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Abstract: The article presents summaries of works which have resulted in the presentation of

a formula making it possible to determine an approximate transmittance of an IR window used in
thermographic measurements of electric device temperatures. The equation was formulated after
analysing components of the IR radiation reaching the camera lens in case when an IR window was
not used and when an IR window was used. Conditions prevailing in course of the thermographic
temperature measurement of electric devices contained in the switchgear were recreated in

the performance of the works. The measurement system which was used in the experiment has been
presented. Components of the IR radiation reaching the camera lens in case when the IR window was
used and when the IR window was not used have been discussed. The obtained transmittance results
of windows VPFR-75 FRK100-CL have been compared against data from literary sources.

Stowa kluczowe: thermography, electric devices, metrology

1. Introduction

Diagnostics of electrical devices, understood as cyclical moni-
toring, the assessment of proper operation and in the case of
detection of irregularities, identification of the source of the
problem, plays an important role [1].

An excessive increase of temperature of electric devices may
lead to a serious failure. An excessive temperature of current
circuits can cause their structure to change and, consequently,
can cause their shape to irreversibly change and a short-cir-
cuit to occur [2, 3].

In case of current rails, temperature over the softening point
also causes the inner structure of the current rail to irreversibly
change and the current rail to yield.

The temperature of the wire used to connect the electric
devices is also important. An excessive temperature of an ope-
rational conductor may cause insulation to become damaged
and, consequently, it may lead to short-circuits between indi-
vidual conductors of wires in a bundle [4].
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Heating of operational conductors of wires, current rails and
current circuits of switchgears is related to the flow of operatio-
nal current or, in case of interferences, a short-circuit current.
Information about the temperature of these devices makes it
possible to answer a question how much one can load a given
element while still being able to ensure failure-free operation.

Electric devices are often installed in switchgears. It may be
hazardous or, in some cases, impossible to measure the tem-
perature of an electric device, wire or current rail by means of
a temperature contact sensor [6].

It is possible to employ the thermographic temperature
measurement to improve the safety of the person performing
the measurement. An additional advantage of this contactless
method is the registration of distribution of temperatures over
the selected area.

Registration of an improper distribution of temperatures on
the surface of elements will allow one to detect failure before it
occurs. In consequence, it is possible to plan the repair in such
a way as to reduce the device downtime-related costs.

Despite essential advantages, thermography also has draw-
backs. It is an imprecise method. Additionally, the measurement
result depends on a number of factors. The most important fac-
tors determining the value of the thermographic temperature
measurement include: emissivity coefficient value [7], reflected
temperature [8], distance between the thermographic camera
lens and the surface under observation [9], ambient temperature
[10], temperature of the external optical system [11], transmis-
sion of the external optical system [12], air humidity [13] and
registered thermogram sharpness [14].
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In practice, an IR window is often installed in switchgear
doors. When the IR window is used, it is no longer necessary
to open the switchgear during the measurement. Furthermore,
the use of an IR window increases the safety of the person per-
forming the measurement [15].

Two kinds of IR windows are used: crystalline and polymer-
-reinforced. IR windows can also be broken down by the length
of the IR radiation waves.

In case of the infrared radiation within the LWIR (Long Wave-
length Infrared) range, the frequently used material is calcium
fluoride, CaF,, while in case of the radiation within the MWIR
(Medium Wavelength Infrared) range, magnesium oxide MgF,
is often used to manufacture windows [17, 18].

However, no IR window lets through 100 % of the IR infra-
red radiation. This means that some IR radiation reaching the
camera lens is suppressed by the window.

The issue of limited transmission of the IR radiation thro-
ugh the IR window is particularly important in the quantita-
tive thermography when it is important to precisely measure
the temperature of the surface under observation. When an IR
window is placed between the object under observation and the
thermographic camera lens, the radiation beam reaching the
camera lens will be weaker. Consequently, the thermographic
camera indication will be underrated.

Therefore the information enabling compensation of the exter-
nal optical window effect is important. Literary sources describe
the dependency transmittance of the CaF, and MgO windows
on the transmitted radiation wavelength. The authors, however,
have not found a description of a method enabling one to inde-
pendently determine the IR window transmittance. Therefore,
research works were undertaken in order to demonstrate the
way to determine the transmittance of a crystalline IR window
made of CaF, To validate the method presented, it was decided
to determine the transmittance values for the IR windows made
of CaF, and to compare the values obtained against the data
from the literary sources.

2. Methodology

2.1. Measurement System

The undertaken research works required a measurement sys-
tem to be designed. Its major part was an infrared radiator.
The radiator employed consisted of two parts — an aluminium
block sized 21 cm X 21 cm coated with the Velvet Coating
811-21 paint and a radiator temperature control system [19].

The radiator has been designed in such a way as to emit IR
radiation only in one direction. The emissivity coefficient ¢ of
the paint which was used to paint the radiator has been deter-
mined within a range from 36 °C to 82 °C. The uncertainty
with which the emissivity coefficient was determined was 0.004
[19]. The radiator surface temperature was measured by means
of a thermocouple with a 0.1 °C resolution.

While taking the measurements, the radiator temperature was
changed within a range from 37.7 °C to 70 °C. The lower limit
of the range is the design temperature (according to PN-HD
60364-5-52), arbitrarily increased so as to keep the radiator
temperature significantly higher than the ambient temperature.
The upper limit of the assumed temperature range is the accep-
table temperature of the wire conductor in a polyvinyl chloride
(PVC) insulation [20].

The acceptable temperature of the wire conductor in a poly-
vinyl chloride (PVC) insulation is lower than the copper softe-
ning point (190-200 °C) [21] and the aluminium softening point
(100-150 °C). It was decided to select the lowest of the afore-
mentioned acceptable temperatures as the upper limit of the
adopted range.
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The radiator was placed inside a metal box sized 50 cm X
50 ecm X 50 cm. A 7.5 cm diameter hole was bored in the face
wall of the box. Crystalline IR windows VPFR-75 (IRISS, Bra-
denton, Florida, USA) [22] and FRK100-CL (Fluke, Evererett,
Washington, USA) [23] were alternately placed in the hole. The
IR windows used are presented (Fig. 1).

The Flir E50 thermographic camera (Flir, Winsonville, Ore-
gon USA) [24] was brought to the IR window (Fig. 2).
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a) b)

Fig. 1. IR windows being used: a) VPFR-75, b) FRK100-CL
Rys. 1. Wykorzystane okna transmisyjne: a) VPFR-75, b) FRK100-CL
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Fig. 2. Designed measurement station
Rys. 2. Skonstruowane stanowisko pomiarowe

2.2. IR Window Transmittance

The IR window transmittance is a ration of the IR radiation
registered in two cases — when the IR radiation reaches the
thermographic camera lens through the IR window and when
the IR radiation reaches the thermographic camera lens direc-
tly. The IR window transmittance can be described by means
of formula (1).

W, o
T =—Y = ,

v Wd o 193

Y, >0 (1)

where: 7 — IR window transmittance, W _— IR radiation
reaching the camera lens through an IR window, W, — IR radia-
tion reaching the thermographic camera lens directly, 9, — tem-
perature indicated by the thermographic camera after an IR
window has been used, &, — temperature indicated by the ther-
mographic camera without an IR window being used, o — the
Boltzmann constant equal to 5.67 cm x 107 W/(m? - K*).

One should notice that formula (1) is correct in case of a black
body. While analysing a real case, one should take into account
the following factors. For this purpose, the component values
W and W, should be analysed.

When the IR radiation directly reaches the thermographic
camera lens, it consists of three components: radiation emitted
by the radiator (2), radiation reflected from the radiator (3) and
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radiation emitted by air particles situated between the radiator
and the thermographic camera lens (4) [25].

& W, T, (2)
(1-¢)- M/;(ﬁy» T, 3)
1-z) W (4)

where: W, - radiation emitted by the radiator, € — emissivity
coefficient, 7, — atmosphere transmittance coefficient, Wmﬂr -
radiation reflected from the infrared radiator, W - radiation
emitted by air particles situated between the infrared radiator
and thermographic camera lens.

After taking the Stefan-Boltzmann law into account and sum-
ming up equations (2-4), value W, can be described by means
of equation (5)

_ 4
Wd - gT O 1901)]*

T, +(-¢g)o Oy 7, +(1-7,)0 0 -7,

()

where: ‘9017; — radiator surface temperature, STCﬂT — temperature
reflected from the radiator surface, 9, — ambient temperature.

Components of the IR radiation reaching the IR camera lens are
shown (Fig. 3). This components has been also showed in [26, 27].
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CAMERA
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Fig. 3. Components of the IR radiation reaching the thermographic
camera lens in case when no IR window is used

Rys. 3. Sktadowe promieniowania IR docierajacego do obiektywu kamery
termowizyjnej w przypadku, gdy nie zastosowano okna transmisyjnego
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Fig. 4. Components of the IR radiation reaching the thermographic
camera lens in case when an IR window is used

Rys. 4. Sktadowe promieniowania IR docierajacego do obiektywu kamery
termowizyjnej w przypadku, gdy zastosowano okno transmisyjne

After using an IR window, the analysis of components of the
radiation reaching the camera lens W, is more difficult [15].
Apart from the components described in equations (2)—(4), addi-
tional factors should be taken into account. In the case being
analysed, equation (2) takes the form of equation (6) and equ-
ation (3) takes the form of equation (7). In addition, one sho-
uld also take into account the IR radiation emitted by the IR
window surface (8) and the IR radiation reflected from the IR
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window surface (9). In the case being discussed, one can distin-
guish between two air layers situated between the IR radiator
and the IR window as well as between the IR window and the
IR radiator. Therefore one should take into account both the
radiation emitted by the air layer situated between the radiator
and the IR window (10) as well as the radiation between the IR
window and the thermographic camera lens (11).

The distribution of the IR radiation reaching the thermogra-
phic camera lens in the case of using the IR window has been
showed in [27, 28] and presented in this article (Fig. 4).

& Wy Tn T T, (6)
(T-e) W, 7, 7,7, (7)
(1-7) W, (8)
(1-e,)- W, (9)
Q-z)- W 7,7, (10)
(-7, W, (11)

where: WmﬁT — radiation reflected from the radiator, 7, — trans-
mittance of the air layer between the radiator and the box, 7,
— transmittance of the air layer between the box and the ther-
mographic camera lens, W, = — radiation of the air layer between
the radiator and the box, W - radiation emitted by the IR
window, 7 — IR window transmittance, W — radiation of the
air layer between the box and the thermographic camera lens,
¢, — emissivity coefficient of the IR window, Wmﬂw — radiation
reflected from the IR window.

In order to reduce the number of variables in the final equ-
ation, the following simplifications (12)—(14) have been adopted:

Tal = Ta2 = Ta (12)
ot = W = W, (13)
lgw = lga (14)

where: § — IR window temperature, 9, — air temperature.

Value W being a sum of equations (6)-(11) is presented in
equation (15). The Stefan-Boltzmann law and equations (12)—
(14) are taken into account.

W,

+1-7)0- 0 7, 1, +(1-7,)0 O T, +
+(1-7,)0 O +(1-¢,)0 O

reflw

_ 4 2 4 2
=(-¢&)o- By T, T, +E 0By T, T, +

(15)

By inserting equation (5) and (15) into equation (1) and
making transformations, one can obtain equation (16) which
makes it possible to determine the transmittance of the IR
window being used.

A
_iylammle e a)o st

Y B

A=W, [a,. 00T, +(1-€)0 Oy T,+(1-7,) 0 0 - Ta:|

B=(1-¢g)o Oy Ta+&.-0- 0T, +(1-7,)0 U5 - 7,

(16)
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The air transmittance value can be determined on the bases of
formulas presented in [29, 30]. In this case the distance between
thermographic camera lens and IR radiator was small. From this
reason, it was assumed that the air transmittance value is equal 1.

3. Results and Measurement

At the beginning, uniformity of the distribution of temperature
over the surface of the radiator which had been used in the
works performed was checked. For this purpose, a thermogram
presenting the IR radiator surface which had been painted with
the Velvet Coating 811-21 paint was made.

Then the matrix of temperatures on the surface under obse-
rvation was read out. The difference between the highest and
the lowest temperature registered on the surface of the radiator
was found to be 1.8 °C.

Then a metal box was put onto the radiator and the rationale
for the simplification presented in the formula (12) was verified.
For this purpose, the distance between the radiator and the IR
window, the distance between the IR window and the thermo-
graphic camera lens was measured. In both cases, the distance
did not exceed 5 cm. Also, value §, was measured by means of
the GM1365 Data Logger sensor. Values 4, measured during the
measurements ranged from 26.9 °C to 27.1 °C. Measurements
were taken for all values 90,’1. amounting to 37.9 °C, 40.2 °C,
53.2°C, 62.3 °C and 72.3 °C.

The value SreﬁT was measured by placing a bent and straighte-
ned aluminium film on the surface of the radiator. IR windows
are taken off, too. Then, the thermographic camera presets were
changed by selected the value ¢ = 1 and the camera lens —
radiator distance = 0 and the thermographic camera indication
was read out. It was attempted to take the measurement as
fast as possible so as to prevent the aluminium film from being
heated up by the IR radiator surface.

The value 3 o WAS determined in a similar way. In this case,
after an IR window has been installed, bent and straightened
aluminium film was placed on the IR window surface.

Having determined values 9m/h and 97\0_”7“, presets of the ther-
mographic camera were made in such a way as to recreate con-
ditions prevailing in the laboratory during the measurements.

Table 1. The results obtained during thermographic measurement of
temperature of IR radiator

with VFPR-75 IR window

Tabela 1. Wyniki uzyskane podczas termograficznego pomiaru temperatury
promiennika podczerwieni z okienkiem podczerwieni VFPR-75

For the same preset 190,}]., the result of a thermographic tem-
perature measurement for an IR radiator not covered by the IR
window, the result of a thermographic temperature measure-
ment for a radiator covered with the VFPR-75 window and the
result of a thermographic temperature measurement for an IR
radiator covered with the FRK100-CL window were read out.

Then, based on equation (16), the transmittance of both IR
windows was determined. After determining the transmittance,
the measurements were repeated. A computer with Flir Tools
software has been added to the measuring system.

The same temperature settings of the IR radiator were cho-
sen. The maximum wavelength of IR radiation emitted by the
IR radiator 4 was obtained on the basis of Wien’s law. The
results of measurements made without the use of infrared win-
dows were used for the calculations.

The settings of thermographic camera were controlled from
PC. In the field called “transmittance of the external optical
system” the determined value of 7, has been written. The results
obtained during measurement with the VFPR-75 IR window
are presented in table 1. The results obtained during measure-
ment with the FRK100-CL IR window are presented in table 2.

4. Conclusions

The result of the undertaken research work is a formula that
allows to determine the transmittance of the infrared win-
dow. The transmittance of the VFPR-75 and FRK100-CL
infrared windows in the temperature range corresponding to
the operating temperatures of electrical devices located in the
switchgear was also undertaken. The correctness of the deter-
mination of the transmittance with the infrared eye was veri-
fied experimentally.

Comparing the results of the infrared surface temperature
measurements of the IR radiator made without the use of an
infrared window with the infrared surface temperature measu-
rements of the radiator in which the infrared window was used
and the compensation of the infrared window influence, it can
be seen that the greatest temperature difference was about
4 °C (Table 1 and 2). The greatest differences between the
measurement results were noticed for the low temperature of

Table 2. The results obtained during thermographic measurement of
temperature of IR radiator with FRK100-CL IR window

Tabela 2. Wyniki uzyskane podczas termograficznego pomiaru temperatury
promiennika podczerwieni z oknem podczerwieni FRK100-CL

& S EE Bs §5.% 4 25 25 |58
- 23 | EZ 3 EE8% 2 : o 2 52 | 2257
= by %% | 5%= | %05 E S $3F | £%. |£32%
=) 5 = 2858 28% 5.2 = v © 5EE&0 ER 58% ¢
g E o ¥ SR Sl S B8 = S % 2wz 23 B | &
g < Z g R g7 9 g < o g §E £ g §Rz &
= S g g
S < S = o B R = 9 = S 2 Emg RS w3
2 9 x> £ % Loz L£°% 1 S 8 Q @ ) R 328
s % R £e= | fgy | EelE g% =B 238 | 2o |22,
Lp. - <8 R §3= | §EHC Lp. 5 S g 5 tEs 2E5 |EEE g
g £ s g 72 ol e g g ¢ T 9 £% 3 £8= | 82
g 8 £ S 8= S 3% 223¢g 5 g © 8 5= IR wg—= g
: SE | EEE | i3% | E::i: - 25| 223 | 22% |Enis
g 3 3 5 ¢ = S =p A5 |Esic
pm - °C °C °C nm _ oC oC oC
1 9.33 0.52 375 31.4 38.9 1 9.33 0.50 36.9 30.9 39.5
2 9.25 0.47 40.6 32.5 45.4 2 9.25 0.47 40.4 31.7 45.6
3 3.88 0.45 53.4 36.9 54.8 3 3.88 0.40 53.4 36.2 56.7
4 8.64 0.37 62.3 40.1 61.9 4 8.64 0.33 62.3 39.1 61.4
5 8.39 0.35 72.6 44.6 72.6 5 8.39 0.35 72.6 43.4 70.6
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the radiator. For high temperatures of the radiator, the dif-
ferences between the measurement results decreased. This is
a premise that proves the correctness and usefulness of the pro-
posed method.

It should be remembered that the proposed method enables
the determination of the approximate values of the transmis-
sion window. It can only be used in cases where it is sufficient
to use approximate transmittance values for the IR windows.
The accuracy with which the transmittance will be determined
depends on the precision with which the values of the variables
of the equation that allow the transmittance to be determined,
will be determined.
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Wyznaczanie transmitandji okien transmisyjnych wykonanych
z CaF, w zakresie temperatury pracy aparatow elektrycznych

Streszczenie: w artykule przedstawiono streszczenie prac, w wyniku ktérych uzyskano wzér
umozliwiajgcy wyznaczenie przyblizonej transmitancji okna transmisyjnego wykorzystywanego

w termograficznych pomiarach temperatur urzgdzen elekirycznych. Rownanie zostato sformutowane
po przeanalizowaniu sktadowych promieniowania podczerwonego docierajgcego do obiektywu
kamery w przypadku, gdy nie zastosowano okna transmisyjnego oraz w przypadku, gdy
zastosowano okno transmisyjne. W trakcie wykonywania prac odtworzono warunki panujgce podczas
termograficznego pomiaru temperatury urzgdzen elektrycznych znajdujgcych sie w rozdzielnicy.
Przedstawiono system pomiarowy zastosowany w eksperymencie. Omdwiono sktadowe
promieniowania podczerwonego docierajgcego do obiektywu kamery w przypadku, gdy okno
transmisyjne byto uzywane oraz w przypadku , gdy okno transmisyjne nie zostato zastosowane.
Uzyskane wyniki transmitancji okien VPFR-75 FRK100-CL poréwnano z danymi pochodzgcymi

z literatury.
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