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Abstract

The current growing interest on the use of polymer films is mainly attributed to their suit-
ability as glazing and construction materials in various fields of contemporary technology.
Polymerised vinyl fluoride (Tedlar) films are nowdays considered as very suitable for construc-
tion and energy applications. Most polymer films are partly transparent, showing a strongly
selective absorbing behaviour at the infrared spectrum. Their total hemispherical infrared trans-
mittance which depends on radiant source temperature and film thickness, is a very useful
fundamental property for energy balance and heat transfer calculations. However it is not
always possible to locate information about this property in the literature. In the present investi-
gation the calculation of the total infrared transmittance of Tedlar films is presented, based
on recent spectral transmittance measurements of commercial tedlar films for the wavelength
band between 2.5-425m and for a broad range of radiant source temperatures between —
20 to 500 C. Results from the present analysis were found to be in reasonable agreement with
earlier data, derived for a specific film thickness and for a narrow range of radiant source
temperatures by Willier.
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1. Introduction

The investigation of radiative properties of thin solid films had been the subject
of substantial theoretical and applied research over the past few decades [1,2], owing
to their considerable practical importance in optical and photovoltaic components.
However, remarkably less attention has been devoted to the investigation of optical
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Nomenclature

b Film thickness (m);

I Radiation intensity (W.m~32);
n Refractive index (-);

n Complex refractive index;

Q Correction factor (-);

r Reflecrion loss coefficient (-);
wn Wavenumber (cm™%);

X Optical path length (m);
Subscripts

a Air;

b Film thickness;

f Film;

A Wavelength;

Greek Letters

a Absorption coefficient (m™1);
0 Angle of incidence;

K Electromagnetic extinction coefficient (-);
A Wavelength (m);

T Transmission coefficient (-);
[0} Refraction angle.

and radiative properties of polymer films, which are crucia for a broad range of
modern engineering applications.

In the field of radiative cooling technology, where polymer films are being
employed as convection supressing windscreens to the radiative surfaces, their funda-
mental characteristic of partial infrared transmission is being employed for the radiat-
ive heat exchange with clear night skies through the atmospheric transmittance win-
dow. The development of a radiative heat exchange analysis, aiming at the cooling
performance of the radiative panels, is based on an accurate prediction of the total
infrared transmission as a function of the film thickness and radiant source tempera-
ture.

Previous investigations on the derivation of the collector loss coefficients for col-
lector glazings involving polymer films by Hollands and Wright [3] and the perform-
ance of radiant panels with convection supression polymer film covers by Jannot
and Coulibaly [4], have been based on assuming a fixed average estimated value of
total hemispherical transmittance of polymer films over a broad wavelength range.
Wijeysundera and Igbal [5], investigated the effect of an upper plastic film thickness
on the collector top loss coefficient. For the purpose of their heat tranfer calculations
Edwards and Rhee [6], have calculated the total Teflon film transmittance using
spectral data previously reported in the literature. Although the calculation details
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are completely lacking, total transmittance values around 20% were reported for a
0.1 mm teflon film.

The assumption of using a selective absorber with a step emissivity behaviour at
the transmittance window of the film may strongly ssimplify the situation, allowing
the elimination of the calculation of the hemispherical normal broadband IR trans-
mission of polymer films. An absorber of this kind with a strong step absorptivity
behaviour within the narrow atmospheric transmittance window between 8-13 um
was employed for example by Catanalotti et a. [7], who for the purpose of his
analysis was simply assigned a fixed transmittance value for the specifically
employed polyethylene film, based on the average value of three IR spectral transmit-
tance measurements, corresponding to the edge and midpoint wavelengths of the
transmittance window. Although this procedure is not strictly valid for other than
strong selective absorbers, such an estimated polyethylene transmittance was also
employed as a first order approach in subsequent investigations [8], involving ordi-
nary gray absorbers, owing to the lack of more suitable data.

The radiation spectrum of most polymers contains a large number of resonances
in the near and far IR parts of the electromagnetic spectrum. This is attributed to the
molecular structure of most polymers which is fundamentally composed of randomly
oriented, long-chained polymeric molecules, the excitation of radical bonds of which
usualy causes a large number of sharp resonances.

Willier [9], was the first who estimated the total transmittance of the earlier type
20, 0.1 mm Tedlar film for a relatively narrow temperature range of the blackbody
source temperatures between 0 and 200 °C, using spectral extinction data for the
earlier developed film over the limited IR wavelength band between 2-16 um. The
aim of his original investigation was the performance prediction of solar collectors
using Tedlar films instead of glass panes as a glazing material. Although extensive
details of his analysis are not available from his original manuscript, it appears that
these earlier calculations were based on graphical integration using cumulative black
body radiation tables under the assumption of the Beer's exponential attenuation
law. However, the insufficient data combined with the inadequate procedures then
employed, leads to rather limited confidence on the results of this earlier analysis
aiming at the evaluation of the total IR transmittance of the specific 0.1 mm thickness
Tedlar film.

To avoid the inconvenience of handling sharply varying spectral absorption data,
an aternative simple approximate technique has been proposed by Tien et a. [10],
based on the derivation of band averaged optical constants similar to the approach
adopted by subsequent investigators [11,12], for the calculation of total transmission
through a liquid water layer which also behaves as a strongly selective absorber.

2. The potential of polymer films in contemporary technology
The use of polymer films as glazing materials appear currently to expand in the

modern architectural design, horticulture, greenhouse construction and other engin-
eering or higher temperature industrial applications. Although glassis still considered
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to be a traditional structural and construction material of indisputable qualities, cer-
tain polymer films appear to possess the potential to compete with glass in many
aspects of contemporary technology.

The idea of using plastic films to replace glass in certain technological fields is
not new. Numerous polymer films with specific qualities were developed and manu-
factured under various trade names during the past decades, like Mylar (Polyesters),
Kapton (Polyamide) and Tensiltarp (Polyethylene). Among them the Polymerised
vinyl fluoride films (Tedlar) were proposed a few decades ago by Edlin [13,14], for
use as top or inner glazing materials in solar collectors, especialy when fragility,
weight and cost considerations dominate.

Although this material was first developed in the early 1940s as a result of the
extensive fluorocarbon research program, it took almost two decades of field ageing
testing to confirm its qualities and advanced properties, which led to the first com-
mercial production of Tedlar films almost 40 years ago by Dupont.

During the last few decades a variety of ageing tests in pilot building and solar
collector glazing systems for the earlier and subsequent improved types of Tedlar
films under the designation numbers 20 and 400BG20TR respectively, allowed the
continuous improvement of chemical composition and a growing confidence in these
films. This improvement has led to the development of the latest improved film
designated as 400BG20SE which was developed specifically for solar energy tech-
nology.

Although this low-cost material may not yet compete with glass as regards its
undisputable superior spectral qualities (glass is non weatherable, completely opaque
in the IR spectrum materia), it would be quite suitable as inner or even outer glazing
where large size, lightweight, in situ assembled design of solar collector arrays is
important. As soon as at least afive year confidence against ageing for low tempera-
ture applications is securely be established, the material may possibly begin to
replace glass from usual building construction or solar energy applications, especially
for volume production of solar collectors.

Polymers are aready considered not only potential glazing materials but also suit-
able aslow cogt, all plastic modular mass production solar water heaters and associa-
ted components [15,16].

3. The analysis of radiation absorption in polymer films

The extinction of electromagnetic radiation in imperfect dielectricsis characterised
by the so called complex refractive index, the real and imaginary parts of which are
the refractive index and extinction coefficient of the material,

n=n-—jk @)

Certain polymer films appear to have a slightly cloudy appearance. This s attributed
to their heterogeneous structure with usually coexisting ordered and disordered
domains of macromolecules, which causes scattering phenomena that are not always
simple to predict. When a monochromatic beam of intensity [4(A,8) propagates at
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the direction 0 in apartially absorbing and negligibly scattering medium, it undergoes
attenuation according to Beer's law which is proportiona to its optical path length
X,

[,(1,60) = 15(A,0).exp(—ox.X) (2

where o is the spectral absorption coefficient which is given according to the elec-
tromagnetic theory (Siegel and Howell [17]) by the expression,

©)

When the beam is incident at the surface of a polymer film at an incidence angle
0, a fraction of 14(A,0).r(0) is reflected, where r(0) is the Fresnell reflection loss
coefficient at the polymer-air interface. The remaining radiation intensity just cross-
ing the interface which is[1 — r(0)].1,(1,0), will propagate through the material and
will suffer an exponential attenuation according to Beer's law. The radiation intensity
just before crossing the second polymer-air interfface will be [1 —
r(0)].1oA,0).expl — o,.X] and the emerging intensity will become [1 —
r(0)]2.14(4,0).exp[ — a,.x], as a result of a second reflection loss at the polymer-
air interface.

The transmitted intensity as shown in Fig. 1, is the contribution of all multiple
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Fig. 1. Thefull account of radiant energy flow componentsin a system allowing multiple internal reflec-

tions with reference to a constant thickness polymer film.
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transmission components and it is calculated as the summation of their infinite series
by the expression,

[1-r(0)]?14(2.6)
1—-r(6)2.exp[—2a,.X]

1«(2.0) = -exp[—onX] (4)

Assuming that the film thickness is b, the expression (4) becomes
[,(1,0) = [1-1(0)]%16(A,0).[1—r(0).exp[ — 20\ b/ cosp(6)]] L.exp[

—at,.b/ cosp(6)] %)
where ¢(0) is the refraction angle which is assumed to satisfy Shnell’s law,
@ = arcsin[(1/n;).sind] (6)

Lodenquai [18], suggested that the transmission expression (5) should be corrected
by the introduction of the extra multiplicative factor Q; arising from the complex
nature of the refractive index of the partially conducting polymer film, which is
expressed as

Qr = [re(na/ng).re(ng/n)] ()

where n, and n; the complex refractive indices of air and polymer film respectively.
Assuming that air can be clearly considered as a perfect dielectric materia with a
complex refractive index of n, = 1, while the complex refractive index of the poly-
mer film materia is expressed in terms of its real and imaginary parts,

Ny = Ne—jk
it can easily be derived that,
Qf =1+ ((X)\.l/47[nf)2 (8)

Numerical values of n; which are usually available from the literature, refer amost
always to the fixed wavelength of the sodium D line at A = 0.58932 um as a result
of Abbe refractometry measurements. According to reported data from Edlin [19],
it would be reasonable to assume an average value of n; = 1.425 for Tedlar corre-
sponding to the wavelength region between near and far IR.

An inspection of the calculated absorption coefficient data for the polymer film
under consideration in Fig. 2 suggests maximum values lower than about 50000 m
1 for wavelengths around 12 um, which for n; = 1.425 leads to an estimated numeri-
cal value of the quantity (Q;—1) is around 103, Since the measurement as well as
graphical compilation errors are considered to be in the order of 1072, the effect of
the corrective factor for the practical polymer film thicknesses becomes negligible.

The expression (5) for normal incidence becomes,

1,(4,0) = [1—r(0)]2.[1—r(0)2.exp[ — 20, b]] 2.1 o(A,0).exp(—cty.b) )

The Fresnell reflection coefficient at the air-polymer interface is determined by the
refractive index of polymer material, which for normal incidence is
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Fig. 2. The calculated spectral absorption coefficient of the type 400SE tedlar film which was employed
for the evaluation of total film transmission through the expression (15) in the wavelength band between
2.5-42.5 pm.

r(0) = [(n—1)% + f]/[(ny + 1)* + «f] (10)
which for n; > > k;, as happens in polymer films becomes,
r0) = [(n—=1)/(ne + 1) (11)

For n; = 1.425, the estimated reflection loss coefficient as derived from (11) is about
r(0) = 0.030, something which leadsto r(0)2.exp [ — 2c,.b] < < 1for dl practical
film thicknesses and therefore the expression (9) becomes,

15(4,0) = [1-r(0)].Is(A.0).exp[ —ar.b] (12
As soon as the spectral absorption and normal incidence reflection loss coefficients
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are available, it is possible to calculate the total transmitted energy through a polymer
film of a given thickness b by the expression,

A

l, = [1-r(0)]2 f 16(1,0).exp[ — o b]dA (13)

where 14(A,0) the normally incident monochromatic radiation intensity from a gray
body and A i, A mex @€ the boundaries of the wavelength range under consideration.

Since the total transmission is defined as the ratio 7, = 1,/1,, it is calculated by
the expression,

A A

max

7, = [1-r(0)]> f 15(A,0).exp[ — o, b]dA/ f 144,00 (14)

max

Amin Amin

where |, is the total incident energy at the polymer film surface.

4, Results and discussion

For the calculation of the total film transmittance at a certain blackbody tempera-
ture according to the expression (14) it is necessary to rely on spectral absorption
coefficient data cr,, of sufficient wavelength resolution. It would be possibly con-
venient to obtain these data from existing values of the imaginary part of the refrac-
tive index. However since such data are usualy lacking, it would be obvious that
their calculation should be carried out by the following expression

o, = [2In[1—r(0)]—Inz(1,0)] /b (15)

using measured normal incidence spectral transmission data 7(4,0), of an adequate
wavelength resolution over a sufficiently wide wavelength range and the estimated
values of the normal incidence reflection loss coefficient r(0). Such data can be
derived using a suitable near and far IR radiation spectrophotometer, involving a
flat response detector and an intergrating sphere to allow measurement of forward
scattered radiation.

Unfortunately spectral transmission data corresponding to a relatively wide IR
spectrum are usually scarce, and one has to rely on relatively narrow band data or
incomplete measurements, of sometimes questionable reliability which sporadically
appear in the literature.

For the purpose of the present anaysis it was found that the most reliable data
are those published for the latest type 0.1 mm Tedlar film under the designation
number 400BG20SE PVF by DuPont [20], which are available from the manufac-
turers technical specification sheets. They are presented in the form of spectral trans-
mission graphs, where the measured transmission is plotted against the wavenumber
wn(cm™1), where wn = (100.1) 1 for an appreciably wide wavelength range corre-
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sponding to between about 2 up to 40 um. After scanning and compilation of these
data, alinear axes spectral transmittance plot was drawn as a function of wavelength
in the range between 2.5-42.5 um as shown in Fig. 2. In this plot the various reson-
ance bands and transmission windows are shown, among which the 13-18 pm, 21—
25 um, 33-40 pm and especially the 26 um predominate.

These data were employed for the evaluation of the spectral absorption coefficient
o, which was calculated for the specified film thickness and the normal incidence
reflection loss coefficient r(0) throughout the expression (14). It is obvious that the
so calculated transmittance corresponds to new films, since the environmental
exposure causes ageing, which leads to a subsequent increase of the measured spec-
tral absorption coefficient data and reduction of the total infrared transmittance. The
calculated approximately 400 spectral absorption coefficient values with a wave-
length resolution of 0.1 um were stored in a data file and plotted in the Fig. 3, in
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Fig. 3. The measured spectral transmission coefficient in linear and uniform coordinates as compiled
from wavenumber coordinate plots for the 0.1 mm (4 mil) type 400SE tedlar film.
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which the highest values of about 40,000 m~* are shown to lie in the wavelength
region between about 7 and 12 um.

The numerical value of the total film transmittance at a fixed radiant source tem-
perature which is given by the expression (14), clearly depends on the specified
integration limits. Most polymer films, although appearing to be highly transparent
up to about 2 um, begin to absorb strongly at longer wavelengths. For this reason
this wavelength usually marks the shortest wavelength boundary 4., within the
wavelength region, where the first strong near IR resonance occurs.

However, the selection of the longest wavelength boundary A . is dways practi-
cally determined by the longest wavelength of the spectral absorption data available
for the material under consideration. For this reason the calculated total transmission
by (14) may possibly differ from the values predicted by the same expression when
Amex—, €specially for very low blackbody temperatures. This is attributed to the
fact that there will probably be a substantial fraction of blackbody energy at longer
than A . wavelengths, where spectral absorption data are unavailable.

Therefore a reasonable accuracy is expected for those blackbody temperatures, for
which practically almost all the blackbody energy is distributed within the wave-
length band between A i, and A,

Let F and F be the fractions of total blackbody emission in the wavelength band
between 0-A i, = 2.5 um and 0-A o = 42.5 um respectively, which are calculated
from blackbody radiation functions in relationship to the blackbody temperature.

According to the Wien's displacement law for fixed A4, and A4, both F and
F are proportional to the blackbody temperature. This is shown in Fig. 4 in which
fractionsF and 1 — F are plotted as afunction of blackbody temperature. The black-
body energy contained within the wavelength band of interest is represented by the
difference F — F and is also plotted by the solid line. It is shown that a quite
substantial fraction of energy is contained within the band between 2.5-42.5 um for
the blackbody temperature range of —20 to 500 °C. This fraction ranges between a
minimum value of about 96% at the edges to a maximum value of more than 98%
around the midpoint of the temperature range between —20 to 500 °C. It can also
be seen that for the temperature range between about 90400 °C the energy fraction
increases even higher from about 96% to more than 98%, something which suggests
a sufficiently good accuracy of the derived results for the prescribed wavelength
range.

A numerical code was developed for the calculation of the total transmittance for
a fixed blackbody temperature, based on the numerical calculation of the integrals
in (14) using a microcoputer. The code initially alows the calculation and storage
of normalised black body spectral emmisive power data files |4(4,0) at a fixed tem-
perature from the Plank’s law. These, along with the spectral absorption data file,
are employed for the calculation of total film transmittance at the specified wave-
length domain, using the compounded Simpson’s law. The calculation of the total
transmittance values at a fixed temperature was repeatedly carried out for a radiant
source temperature ranging between —20 to 500 °C at 25 °C intervals and for a fixed
film thickness.

The results were plotted in Fig. 5, in which the total transmittance is shown as a
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Fig. 4. Plot of the blackbody energy fractions in the wavelength bands between 0-2.5 pm and 0-42.5
pm, F and F' respectively, as a function of the blackbody temperature between —20 and 500 °C. The
fractions 1-F and F' are plotted with dotted and dashed lines respectively. In the same plot the tota
energy content of the blackbody spectrum in the wavelength range between 2.5-42.5 um is also plotted
in solid line.

function of the radiant source temperature for four polymer film thicknesses of 0.05,
0.1, 0.2 and 0.5 mm. Clearly the derived transmittance is inversely proportiona to
the thickness of polymer film while the maximum transmittance varies from about
44% to almost 2% for film thicknesses ranging between 0.05 and 0.5 mm respect-
ively. It can aso be seen that for a fixed film thickness the minimum transmittance
occurs at the lower radiant source temperatures which is shifted at slightly lower
temperatures as the thickness increases from 0.05 to 0.5 mm. This is attributed to
the fact that the bulk of blackbody energy distribution for the lower radiant source
temperatures is between 9 to 12 um where the Tedlar film is almost completely
opague to the IR radiation. At higher temperatures the blackbody peak energy accord-
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Fig.5. The calculated total transmittance of type 400SE tedlar film was plotted against a blackbody
temperature —20-500 °C. The four solid lines correspond to the different film thicknesses of 0.05, 0.1,
0.2 and 0.5 mm. The broken line in the same plot corresponds to the calculated transmittance of the
earlier type 20, 4 mil (0.1 mm) tedlar film by Willier in the limited temperature range between 0-200 °C.

ing to the Wien's displacement law, is shifted towards shorter wavelengths where
Tedlar films are remarkably more transparent.

The calculated results from the original Willier's analysis, which correspond to
the earlier type 20, 0.1 mm Tedlar film for a blackbody temperature range 0-200
°C were transferred and plotted with a broken line in the same graph for comparison.
An inspection of graphical data shows a remarkable agreement between the results
from the earlier and the present analysis, especially at higher blackbody temperatures
between 100-200 °C. At the lower blackbody temperatures the agreement becomes
rather poor as the blackbody temperature decreases up to around 0 °C, where Williers
data overestimate the total transmittance by about 14%.
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5. Conclusions

The use of Tedlar films is very promising in various fields of the contemporary
technology and construction, more specifically for the design of simple low cost
solar collector fields and individual collectors, as well asin horticulture, architecture
and radiative cooling design. For these applications the radiative properties and more
specificaly the infrared transmittance of these films is necessary for a broad range
of radiant source temperatures. Towards this aim an anaysis was developed for the
calculation of the infrared transmittance, based on existing or easily derived spectral
absorption data by ordinary infrared spectrophotometric transmission measurements
over an adequately wide range of wavelengths. According to the derived results, the
total infrared transmittance of these films is proportional to the radiant source tem-
perature in the temperature range between about 80-500 °C. At lower radiant source
temperatures between —20 to 80 °C, it becomes only dlightly dependent, irrespective
of the film thickness, on the radiant source temperature, while transmittance values
of about 45, 27, 13 and 2% are expected for thicknesses of 0.05, 0.1, 0.2 and 0.5
mm respectively for near ambient blackbody temperatures.
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