(Kx) 4)]
where 4 and B represent integration constants
obtained from experimental data and A, is the con-
ductivity coefficient value of the semi-transparent
material, kept constant for

r—1
T -0 =B+mXE0 2)
and
r—1

To-ry=Axe+B+ x Ey x exp (— Kxe).

Amst X K
€)

With these corrections the error in the real surface
temperature measurement is finally brought back
down to +0.07°C.

For direct surface measurement of semi-transparent
materials we used 2 mm diameter thermocouples
whose initial calibration leads to an error measure-
ment of +0.2°C.

They are fixed following a technique defined by
Werling [5]. The head of the sensor is stuck with a
conductive paste (1, =2.5 W m™"' K7') to the inner
and outer surface of the semi-transparent material.
Wires of equivalent bar are stretched along the semi-
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Table 2. Influence of incident solar radiation upon tem-
perature pertubation inside a semi-transparent material

(PMMA)
Ey [Wm™? 200 400 600 800
T. [°C] 0.05 0.1 0.15 0.2

transparent material’s surface so as to follow, where
possible, an isothermal line.

Finaily, a south oriented cell, Fig. 3, equipped with
a weather station, provided support for the entire
experimental system.

3. EXPERIMENTAL RESULTS

The results correspond to significant solar radiation
and wind speed climatic sequences that we selected
from experimental data.

3.1. Study of solar radiation’s influence on measurement

This study is presented at different times and for
various solar radiation values and flow wind speed
values (V,, < 1 m s™") (Figs. 4-6).

These curves show that internal temperature
measurements (*) of the plastic semi-transparent
material are aligned when there is no solar radiation
(during the night) or when solar radiation values are
lower than 150 W m~2 (Figs. 4 and 5). However, for
higher solar radiation values, Fig. 6, it can be seen
that internal temperatures are not aligned. This con-
firms that the semi-transparent material absorbs solar
radiation.

On the other hand, we can see that direct surface
temperature measurements (*) of all these curves do
not have the same value as for measurements extra-
polated (@) from the internal temperature field. These
differences represent surface temperature measure-
ment errots for a semi-transparent material which will
be investigated in the next section.

3.2. Study of wind speed’s influence on measurement

Figure 7 shows the influence of wind speed on direct
surface measurement. When the wind speed increases,
the positive difference T, — T, decreases, and, finally,
for high wind speeds, becomes negative on the outer
semi-transparent material surface.

Table 1. General characteristics of semi-transparent materials

Type of material Ordinary glass Plastic (PMMA)
Thickness [mm] 8 8
Conductivity coefficient [W m~' K] 1.15 0.2
Extinction coefficient [m ™) 15 20
Total emissivity 0.95 0.95
Solar absorption coefficient 0.06% 0.15%

tNormal incidence.
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Fig. 3. Experimental cell : semi-transparent material positions.

Temperature
i [°C} i

Temperature
A [°Cl
Aty
=0.1

0 2 4 6 8
Thickness [mm]

o r 1
0 2 4 6 8

Thickness [mm]

Fig. 4. Internal and surface temperatures measured in semi-transparent material (PMMA) at different
times during the night and for wind speed <1ms™'.

This observation provides confirmation that con-
vective heat exchanges can have a significant influence
on the surface measurement error.

4. MODEL DESCRIPTION

4.1. Aim of model

Systematic reproduction of recorded discrepancies
for different solar radiation values and wind speed
values has led us to develop a corrective model for
surface temperature measurement of semi-transparent
materials. This model’s aim is to reduce experimental
differences between the measured surface temperature
and the equivalent true value obtained through extra-
polation for all cases (Fig. 8).

4.2. Assumptions
Our theoretical model must take the respective
influences of wind and solar radiation into account,

but must also integrate other thermal phenomena
depending on measurement techniques. If we consider
a temperature sensor such as a thermocouple applied
to a semi-transparent material, it can be represented,
Fig. 9, by a physical diagram. This approach has led
us to make the following prior assumptions :

(1) thermocouple fixation and/or protection pro-
cesses are represented by two thermal resistances, R;,
and R;,;

(2) contact imperfections between the thermo-
couple and the semi-transparent material are taken
into account by a contact resistance denoted R, ;

(3) line flux convergence at the measurement
location is taken into account by a macroconstriction
resistance R, ;

(4) thermocouple wires are assumed to be the equi-
valent bar with a given diameter and parallel to the
semi-transparent measurement surface ;
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Fig. 5. Internal and surface temperatures measured in semi-transparent material (PMMA) at different
times with no wind and for low incident solar radiation (<250 W m~2).
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Fig. 6. Internal and surface temperatures measured in plastic material (PMMA) at different times and for
high incident solar radiation (>700 W m~2).

(5) finally, superficial exchanges occurring
extremely close to the sensitive part of the sensor
(thermocouple head) and the equivalent bar (con-
nection wires) are represented by two overall thermal
resistances, R, and R,;.

4.3. Set of equations

The analogical diagram shown in Fig. 10 allows us
to write a set of equations whose different terms are
defined in the nomenclature above:

T,—T, = Ry x®
Tp—Tm = (Rct+Ril)Xd)
Tm_Teb =Rebx®b

Tm~Tms= iZXq)c
T —Tee = R X @,
® = D, +,
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where equation (9) satisfies the first energy con-
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Fig. 7. Internal and surface temperatures measured in plastic material (PMMA) at different times for high
incident solar radiation values (>700 W m~2) and for varying wind speed values.
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Equivalent bar

Fig. 10. Analogical diagram.

servation principle, and the flux ® represents the sum
of evacuated fluxes along connection wires and the
sensor’s sensitive part.

If we add equations (4) and (5) we obtain the fol-
lowing relation :

I,—T, = (R, + Ry + R xP=RxD (10)
with ;
R=R,+Ry+Ry. o)
Equation (5) gives:
Tm_Teh
o, =—-. 12
b R, (12)

If we add equations (7) and (8) we obtain the fol-
lowing relation :

Trn - Tec = (Rec+Ri2) X(I)c- (13)

If we take into account equation (9) we can write:
Ts_T;n Tm~Teb Tm_Tec

= . 14

R - R, TRR, 9

This last equation allows the value of ‘T, repre-
senting the real surface temperature calculated by our
model in relation to the different thermal resistances
and equivalent temperatures to be determined :

y P ) PUE S S
o Ry, R.+Rp

Teb ch
—R . 15
x {Reb+Rm+Ru} 13

As we only know the value of ‘T;,’, we now need to
calculate ‘7; in order to evaluate all parameters for
the second member of equation (15).

4.4. Evaluation of main terms

4.4.1. Calculation of equivalent temperature T, This
equivalent temperature is associated with the sensor’s
sensitive part (thermocouple head). It was calculated
by writing a thermal balance F, for the surface S,
sensor’s sensitive part:

F.=H/x Sec(T;'ns_ Tr) +Hcc X Sec(Tms - Taf) _chc
(16)
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where @, represents solar radiation absorbed by the
sensor head :

IIx D}

D, =a, X Eg XS, =0, X Ey X 4

an
F, can take a more simple form, as expressed in
terms of the following parameters :

T.. being the equivalent temperature sought for;
H,_ being an overall superficial exchange coefficient
with: H,. = H,+ H,

Fc = chxsec(Tms—Tec)' (18)

If we assume equations (17) and (18) to be equal,
we can write :

E
H xTy+H xT. x (ac x7°>

7 .19

g

Tec=

4.4.2. Calculation of equivalent temperature T.,.
Applying the same reasoning, we can write a thermal
balance for a length L, of the equivalent bar:

S, Se
Fy = Hyx—2(To—T.) + Hoy x 2 (T~ T))

2 2
+Hy xS (T —T,)—D,,  (20)
with :
S = x Dy x Ly 21
Dy =, X Eqg XS,y =0, X Eg x Dy X Ly, (22)

Two other calculations were needed. They concern,
respectively, the ambient temperature T, and the con-
vective superficial exchange coefficient H, close to the
equivalent bar.

These two terms are given by the following
equations:

H,xé
A

H,=05xpxV xCyxCix Pr 23,

T,=T,~

(Ts - Taf) (23)

24

The equivalent bar temperature T, is written as an
expression of F,:

Fy = Hy, X Sp (T, — T,). (25

Equality between equations (20) and (25) and using
relations (22) and (23) allows the final equation for
T., to be obtained :

othEo

Teb= l-I

1 Hrb
H—gbI: 2 (Ts+Tr)+chXTs+

HyxH,xd
e G P ED

4.4.3. Thermal resistance determinations
4.4.3.1. Macroconstriction resistance. As the contact
zone between the sensor head of the thermocouple and
the semi-transparent material can satisfy the condition
determined by the work of Yovanovitch et al. [8] and
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Cassagne [9], we considered the macroconstriction
resistance to be independent of boundary conditions
on the opposite face.

Thus, the macroconstriction resistance representing
line flux convergence towards the measurement zone
is given by the following equation [10}] :

1
T 2X Do X At

For the purpose of our study, the contact diameter
D.. was evaluated as 0.4 mm.

R, 27

4.4.3.2. Thermal contact resistance. The contact resist-
ance value is difficult to determine, as contact between
two solids is only effective through a small surface
area, in the middle of which is situated the interface
material (conductive paste). Several methods requir-
ing an accurate description of the cross-section are
governed by perfectly well known geometrical rules
[11, 12]. As it is not our case we finally chose to
assimilate the contact resistance R, with the thermal
resistance of the conductive paste which is used to fix
the temperature sensor’s head.

R, can therefore be expressed by the following
relation :

——E"——. (28)
Ao XTI x RZ,

4.4.3.3. Ry, fixation and R, thermal resistance protec-
tion. These values represent the conductive paste’s
influence on measurement. Our experimental obser-
vations led us to adopt a conventional formulation :

E
= (29)
Ap XTI x Ry
4.4.3.4, Thermal resistance R,. This represents the
overall thermal heat exchanges on the sensor’s sen-

sitive part:

Rct =

Rii

1

Ro=———
“ Hy xS,

(30)
with
ch = Hcc+Hrc (31)

where H,, represents overall superficial exchanges by
convection (H,) and radiation (H,,), and S, is equal
to the sensor exchange surface (thermocouple head)
for fixation and/or protection processes. For our cal-
culations we assumed that it was a half-sphere:

1 D
Sec=§{4xnx[7] }

4.4.3.5. Thermal resistance R ,. This thermal resistance
represents overall superficial exchanges close to the
equivalent bar. As this can be assumed to correspond
to a fin effect, the superficial thermal resistance was
determined by the following relation:

2
" TIX Dya/(Hg X Ay X Dy)

(32)

Re, (33)

with
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Hgb = ch+Hrb' (34)

Note that some terms appearing in the equivalent
temperature determination have not been defined,
but, as they are expressions or classical assumptions
about convective or radiative heat exchange co-
efficients, they are provided in the Appendix.

5. VALIDATION OF MODEL ON SEMI-
TRANSPARENT MATERIAL (PMMA)

Validation of the corrective model was carried out
using real site measurements obtained from a plastic
semi-transparent material (PMMA) and covering sev-
eral climatic sequences. Only two of these were selec-
ted to show our model’s advantage when strong cli-
matic conditions relating wind speed and solar
radiation occur.

The first set of measurements corresponds to low
wind speed values (V,, < 1.6 m s™') and high solar
radiation values (E, > 700 W m~?).

The second set of measurements presents irregular
and low solar radiation values and higher wind speed
values 2.1 <V, <42ms™ ).

For each of these climatic sequences a table illus-
trates successive values for:

(1) surface temperature measurement 7, ;

(2) wind velocity V., ;

(3) outside ambient temperature 7;;

(4) vertical incident overall solar radiation on semi-
transparent material E,;

(5) real surface temperature T, ;

(6) corrected surface temperature T, and

(7) temperature difference T, — T, denoted AT.

Further, if we consider a real case contact resistance
value R, and fixation and/or protection resistances
values, R; will not be equal to zero. These values were
determined using equations (28) and (29), respec-
tively.

To evaluate R, equation (28) was used, assuming
its value to be equal to the fixation conductive paste’s
thermal resistance :

(a) conductive paste thickness E, = 0.5 mm;

(b) paste conductivity coefficient 4, =2.5 W m~
K~'and

(c) contact radius of the sensitive part of the thermo-
couple R, = 0.2 mm.

1

Numerical application gives R, = 1600°C W~".

To evaluate R;;, equation (29) was used. Experience
shows that the fixation resistance R;, is included
implicitly in the value for R,. It is therefore sufficient
to determine the value of R, :

(a) thickness of conductive paste for protection
E,=0.5mm;

(b) paste conductivity coefficient 4, =2.5 W m~
K~'and

(c) sensor contact radius R, (D./2) = 0.2 mm.

1
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Table 3.1

Tn VvV T, E, T, T, AT
[°C] [ms™'] [°Cl (Wm™7 [°C] [°C] [°Cl
249 1.1 15.4 729 24.5 24.2 -0.3
26.5 1 16.1 739 26 25.8 —-0.2
27 1.1 15.7 745 26.8 26.7 —-0.2
17.3 1.4 8.6 738 17 16.9 —0.1
18.2 1.2 9 759 17.9 17.7 —-0.2
19.5 1.1 9.6 775 18.9 18.8 -0.1
19.6 1.6 10 781 19.5 19.6 +0.1
20.7 1.1 10.7 783 20.1 20 -0.1
217 1.1 10.8 775 21.3 21.2 —-0.1
22.8 1.1 11.1 748 22.7 22.6 -0.1
23.1 0.9 11.1 724 22.7 22.5 —-0.2
22.7 1.2 114 702 229 22.7 -0.2

1 Thermal resistances (R, = 1600°C W~

'; R, = 80°C W), Low wind speed values

(V., < 1.6 m s™"). High solar radiation values (E, > 700 W m~?).

Table 4.

T, v Ty E, T, T, AT
[°q [ms~] [°C] [Wm™?] [°C] [°C] [°C
15.0 2.8 14.2 120 15.2 15 —02
19.4 37 15.5 414 20 20 0.0
206 3.7 16.1 669 209 209 00
21.1 3.9 16.2 545 217 218 +0.1
211 42 16.1 471 22 2.1 +0.1
18.5 38 157 106 19.2 193 +0.1
16.4 3 15.2 52 16.8 167 —o0.1
16 29 16 56 16.3 162  —0.1
16.3 38 15 103 16.7 166 —0.1
16 32 14.8 80 16.4 162 —02
£5.4 23 14.5 32 15.7 156 —0.1
(5 2.5 14.3 17 15.4 152 —02

+ Thermal resistances (R, = 1600°C W~!; R, =80°C W~'). Wind speed values
(2.3 < V,, < 42ms™"). Irregular and low solar radiation values.

Numerical application gives R, = 80°C W~/

Validated results show that an analogical model can
correct the surface temperature measurement error to
bring it back within the range of the initial calibration
value. Subsisting temperature differences 7, — T, are
less than +0.2°C in the great majority of cases; see
Tables 3 and 4.

Two examples can be used to illustrate this fact:

(1) For high level solar radiation (E; > 700 W
m~?) and low wind speed values, the highest tem-
perature difference T,,— T, recorded is equal, before
model correction, to 0.6°C (Table 3). This difference
decreases after correction to a value of T,— T, equi-
valent to —0.1°C.

(2) For lower level solar radiation and high wind
speed values (V,, =4.2 m s7'), the greatest tem-
perature difference 7, — T, recorded was equal, before
model correction to —0.9°C (Table 3). This tem-
perature difference decreases after correction to a
value of T,~— T, equivalent to +0.1°C.

6. SIMULATION RESULTS

If we consider that our model is correctly validated
we can use it as a predictive model to simulate con-
figurations which differ from the experimental con-
figuration. These simulation results can be applied to
a plastic semi-transparent material (PMMA) or to a
single pane of ordinary glass.

We used this model to correct measurement errors
of a single ordinary pane. This model mainly concerns
correction results, as there is no known method for
incorporating thermocouples inside a semi-trans-
parent material like ordinary glass. The model does
not therefore appear in the results set forth in Tables
6 and 7, whether for real surface temperatures 7, or
T,— T, differences.

These tables show that our model tends to behave
as we would expect it to. For high solar radiation
values, calculated surface temperatures T, are lower
than measured surface temperatures T,,. Conversely,
where wind speed increases, the model gives higher
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semi-transparent material and cannot be used to cor-
rect the inside surface temperature for the material, as
for this purpose we would have to know the radiative
heat exchanges inside the enclosure. Unsteady state
simulation would therefore be required. Our labora-
tory is currently working on this problem.

(2) On the other hand, the model is of vital interest
when extreme solar radiation and wind speed climatic
conditions occur. Indeed, the model is best adapted to
conditions where significant differences occur between
real surface temperatures and measured surface

2806
Table 5.

Tm 14 Taf ED Ts
(C)  (ms™) O (Wm™) O
23.7 1.1 15.4 729 229
24.9 1 16.1 739 24
25.5 1.1 15.7 745 25.5
16.1 1.4 8.6 738 15.5
16.4 1.2 9 759 15.5
17.6 1.1 9.6 715 16.6
18.2 1.6 10 781 17.9
19.8 1.1 10.7 783 19
20.2 11 10.8 715 19.5
214 1.1 11.1 748 209
21.5 0.9 11.1 724 20.8
21 1.2 11.4 702 20.7

+Thermal resistances (R, = 1600°C W~'; R, = 80°C
W), Low wind speed values (V, < 1.6 m s~"). High solar
radiation values (E, > 700 W m~?)

Table 6.
T, v T, E, T,
O (ms™) () (Wm~™?) °C)
15.3 2.8 14.2 120 15.4
18.9 3.7 15.5 414 193

19.9 3.7 16.1 669 20

20.1 3.9 16.2 545 204
20.2 42 16.1 471 20.8
18 3.8 15.7 106 18.5
16.1 3 15.2 52 16.3
159 29 15 56 16

15.8 38 15 103 159
15.5 32 14.8 80 15.6
15 23 14.5 32 15.1
14.7 2.5 14.3 17 14.8

+ Thermal resistances (R, = 1600°C W~!; R, = 80°C
W), Wind speed values (2.3 < V,, < 4.2 m s™"). Irregular
and low solar radiation values.

calculated surface temperatures 7, than measured
values T,,.

We can therefore conclude that our model can be
used for other materials than a plastic semi-trans-
parent material (PMMA).

7. CONCLUSIONS

The various results obtained from real site exper-
imentation allowed us to validate a corrective model
for a plastic semi-transparent material (PMMA). In
the great majority of cases, we can translate directly
measured surface temperature values into extra-
polated real surface temperature values using an
internal temperature field.

Further, the model can be used predictively to cor-
rect measured surface temperatures for materials
other than plastic semi-transparent materials.

However, the model presents certain weaknesses.

(1) On the one hand, it is only designed to correct
the outside surface temperature in a single pane of

temperatures.

1

2.

10.

11.

12.

13.

14.
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APPENDIX A. SUPERFICIAL HEAT EXCHANGE
COEFFICIENT DETERMINATION

A.1. Case of radiative exchange coefficients

We retained linearised values where T, represents the head

sensor temperature and Ty, that for the equivalent bar.
Generally speaking, exchanges can be expressed as fol-

lows:

@, = H. xS, (T1 - T2)

where H, represents the linearised superficial exchange
coefficient.
We thus obtain:

H. = 4xeg, xoxT: for the sensible part of the sensor;

H,, = 4xg, xgx T} for the equivalent bar.

A.2. Case of convective exchange coefficients

A.2.1. Case of sensor. As the convective heat exchange
could not be determined accurately, we assumed that the flux
density ¢, can be divided into two components.

The first components ¢, concerns the evacuated flux den-
sity of the semi-transparent material, and is expressed by the
following relation :

@ = Hcl X (Ts_Taf)'

The second component ¢, concerns the evacuated flux
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density for the sensor head and is expressed by the following
relation :
@2 = ch X (Tms—Ts)

For H,, a relation developed in terms of wind speed [13]
was retained :

H,y = 3.04x (V+0.6)%5%5,

For H,,, relations taking temperature differences into
account were retained, expressed as follows [14] :

H,, = 1.88 x ABS(T, — T,))**2.

A.2.2. Case of equivalent bar. The presence of the equi-
valent bar for the convective limit flow can be taken into
account through the coeflicient H,,. This coefficient is ex-
pressed by the following relation [15]:

A
H, = > (0.4 x Red*+0.06 x Rel*) x P2-¢¢
b

where Re, represents the Reynolds number related to the
equivalent bar.

B. RADIATIVE CHARACTERISTICS

Certain calculations need knowledge of the short and long
wavelength absorption and emissivity coefficients for the sen-
sitive part and the equivalent bar of the sensor.

Values provided in Table B1 are obtained from measure-
ments and detailed calculations [16).

Table B1. Radiative characteristics of different parts of thermocouple

Type of coefficient

Head of sensor Equivalent bar

Short wavelength absorption coefficient
Long wavelength emissivity coefficient

0.177
0.95

0.389
0.31




