Lawrence Berkeley National Laboratory
Recent Work

Title

A CORRELATION BETWEEN NORMAL AND HEMISPHERICAL EMISSIVITY OF LOW-EMISSIVITY
COATINGS ON GLASS

Permalink

https://escholarship.org/uc/item/7969{86m|

Authors

Rubin, M.
Arasteh, D.
Hartmann, J.

Publication Date
1987-06-01

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/7969j86m
https://escholarship.org
http://www.cdlib.org/

it

-
&

LBL-23384 _

Preprint

| Lawrence Berkeley Laboratory

UNIVERSITY OF CALIFORNIA

APPLIED SCIENCE il
DIVISION CERKELEY LABGRATORY
FEB1 1983

LIBRARY AND |
-"CCUMENTS SECTION

Published in International Communications in Heat and
Mass Transfer, Volume 14, Number 5, pp. 561-565

A Correlation between Normal and Hemispherical
Emissivity of Low-Emissivity Coatings on Glass

M. Rubin, D. Arasteh, and J. Hartmann -

June 1987 I - o -

. TWO-WEEK LOAN COPY

" This is a Librafy Circulaitin-g-r Copy S ‘
which may be borrowed for two weeks.

APPLIED SCIENCE
DIVISION

Prepared for the U.S. Department of Energy under Contract DE-AC03-76SF00098

NRS Sy ~ 17

<’



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



LBL-23384
OM-245
Published in International Communications in Heat and Mass Transfer, Volume 14, Number 5
(September/October 1987), pp. 561-565.

e

ch

A CORRELATION BETWEEN NORMAL AND HEMISPHERICAL EMISSIVITY
OF LOW-EMISSIVITY COATINGS ON GLASS

M.Rubin, D. Arasteh and J. Hartmann
Applied Science Division
Lawrence Berkeley Laboratory
University of California
Berkeley, CA 94720

June 1987

This work was supported by the Assistant Secretary for Conservation and Renewable Energy,
Office of Buildings and Community Systems, Building Systems Division of the U.S. Department
of Energy under Contract No. DE-AC03-76SF00098.



[

A CORRELATION BETWEEN NORMAL AND HEMISPHERICAL EMISSIVITY
OF LOW-EMISSIVITY COATINGS ON GLASS
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ABSTRACT

Transparent low-emissivity coatings are commonly used to reduce the thermal conductance of
windows. It is important to be able to characterize and compare the wide variety of these
coatings that are now available. The property that best describes the effectiveness of a coating
in suppressing radiative heat transfer is the total hemispherical emissivity. It is much simpler,
however, to measure the normal emissivity. This paper shows that a correspondence exists
between these two properties which applies to most types of low-emissivity composite coatings.
An empirical expression for this correspondence is provided.

1. Introduction

A ‘“low-emissivity coating”’ is designed to improve the thermal insulating value of a window while
permitting the passage of light. The ability of a low-emissivity coating to suppress radiative heat transfer
in a window is determined by its total hemispherical emissivity €¢,. For the closely spaced parallel-plate
geometry of typical windows, ¢, is the only materials property appearing in the simpliﬁéd equation of radi-
ative heat transfer. This paper provides a method for determining ¢, given the more easily measured nor-

mal spectral emissivity ¢g;.

At room ﬁemperature, about 97% of the energy emitted by a blackbody falls within the wavelength
range from 5 to 50 um. Silica glass is completely opaque in this range, so that ¢, can be determined from
reflectivity measurements alone. Spectrometers capable of measuring the near-normal spectral reflectivity
Por over this wavelength range are standard laboratory equipment. The normal total emissivity €g is
derived by integrating em=l—’:1m over wavelength A weighted by the Planck emissive power at room tem-
perature. In turn, €, could be obtained by integrating the angular total emissivity over the hemisphere.

Angular reflectometers, however, are not standard equipment, and in any case, this method is not suitable
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for routine determinations of ¢,.

In the next section, we obtain ¢, and ¢, for a variety of bulk materials and typical low-emissivity

coatings. Then we show that a simple correspondence exists between ¢g and ¢, for these coatings.

2. Theory and Results

Fresnel’s equations, found in any optics text, give the reflectivity (or emissivity) of any optically
thick material. These equations are written in terms of the index of refraction n()\) and extinction
coefficient k()), and the angle of incidence. Closed-form expressions can be derived for ¢; and ¢, under

some conditions: At normal incidence for either metals or dielectrics

4n
oX\ 1)) ("+1)2 + n2k2

Hering and Smith (1] give two expressions for ¢, obtained by integrating Fresnel’s equations over the hemi-

sphere. For the special case of a perfect dielectric (k=0) the formula is exact:
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In general, however, there is no exact solution and the assumption must be made that n(1+k%) >>1, with

the result that
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Integrating Fresnel’s equations numerically, we generate a series of curves (Fig. 1) of €,/¢, versus ¢
for fixed values of k/n. Eqgns. (1-3) were used to check the numerical results. The ideal dielectric curve
(k=0) adequately represents glass and plastic materials used in windows despite the presence of strong
absorption bands in the thermal infrared spectra of these materials. Most real solid materials fall within
the range ¢;=00.65—0.98. An exception to this rule is the unusual group of materials called aerogels, which
have extremely low densities and high emissivities. Glass, by far the most common window material, has

€,=0.893 and ¢,=0.839 [2].

For metals, Siegel and Howell [3] makes the assumption that n~k as predicted by the Hagen-Rubens
approximation for wavelengths greater than about 5 um. If this were true, the curve k/n=1 of Fig. 1
would represent all metals. Ordal [4] surveys the infrared optical constants of real metals at A=10um,
showing that k always exceeds n by at least a factor of 2 with Ag the highest at ¥/n=~13. Despite this
wide variation in k/n, the metals, all having low emissivities, cluster together because all k/n curves con-

verge as ¢,—0.
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: FIG. 1.
Normalized hemispherical total emissivity versus normal emissivity. Solid curves are calculated for fixed
k/n. Points represent (V) bulk metals, (O) Ag-based coatings, and (Q) In,O3 coatings.

The low emissivity of a window coating is imparted by either a semiconductor or a metal layer. An
intrinsic semiconductor behaves like a transparent dielectric in the far infrared, usually having a relatively
high index of refraction. Semiconductors used as window coatings are heavily doped to raise their carrier
concentration and increase infrared reflectivity. Metals have high reflectivities throughout the visible and
infrared. A thin metal layer, however, may have enough natural selectivity to be partially transparent in
the visible while retaining a high infrared reflectivity. Increased visible and near infrared transmission is
produced by dielectric antireflection layers on either side of the metal layer. Low-emissivity coatings can
have values of ¢, anywhere between those of the bulk reflecting layer and the dielectric substrate. The
value of ¢, depends primarily on thickness, microstructure, and, in the case of semiconductors, doping

level.

Two of the most common materials used in low-emissivity coatings are sputtered Ag metal and pyro-
lytically deposited semiconducting SnQO,. Any optical property such as ¢g, of a stack of semitransparent
films on a bulk substrate can be calculated from the optical constants and film thickness [5]. The optical

constants of thin films of Ag and In,O3 (similar to SnO,) were determined from spectral reflectivity
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measurements using the Kramers-Kronig relations [6]. The onset of visible transparency in Ag occurs for
films less than 40 nm thick. Useful semiconductor films are typiczlly thicker by an order of magnitude.
Data for low-emissivity coatings based on these materials is included in Fig. 1. When the reflecting layer
is optically thick the emissivities are almost the same as in the bulk. As this layer decreases in thickness,
the emissivities increase and cut across k/n contours. Eventually the dielectric substrate (glass in this

case) dominates the overall behavior and the points swing upward towards the k/n=0 curve.

3. Discussion

All of the data points for both metal and semiconductor-based coatings as well as bulk metals can be

approximated by the following quartic series:

€
6—" = 1.3217 — 1.8766 ¢, + 4.6586 €2 — 5.8349 ¢3 + 2.7406 ¢4 (4)
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FIG. 2.
Normalized hemispherical total emissivity versus normal total emissivity. Solid curves approximate (O)
bulk metals and low-emissivity coatings, and (Q) dielectric substrates. -
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Figure 2 shows the data together with the approximating function. Although Eq. 4 was derived for coat-
ings on glass, it can be used for coatings on plastic sheet except very near to the high ¢; end. The follow-

ing expression approximates uncoated substrate materials other than glass:

-Zi = 0.1569 — 3.7669 €, — 5.4398 €2 — 2.4733 € (5)
0

Eq. 5 represents the dielectric curve over its entire practical range (¢;=0.65—0.98), although windoyv sub-
strate materials are likely to fall in a narrow range about ¢;=0.9. Eq. 4 must be used with caution when
applied to some types of window coatings. The data approximated by Eq. 4 was obtained by varying the
thickness of the Ag layer and the thickness or doping of the SnO,. Furthermore, we find that transition
metal films also fall close to this éurve. There are many coatings, however, for which this correlation may
not apply. These are coatings whose main purpose is solar rejection rather than thermal insulation. Such
coatings often have a protective overlayer which absorbs strongly in the thermal infrared, thus raising the

emissivity of the solar-reflecting underlayer.
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