Lawrence Berkeley National Laboratory
Recent Work
Title
THERMAL PERFORMANCE OF RADIATIVE COOLING PANELS

Permalink
https://escholarship.org/uc/item/6jw6x8dm

Authors
Berdahl, P.
Martin, M.
Sakkal, F.

Publication Date
1982-06-01

eScholarship.org

Powered by the California Digital Library
University of California

LBL-14409

Preprint

c.

Lawrence Berkeley Laboratory
UNIVERSITY OF CALIFORNIA
0
ENERGY & EN vI R0 N M EN T BERKF:t_~~~~CE:E
~ p
y
.
i
:
:.
.'
?
0
1982
DIVISION
.

0RA'iOR

LISRAR

Docu/\1£

Submitted to the International Journal of Heat
and Mass Transfer

YANo

NTss£c-r

THERMAL PERFORMANCE OF RADIATIVE COOLING PANELS
Paul Berdahl, Marlo Martin, and Fateh Sakkal
June 1982

TWO-WEEK LOAN COPY
I

,

This is a Library Circulating Copy

--.y

which may be borrow.edfor two weeks .

I !

~

/

t

'

'

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

~N

d-

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-14409
June 1982

THERMAL

PE~FORMANCE
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ABSTRACT
The performance of panels which cool by means of thermal infrared
heat transfer to the sky is calculated from basic principles. The
efficiency of a radiative cooling panel is defined. Computer calculations with the full heat transfer equations are performed for horizontal surfaces with infrared-transparent covers. Plots of effici ency versus a dimensionless temperature difference are shown to be
insensitive to variations in air temperature, wind speed, and sky
radiance, resulting in plots analogous to standard efficiency curves
for solar panels. Experimental measurements show that, for most
applications, white paint is a better radiator than aluminized
polyvinyl fluoride film.
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NOMENCLATURE
Planck blackbody function (per unit solid
angle) at absolute temperature Ta· Subscripts
c and r correspond to temperatures Tc and Tr.
b

function of £s [Eq. (14)]

c

normalization parameter in Eq. (14)

d

film thickness

h

non~radiative

m

1/cos 6

N

net cooling rate

n

index of refraction

heat transfer coefficient

thermal spectral radiance of the sky
r

reflectance
Fresnel reflectance [Eq. (15)]

s

total thermal sky radiance

T

temperature

t

transmittance

a( :>t)

spectral absorption coefficient
Ta - Tr

£

emissivity

n

efficiency

6

zenith angle and angle of incidence

e,

angle of incidence in a medium with index of
refraction n
wavelength
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a

Stefan-Boltzmann constant

T

dimensionless temperature difference [Eq.

Subscripts
·a

.•

air

c

cover.

dp

dewpoint

max

maximum

r

radiator

s

sky

Other
i'ntegration operator [Eq. (4)]

·o4

i'~

(10)]
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1.

INTRODUCTION

The,cH;inosphere is not in radiative thermal equilibrium, and consequently objects exposed to the night sky cool spontaneously below
air temperature. If an object has a solar reflectivity in excess of
95%, and if its thermal emissivity is not too small, it will also
cool during the day. This cooling effect has the potential to displace energy use for the cooling of buildings if suitable systems
can be developed. Pioneering work in this area has been done by Hay
and Yellot [1,2], Bliss [3], Head [4], Trombe [5], and Catalanotti
etal.[6].
The amount of thermal sky radiation depends on the air temperature, dewpoint temperature, and cloud cover. Maximum cooling rates
for radiators at air temperature occur under conditions of high air
temperature, low dewpoint temperature, and no cloud cover. The
presence of clouds can be unimportant if they are high (cold) and
thin, as for example with cirrus clouds. However, for very low
opaque clouds the radiative cooling effect is eliminated because the
sky radiance is that of a blackbody at air temperature •. For clearnocturnal sky conditions the sky radianceS can be estimated as

where Ta is the absolute air temperature near the
apparent sky emissivity at night is given by [7]
£s = 0.741 + 0.0062 Tdp,

ground and the

{2)

with Tdp the dewpoint temperature in °C.
The distribution of sky radiance with respect to both zenith
angle and wavelength is non-uniform. The portio~ of the sky near
the horizon has an effective radiative temperature equal to the air
temperature near the ground. Also, outside the 8-13 micron portion
of the spectrum, the atmosphere emits much like a blackbody at air
temperature.
Thus the resource for radiative cooling is caused by
the relative absence of thermal radiation from the zenith region of
the sky in the 8 to 13 micron portion of the spectrum.
The quantitative evaluation of
panel requires measurements of the
cal cooling experiment the thermal
the panel emitting 420 wm-2. An

the performance of a cooling
thermal sky radiance. In a typisky radiance may be 3 50 wm-2 with .
uncertainty of 10% in the 70 wm-2
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of net cooling requires an accuracy of 2% in the measurement of the
sky radiance, which can be achieved only by careful measurements
under controlled conditions.
A number of recent experimental studies [7-30] have concentrated
on horizontal radiator plates, insulated on the bottom and sides,
covered by a polyethylene film as ·a convection shield.
In some
cases the polyethylene film contained pigments or a coating to
reflect and/or absorb solar radiation [8 -13].
Also, selectively
emitting surfaces have been used as radiators [4-6, 8-17, 19, 20,
28-30] in addition to non-selective (black) surfaces such as ordinary paints. These selective surfaces have high emissivity in the 8
to 13 micron 11 Wi ndow .. of the atmosphere in which the thermal sky
radiation is weak, and low emissivity in the rest of the range of
thermal wavelengths (5-40 microns). This selectivity permits larger
cooling rates at low temperatures, thus lowering the minimum temperatures which can be achieved. The selective surface most often
used is polyvinyl fluoride (PVF) 12 microns thick, alumfnized on the
underside. Our experimental work and analysis will show it to be
inferior, in most applications, to simple white paint. It is hoped
that better selective emitters can be developed.
In the next section we analyze the heat transfer from an
uncovered radiator surface and define the concept of efficiency for
radiative cooling. Section 3 gives the fully detailed heat transfer
equations for a covered radiator. In Section 4, approximate techniques are presented for estimating the angular and spectral properties of the atmosphere ( 11 sky 11 ) , windscreen cover, and radiator.
Section 5 exhibits numerical results from the complete model defined
by Sections 3 and 4, for selective and non-selective radi ato'rs bel ow
polyethylene windscreens. In Section 6 we compare the numerical
results with our measured values of cooling efficiency and confirm
the adequacy of the model •

' 2.

RADIATIVE HEAT EXCHANGE WITH AN UNCOVERED RADIATOR

For simplicity, we initially consider the radiative heat
transfer from a horizontal radiator without a cover. We also
neglect the non-radiative heat transfer. The equations derived in
this section will be relevant to real exposed surfaces if heat conduction, convection, and solar radiation are also included. The
equations are also of approximate relevance to the case in which
convection and conduction have been suppressed with a suitable cover
glazing and back insulation, with only minimal impact on thermal
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infrared transfer.
The net steady-state cooling rate N (Wm-Z) i.s given by
(3)

where Er(e,->..) is the radiator· emissivity, Br is the Planck function
for the spectral radiance of a blackbody with absolute (radiator)
temperature T (Wm-2 steradian-1micron...;1 ), and Rs is the spectral
radiance of the atmosphere. The integration operator 1 is used here
to abbreviate the appropriate integrations over wavelength A and zeith angle e:
1
00

=

21T

J dA. J cose d cose

0

(4)

0

The radiator emissivity is assumed to be dependent on zenith angle
but independent of azim~th angle. For most simple surfaces this is
·. a good a·ssumption. The sky radiance
e , A) is_ also assumed
i ndependen,t of azimuth· angle. This is quite a good assumption .on
.the average, although for partly cloudy skies it is not true on an
instantaneous basis.
The absorptivity of the radiator has been
eliminated from Eq •. (3) by the· use of Kirchhoff's law. The spectral.
and angular (apparent) sky emi ssi vi ty is defined by

1\ (

(5)
\

where BaL\) is the Planck function corresponding to Ta, the absolute
air temperature. 1 The sky emi ssi vi ty obeys the equation,

(6)

which shows that the integrated sky emissivity Es is the appropriate
thermal average of Es(6,A). With Eq. (5) and Eq. (3), one has for
the cooling power,

- 7 -

(7)

The first term in this equation specifies the cooling power for the
case Tr = Ta, that is, when the radiator is maintained at air temperature. It represents the cooling power available because the
radiative 11 temperature.. of the sky is 1 ower than the air temperature. Note that € (8,A) = 1 except for A in the 8 to 13 micron window.
Thus it
only the 8-13 micrrin values of €r(e,A) which are
important in this term. The second term in Eq. (7) specifies the
reduction in the cooling power when the radiator falls below air
temperature. Note that the variation of N as a function of ~Tr =
Ta - Tr does not depend on the radiative properties of the sky as
expressea by €s~8,A), but only upon the emissivity of the radiator.

;I

For a given set of atmospheric conditions and radiator temperature there is an optimum radiator emissivity €r(8,A). Equation (3)
shows that the optimum is €r( 8, A) = 1 if Br( A) > Rs ( e , A), and
zero otherwise.
For rad1ators above air temperature black body
radiators are most efficient. However, for cooling below air temperature (Tr < Ta), selective emitters are more efficient. An ideal
emitter forT < T would be selective in angle as well as
wavelength. forT -~r = 20°C, the emitter should be emissive from 8
to 12.5 microns, f8r zenith angles of 0 to 70°, and reflective (€ =
0) otherwise. These numerical values are for typical clear midlatitude summer sky conditions [7].
The .maximum cooling power is a diminishing function of ~T
. r =
T - Tr. Thus the maximum available cooling at any ~Tr > 0 occurs
a~ ~Tr = 0. The value of this maximum is

=

(8)

The quantity Nmax is system independent and consequently
natural for use in forming the definition of efficiency,

- 8 -

n =

N

=

N

Nmax

(9)

which is s~rictly less than unity provided T < T • In what follows
it will also be useful to employ a dimensionfess ~emperature difference:

'[ =

4(Ta-Tr)
( 10)
(1 - r::s)Ta

Plots of n vs. Twill be used to characterize
panels. A Taylor•s expansion of n,

different radiator

can usually be terminated after the first two terms due to the
smallness of the quantity (Ta - Tr)/Ta. For the case of the exposed
radiator [Eq. (7)]; n1 is independent of variations in sky emissivity and n0 is insensitive to such variations in many cases of
interest. For example, if r::r(8,A.) is a constant for A. within the
8-13 micron range, then n0 is independent of the sky emissivity.

3.

HEAT EXCHANGE WITH A COVERED RADIATOR

The derivation of the heat transfer equations for a radiator
with an infrared-transparent cover is more complex than for an
exposed radiator but is still straightforward.
The spectral and
angular transmittance, emittance, and reflectance of the cover are
denoted by t (8,A.), r:: (e,A.), and r (8,A.). The sum of these quantities is un~ty.
Thg reflectancg r (e,A.) is taken as equal from
above and bel ow. The reflectance of tfie cover (and of the radiator)
is assumed specular; that is, reflections do not alter the zenith
angle of the radiation. As before, we ignore any effects due to
solar radiation.
Let hra be the conduction coefficient for heat
flow through the back insulation (radiator-to-air), hrc be· the
conduction/convection coefficient between radiator and cover, and
let.hca b7 the conduction/convection coefficient from cover to
amb1ent a1r.
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With these assumptions and definitions, the net radiative heat
loss N of the radiator, at equilibrium, is given by

( 11)

·The denominators in this equation arise from multiple reflections
between cover and radiator. The temperature of the cover, T , is
determined from the cover heat balance assuming it has zero cheat
capacity:

J[

Ec(e,:A-) +

t c ( e , :A-) E c·( e , :A-) r r ( e , :A-) ]
1 - rr(e,:A-)rc(e,:A-)

[Be(:\) - R5 (e,:A-)]

( 12)

These equations are exact, except for the assumption that the polarization of the radiation is not important.
For the cases of
interest to us, the radiator emissivity is to a good approximation
Also, multiple reflections between
independent of polarization.
radiator and cover are not too important, and, the thermal sky radiance is unpolarized. Therefore, it is sufficient to take the cover
transparency and reflectivity as average values for the two polarizations.
It would be desirable to further simplify Eqs. (11) and (12) by
use of the usual hemispherical emissivities, eliminating the
integrations over e. However, this simplification is not allowed
due to correlations among the various angular dependences. For
example, in the first term in Eq. (11), each of the factors tc(e,:A-),
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Er( e, A.), and Rs ( e, A.) may have substantial variation with e. Suppose
· Er( e,A.) =1. ~he cover transparency . tc ( e, A.) wi 11 generally decrease
w1th increas1ng e.
The sky rad1ance R (8,A.) will increase with
increasing e. As a result the average valu~ of the product t (8, A.)
R ( e , A. ) wi 11 be smaller than the product of the averages. fhe use
o~ hemi spherically averaged quantities in this case waul d 1ead to
underestimates of the radiative cooling effect.
Equations (11) and (12) are in agreement with our earlier work
[28, 29] and with that of others [8, 10] but disagree with those of
Landro and McCormick [17]. It is difficult to assess the acc·uracy
of their Eq. (6) since the radiator has been assumed to be both
Lambertian [E:r(e,A.) independent of e], and later to be zero fore
greater than a critical value. However, it does appear that if one
replaces r~(e,A.) and rc(8,A.) with hemispherical values in the denominators or our Eqs. (11) and (12), one can obtain Eq. (6) of Landro
and McCormick. It does not seem likely, therefore, that their
approximations lead to serious errors if multiple reflections are
unimportant.
Another approximation often made is to set the cover temperature T equal to the air temperature. An inspection of Eq. (12)
shows t~at this is a good approximation if the cover emissivity can
be neglected and hca >> hrc·

4.

ESTIMATES OF REQUIRED SPECTRAL PROPERTIES

'
In order to evaluate the equations
formulated in the previous
section it is necessary to estimate the spectral and angular dependences of the thermal sky radiance and of the properties of the
radiator and cover.
A simple model of sky radiance will be discussed which produces estimates of E: ( e, A.) when only the nonspectral hemispherical value Es is ~vailable. In a similar spirit
we develop a simple technique for estimating the optical properties
of the (polyethylene) cover based on the spectral transmittance at
normal incidence. A similar technique is used to estimate the optical parameters of a radiator consisting of an aluminized plastic
film based on the measured spectral reflectance at normal incidence.

A.

Model for Thermal Sky Radiance

The most accessible measure of thermal sky radiance is the
sky emissivity Es obtained from
non-spectral
hemispherical
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pyrgeometer readings. Even this data is often not reported in conjunction with measurements of radiative cooling. For clear nighttime conditions a reliable estimate of E can be made using the
correlation with ambient dewpoint te~perature discussed in the
Introduction. Irrespective of the source of the value for the total
sky emissivity,
it is desired to utilize Es to estimate the full
.
function Es(8,A). This quantity has been 'measured by our group in
six U.S. locations over a two year period. Based on a preliminary
·analysis of several summer months of data at three locations (Gaithersburg, St. Louis, and Tucson), the angular and spectral sky emissivity is given approximately by the following model:
The spectral and angular dependence of Es ( e, A) are separated in
a simple way. The hemispherical spectral sky emissivity is given by
1

Es (A)

= 2

J d case case Es (e ,A)

0

We assume that the deviation of Es( A) from unity is proportional to
an effective atmospheric transparency, ts(A), as expressed in the
form:
( 13)

Here the "transparency" function t (A) shown in Fig. 1 is different
from zero only within the 8-13 mfcron window. It is based on computed clear sky radiances for typical midlatitude-summer values of
The parameter t is
atmospheric temperature and moisture [7].
determined from the normalization condition
s
00

0

00

0

which follows from Eq. (6). Equation (13) c~n now be generalized to
include the angular dependence of the rad.i ati on:
( 14)

where m = 1/cose is the air mass and Cis a constant to assure normalization. The best value of b for use in Eq. (14) is the subject
of an ongoing study. For this paper we have used
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b - 1. 7E 5

-

1.1

for 0.75 <

£

5

<

1

( 15)

For the range of b of importance here (0.1 to 0.6), Cis given with
an accuracy of a few percent by

Equation (14) is useful for (average) cloudy conditions as well as
clear. One important limitation of the equation is that values
smaller than 0.75 for £s lead to negative values for £5 (e,A.), indicating a breakdown ot our approximations. · For clear skies and
dewpoint temperatures below about 0°C, for which £ < 0.75, the
shape function t 5 ( A.) waul d have to be changed sugstanti ally. In
particular, a seconaary window opens (t (A.) =I 0) in the spectral
range 17-22 microns.
s

B.

Optical Properties of Plastic
Radiators

Films Used as Windscreens and

If the real and imaginary parts of the complex index of refrac-

tion were known across the thermal infrared spectrum it would be a
straightforward if lengthy task to compute the optical properties of
plastic films used as radiators and windscreen covers. Unfortunately, this complete information does not appear to exist and we
must consequently infer values of the optical constants from measured transmission and reflection spectra.
The general approach for the determination of optical constants
is as follows.
The real part of the index of refraction will be
taken as a constant (ca. 1.5), which represents the actual index of
refraction outside absorption bands. The imaginary part of the
index of refraction will be determined by an optical transmission or
reflection measurement. This approach is reasonable provided the
Interference
absorption in the plastic is not extremely strong.
effects will be·neglected. For windscreen optical properties, the
normal spectral transmittance will be used as input data, thus
ensuring that the computed normal transmittance is not influenced by
the above assumptions. Thus the errors introduced by the assumptions have been limited.
Likewise, for the radiator (aluminized
PVF), the normal spectral reflectance is used to determine the optical properties, ensuring that the accuracy of the spectral normal
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emissivity is limited only by the accuracy of measurement.
lar approach has been used by Clark and Blanpied [25].
The Fresnel reflectance for a single air-plastic

A simi-

interface is

[31]:
2

~R{ e)

= l (cos e 1 - n cos e ) + l(cos e ~- n cos e 11
2 cos 8 + n cos e
2 cos e + n cos 8

2

1

where e 1 is the angle of incidence i nsi'de the medi urn with
refraction n as given by Snell•s law:
n sin 8 1 =sine

)

( 16)

index of
( 17)

Equation (16) is an average over parallel (first term) and perpendicular (second term) polarizations. (Parallel here means that the
electric field of the incident wave is parallel to the plane <;>f
incidence.)
In terms of the Fresnel reflectance, the transmi ssi vi ty of the
windscreen cover can be obtained after accounting for multiple
reflections:

tc(e,A)

= [1

-<R(8)] 2

exp

[~~~).~~] {1- <R (8) exp [-z:..(Aj~]} -

1

2

(18)

where a(A) is the spectral absorption coefficient and d is the film
thickness.
Since measured values of t (O,A) are available, this
equation can be inverted to obtain values 8f a(A)d, which can .then·
be employed to find t (8,A) for e ~ 0. [The soluiion for a(A)d can
usually be simplified 5y means of the relation IR (0) << 1.] The
emissivity of the cover is given by

.

,

cc(e,>.)

=

[1 x {

<R(eJJ { 1
1 - <R(e)

- eXp

exp

(~~~>.~n}

[~~~).~~]} _,

( 19)

which can also be evaluated once a(A)d is known. The reflectance of
the windscreen cover can be obtained from an equation analogous to
(18) and (19) or from the relation r + E: + t = 1.

•
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For the case in which the radiator is an aluminized plastic
film, the optical properties can be determined by a method similar
in spirit to that used for the windscreen, but different in detail.
We assume the reflectance of the aluminum film is unity, and that
the Fresnel reflectance (16) applies to the upper surface. The
overall radiator reflectance is then
rr(e,A)

= IR(e) +

[1 - !R(8)]2 exp [-2a(A)d]

cos 8'

Since it is assumed that rr(O,A) is measured, a(A)d can be determined which, in turn, specifies rr(8,A) fore i 0. Since the radiator is opaque, the spectral emiss1vity is determined from the relationship sr(8,A) = 1 - rr(8,A).
Another approach to determine the thermal optical properties of
plastic films has been suggested by Tien et al. [32], and applied
by Rubin [33]. The thermal spectrum is divided into about five
parts ("bands"), and the spectral optical constants are replaced by
suitable averages within each band. This procedure has some significant shortcomings, however, whenever the optical constants vary
within a band. The derived approximate equations for a single band
obey Beer's law--the exponential decay of radiation with distance-whereas multichromatic radiation in a medium with spectrally variable optical constants does not obey Beer's law. We therefore
believe that the more complex method outlined in this section is
preferable for the evaluation of thermal infrared optical properties.

5.

NUMERICAL RESULTS

The mathematical description of a radiator panel given in the
last two sections was solved numerically for net cooling power for
several interesting cases. Spectrally selective and nonselective
radiators were simulated, and the sensitivity of the solutions to
parametric variations was examined.
In all cases the windscreen or cover was a 50 micron (2 mil)
The normal spectral transmittance of this film
polyethylene film.

•
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is shown in Fig. 2, as digitized for the computer integrations.
Figure 3 shows three independent measurements of the spectral
reflectance of aluminized 12 micron (1/2 mil) polyvinyl fluoride
(PVF).
Curves A and B have both been used in our calculations.
Curve A is due to Catalanotti et ~· [6] as digitized by us and
curve B is from our own measurements. Curve Cis from the paper by
Michell and Biggs [~0]. Most of the differences shown are probably
due to measurement techniques rather than sample differences. The
difference between curves B and C in the neighborhood of 25 microns
is rather 1arge and may therefore be due to sample differences.
Landro and McCormick [17] report values for the hemispherical spectral reflectance of a similar sample measured by Christie. They
give a value of about 35% between 21 and 25 microns, which falls
between curves B and C.
The non-radiative heat transfer coefficients required in Eqs.
(11) and (12) were estimated using standard-engineering formulae
[34,35], in accordance with the dimensions of our radiator panels.
The values are summarized in Table 1.
Equation (12) is solved for the cover temperature, and then Eq.
(11) is used to calculate the net cooling power N. The integr.ations
over wavelength are performed in steps of 0.1 microns wavelength,
and the integrations over zenith angle proceed in steps of 3°.
Results for the 12 micron aluminized PVF as a radiator are shown in
Fig. 4.
Curves A and B correspond to the spectral reflectances of
Fig. 3. For comparison, the cooling power of a black body with the
same polyethylene windscreen is also shown. The atmospheric conditions assumed are E = 0.82, Ta = 300 K, windspeed = 2m/sec. The
corresponding sky ~emperature depression is 14.5°C, a typical value
for clear skies (dewpoint temperature about 13°C). The difference
. in cooling power between curves A and B gives an estimate of the
importance of errors present _in the spectral reflectance data.
Large intercepts on a plot of this type are associated with high
radiator emissivity within the atmospheric window. The steeper
(negative) slopes on the plot, are caused by a larger overall thermal emissivity. The reasons for this behavior can be seen by an
inspection of Eq. (7).
It is useful for many purposes to plot panel cooling performance in a non-dimensional fashion. Figure 5 and 6 show numerical
results for the aluminized 12 micrQo_PVF film (spectrum A) plotted
as efficiency vs dimensionless temperature difference

/
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T

=

4(Ta- Tr)

(1 - Es)Ta

These figures also show the computed sensitivity to variations in
air·,temperature, windspeed, and sky emissivity. The effect of wind
merely alters the windscreen convection coefficient in the computer
Of course, in an experiment, the effect of wind can be much
model.
greater if it causes the windscreen to move. The relative insensitivity of the plots of n vs. T to changes in atmospheric conditions
suggests that experiments to determine performance of panels need
only determine the slope and intercept of such a plot. Such a
determination is analogous to the standard efficiency plots for
solar panels [36].

6.

SELECTED EXPERIMENTAL RESULTS

We shall review measurements of cool ihg rates by Landro and
McCormick [17] and then report selected measurements of our own.
Landro and McCormick reported measurements of cooling rates of
12 micron aluminized PVF beneath a thin {12 micron) polyethylene
cover. This apparatus was insula ted on the sides and back w~ th 5 em
of polystyrene foam.
The sample area was only 0.01 m • Edge
effects compl ic.ate the interpretation of their results, but they
showed clearly that PVF can produce 1ower temperatures than a bl'ack
painted surface. The results .for PVF (from their Fig. 8) have been
replotted here in Fig. 7. The sky emissivity was estimated by the
use of Eq. (2)' based on the reported values of absolute humidity
converted to dewpoint temperature. Note that the data measured at
different values of dewpciint fall on the same curve. Thus the procedure of plotting nvs. T has eliminated the sky emissivity dependence 'of the results. Also noteworthy is the fact that the apparent
efficiencies exceed unity. The reason for this contradictory aspect
of the data is not clear. However, the substantial edge effects
offer a possible explanation.
Our measurements for 12 micron aluminized PVF and white .paint
radiators were performed with our radiative cooling panel· test
facility [28,29]. The radiators are 53 em wide and 94 em long.
Both radiators were covered with a 50. micron thick polyethylene film
suspended 2.7 em above the radiators: The thickness of the plastic
foam insulation on the back and sides is 10 em. The sky emissivity
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was monitored using an Eppley pyrgeometer. We estimate the accuracy
of the pyrgeometer measurement to be 0.02 emissivity units. Due to
the relatively large size of our radiator plates, the view factor
correction is small. The gross radiating area is 0.506 m2 , and the
net effective area, after allowance for blocking of the sky at the
radiator edges, is 0.474 m2 • Durirlg the measurements the heater
power was held fixed for 120 minutes, and then changed by a nominal
20 w/m2. The difference between temperature depressions Ta - Tr
achieved on heating and cooling was used as a measure of the departure from thermal equilibrium at the end of the 120 minute period.
Thus for the PVF panel, temperature depressions T - Tr were
increased by 0.6°C if the experimental point was reacAed by cooling
(after a reduction in heater power), and decreased by a like amount
if the point was reached by warming. The corresponding correction
These values are confor the white-painted radiator was 0.3°C.
sistent with the known radiator heat capacities and emissivities.
The results of the measurements are shown in Fig. 8,·- where they
are compared with numerical results. For the calculations pertaining to white paint, the normal emissivity was taken equal to 0.9,
independent of wavelength. For the calculations pertaining to the
PVF radiator, spectrum B in Fig. 3 was employed. For the numerical
calculations, uncertainties in the spectral emissivities of the
radiators are probably the most significant errors. For the experimental results, uncertainty in the measured sky emissivity is probably the most significant error. In general the agreement of the
experiment with the calculated results is quite good, within the
uncertainties known to be present.
Since the measurements were
obtained on the same night for the data shown, the comparative
results for PVF vs. white paint are not affected by the measurement
uncertainties in the sky emissivity. Whereas the computer model
shows a crossover (equal efficiencies) at T ~ 0.36, the data indicate a crossover at roughly T = 0.55. ThiS result shows that the
white paint is a better radiator relative to PVF than one might
believe based on the radiator emi ssivi ties we have used. The
discrepancy could be due to the uncertainty in the optical constants
of ~VF (see Fig. 3), but it could also be due to the incorrectness
of the grey-body assumption E (O,A.) = 0.9 for the white paint.
Measured values of the diffu~e spectral reflectance for white paint
with titanium dioxide pigment [20,37] suggest ~hat E = 0.9 within
the 8 to 13 micron atmospheric window, but that t ~ 0.8 outside
---~thi-s-wi-ndow-.-r-nurtnewnfte paint may exhfoit a ~weak spectral
selectivity which improves performance.
In any case it is clear
that 12 micron aluminized PVF, often used as a selective radiator,
is superior to simple white paint only at the lowest radiator temperatures. This result is in agreement. with the work of Michell and
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Biggs, who. showed that at about 5°C below air temperature (and T =
283K, t:5 = 0.804, which implies 1' = 0.36) a white-painted surf~ce
prooucea more cooling than a PVF surface.

7. , CONCLUSIONS "

/

The heat transfer within radiative cooling panels can be understood on the basis of the equations presented. in this paper. The·
good agreement between numerical cal cul at ions· and measurements confirms that all the significant heat transfer mechanisms-have been
taken into account.
The efficiency for radiative cooling defined in Section 2 is a
useful figure of merit. In particular, plots of efficiency vs. a
dimensionless temperature difference can be prepared which are
anal ago us to standard efficiency ·pl,ots for so 1 ar call ectors.
Selective radiators fabrica-ted from 12 micron aluminized PVF
are ~~nable to outperform titanium dioxide based white paint, except
at the. lowest temperatures. The primary reason for this fai-lure is
the departur~ of t~e radiator infrared optical properties from the
ideal. Better selective radiators should be developed.
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EFFECTIVE SPECTRAL TRANSMITTANCE OF THE
ATMOSPHERE
Vertical path, mid latitude summer atmosphere
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Figure 1.

Effective spectral
transmittance of the atmosphere.
These values have been obtained by requiring that the
computed sky radiance Rs (6,;\) given by Eqs. (5) and (14)
agree with the calculated values given in [7] for e = 0.
Assumptions in [7] included air and dewpoint temperatures
·of 2l°C and l6°C, respectively, and no clouds. This
transmittance is approximately equal to the actual atmospheric transmittance except in the ozone absorption bands
between 9.4 and 9.9 microns.
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Figure 2.

Normal spectral transmittance of a 50 micron polyethylene
film.
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Figure 3.

Normal spectral reflectance of an aluminized polyvinyl
fluoride fil~ 12 microns thick. Curves A and C are from
references [6] and [19].
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NUMERICAL RESULTS FOR
COOLING POWER
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Figure 4.

Computed cooling power produced by three radiators below
a polyethylene windscreen 50 microns thick, as a function
of the air temperature minus radiator temperature.
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COMPUTED SENSITIVITY TO CHANGES
IN AIR TEMPERATURE AND WIND SPEED
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Figure 5.
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Computed sen~1t~v~ty of cooling efficiency to changes in
the sky. em~ss1v1ty.
Spectral data used are shown as
curve A 1n F1g. 3.
··
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COMPUTED SENSITIVITY TO CHANGES
IN SKY EMISSIVITY

Surface = 12 micron aluminized PVF
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Figure·6.

Computed sensitivity of cooling efficiency to changes in
air temperature and wind speed. Spect~al data used are
shown as Curve A in Fig. 3.
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PERFORMANCE CURVE
BASED. ON REF [ 16 ]
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Figure 7.

Measured values of cooling efficiency [16] as a function
of dimensionless temperature difference for an aluminized
PVF radiator with a 12 micron polyethylene cover.
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RADIATIVE COOLING EFFICIENCY
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Figure 8.

Comparison of measured and calculated cooling efficiencies for a surface painted white and for a 12 micron
aluminized PVF radiator. During these measurements the
air temperature was in the range 22± l°C, the dewpoint
temperature was 0± l°C, and the sky emissivity was 0.73
± 0.01.
The low point (open circle at T = 0.58) was
probably caused by wind-induced motion of the
polyethylene cover. Spectral data used for the PVF radiator is curve B in Fig. 3.
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