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ABSTRACT

According to the basic equation of the Angstrém pyrheliometer, “he heating power of
the compensation electric current is directly proportional to the incident radiation
intensity. However, as Anders Angstrom pointed out, this direct ratio needs two cor-
rections; the “edge effect’’ correction and the correction for heat conduction in the black
paint thickness. This work directs attention to the existence of a third correction
arising from the non-uniform illumination of the strips. In cases of pyrheliometers
having no edge effect, this inhomogeneity is due to circumsolar sky radiation. The
value of this correction can be determined by applying Angstrém’s theory using an
irradiation term depending on distance measured from the midpoint of the strip. For
simplicity a linear illumination distribution was used, even though the real distribution
of the energy coming from the sun’s aureole is not quite linear along the strip. The
incident radiation flux can be exactly determined by applying Pestiel’s theory. When
calculating a reliable value for the correction in question, the sensitivity distribution
along the strip should be taken into consideration. This can be determined on the basis
of Angstrém’s theory. For the pyrheliometer Ay, in mean Budapest circumsolar sky
conditions, the correction due to non-uniform irradiation is 0.5 %. This correction is

nearly compensated by the correction for heat conduction in the black paint.

Introduction

According to the basic equation of the Ang-
strdm pyrheliometer, the electric power is
directly proportional to the incident radiation.
That is;

W=e¢l

where W denotes the heat developed by electric
current per unit time per unit area of the
screened strip; ¢ is the absorptivity of the black
paint and [ is the radiative power incident on
1 em? area of receiver (circumsolar radiation
included).

This direct ratio is not strictly valid and the
Angstrom pyrheliometric scale needs some
corrections. Anders Angstr(‘im (1958) determined
the value of an ‘“‘edge correction” and Kyle
(1967) that of a “paint correction”. Including
these corrections the above equation becomes:

W=el(l—ce—fii)
K

where ¢, symbolizes the edge correction, f the

thickness of black paint; K the heat conductivity
of black paint; and § the complex coefficient of
heat transfer from the painted surfaces of the
strips.

It was assumed when determining the above
corrections that the solar radiation flux incident
on the strips wou'd be uniformly distributed
along their full leagth. However, the energy
coming from the sun’s aureole and therefore the
total incident flux varies along the receiver.
Since the shadowed and the exposed strips have
different heating-p-ofiles, they must also have
different temperature profiles. At compensation
only the temperatures at the mid-points are
equalized but the others are not, so even our
last equation is mnot strictly wvalid. A more
precise formula is thus:

W=qal (l—ce—g—cc)

¢, being the correction for non-uniform illumina-
tion.

As can be seen, the aim of this paper is to
investigate the result of inhomogeneous illumi-
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nation. The effect of circumsolar radiation is not
analyzed in connection with the pyrheliometric
comparisons.

In the following considerations the edge
effect will be disregarded, i.e. it will be assumed
that direct solar radiation would illuminate the
full length of the exposed strip.

Angstrom’s theory

Under normal measuring conditions the value
of the correction for non-uniform illumination
can be determined by using Angstrém’s theory
(1958) together with a value for the paint effect.

In steady state conditions the heat balance as
a function of the distance from the centre of
strip is described by the following differential
equations:

Ké$ Ko
- T - T
S e S i
Keg
f6+K

+

L,(2)=0

for the exposed strip, while for the unexposed
strip:

K¢ K6
T = T T,+W
b [y+f6+K] +{[y+f5+K] ot }
Ke

f6+K

+ Ly(z)=0

In the above equations the following nomen-
clature has been used:

d* T(2)

- dz® ’

z coordinate along the length of strip (z =0
at centre),

T(z) function describing the temperature distri-

bution in the manganin,

heat conductivity of manganin,

area of cross-section of manganin,

complex heat transfer coefficient at the

paintless (lower) surface of the strip,

T, ambient temperature (i.e. that of tube,
diaphragm, etc.),

L,(z) function describing the illumination along
the exposed strip,

L4(z) that of the shadowed strip. As is known,
the unexposed strip also gains energy from
the scattered sky radiation.

b Y
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The L, and L, functions are determined on the
basis of the following assumptions:

(i) direct solar radiation reaches all points of
the exposed strip,

(ii) the energy received from scattered radia-
tion is symmetrically distributed around the
centre and can be described by a linear function.

According to these assumptions:

Ly(@) =1 +4,|z| +1,

Ly(z) =tz |2]| +7,
where I denotes direct radiation, |z| is the
distance measured from the centre of strip and
%1, % J1, J2 8re parameters describing the linear
distribution of energy coming from the aureole.

Solving the equations at compensation we
obtain:

w K¢ Jai—i % s
=f6+K +71_72+2[11"7’2)
[ach(Ea)—3, ]}
I (8, — %)
2ch (Ha)-1

where a denotes the lamella half length, and

2 _fyo+Ky+Ks
Aq(f6+K)

In the first brackets we find the resultant of
the fluxes, with the flux belonging to the
shadowed strip taken with a negative sign. The
term in the second brackets describes the effect
of differential illumination. If 4, would be equal
to ¢,, then this term would vanish.

To estimate the significance of these terms,
the mean values for the A,, pyrheliometer were
determined. The mean resultant flux, that is the
average of ‘‘direct’’ radiation values measured
by pyrheliometers, is approximately 1 cal em—*%
min-*. The incident circumsolar flux was deter-
mined for the mid-points and the end-points of
the lamellae, to obtain four parameters of the
linear energy distribution. The aureole was
characterized by taking into consideration its
mean Budapest value. During 1968 more than
70 aureole functions were determined using an
instrument similar to that of Linke-Ulmitz
(Major, 1970). This function (E/#/) describes the
energetic radiance variation with the angular
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distance measured from the sun’s centre; in
other words: the angular distribution of the
scattered radiation within the aureole. These
funetions cannot be properly approximated with
the well-known analytic expressions and there-
fore numerical description was used.

The four parameters iy, ¢,, 7, and j, have the
values:

7, =0.0777 cal cm~2 min-* ¢, = —0.0372

cal cm~! min—1

72 =0.0117 cal em~? min-! 4, = —0.0040
cal em~! min—!

From these values, it follows that the circum-
golar flux in the ‘‘direct’ radiation,

. . a . . —92 o -1
71—72+5(31—12)=0.0496 cal em™" min

and the effect of non-uniformity, taking £ =2.4
cm—! (Angstr(im, 1958),

ach(Ea)-3 . e . 1
————— (¢, — 4,) = — 0.0093 cal cm™“min
2ch (Ea) -1

Pastiel’s theory

The linear distribution of incident ecircum-
solar radiation along the strip is a rough approx-
imation. The most precise description can be
achieved by using Pastiels’ theory (Bossy &
Pastiels, 1948; Pastiels, 1959). According to this
theory, the resultant radiation flux has the form:

5
I=nJ~ E(9) G(#) sin 24 dd
0

where

9 the angle-distance measured from the
sun’s centre,

the limit angle of the pyrheliometer: the
maximum angle in which radiation can fall
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on the receiver,

E(#) a function, describing the circular distribu-
tion of radiation intensity along the sun’s
dise (0 <& <16’) and in the aureole (¢ >16’),

@(¥#) the geometrical penumbra function of the
pyrheliometer. This expresses the fraction
of receiver surface reached by the radiation
inclining at an angle # to the optical axis.

G. MAJOR

For the A, pyrheliometer, applying the mean
Budapest E(#) function, the circumsolar flux

'98
f E®)Q() sin 29dd=0.0626 cal em 2 min~!

16°

which is somewhat higher than in the previous
case. The differerce is caused by the error of
linear approximation: i.e. the incoming circum-
solar radiation is higher than the values given by
the straight line connecting the mid-point and
end-point values.

In this theory the output of the pyrhelio-
meter is written:

nﬂe
W=unJ E(9) F(d) sin 24dH

0

Here u is the mesn surface sensitivity of receiv-
er, and F(#) is the effective penumbra function.
The latter differs from the geometrical one in
that that the apparent fraction is weighted with
its sensitivity. Tae sensitivity distribution has
been calculated using Angstrom’s theory (Major,
1968).

Pastiels’ theory requires a sensitity distribu-
tion and Angstrém’s theory gives a possibility
of determining such a distribution. These two
theories together therefore would not only give
the best value for the correction of non-uniform
illumination but also quite complete description
of the pyrheliometer. From the above equations
we get:

BE
W =ul + un f E@®)[F(9)-G(8)] sin 29 dd
¢
As in our case
Ke
U=
f6+ K

we can write

W=el-(1—£Ké+c;)

¢, symbolizes the ratio of the second term to I.
Thus, ¢, vanishes when F(8) =@Q(8), i.e. when
the sensitivity is uniform along the receiver.
Under the mean Budapest conditions for the
A, ¢e =0.0045, only half of the value received
previously.

One could ask if these two corrections denote
the same effect? The answer is yes, as both
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follow from the circumsolar radiation. In the
first case the role of the inhomogeneous energy
distribution is emphasized, while in the second
the inhomogeneous sensivity distribution is con-
sidered. The presented figures refer to the
average conditions. Of course, this correction
varies with the aureole intensity. According to
the Budapest measurements the circumsolar
flux varies between 509% and 2009, of its mean
value.
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Results

1. In the Angstrém pyrheliometer (and in
others too) the output (W) is not directly
proportional to the input (I), because of both
non-uniformed illumination and the non-uni-
formed sensivity distribution.

2. Using the direct ratio a correction must be
applied because of the above effect, the value of
which lies between 0.2-1.09, as the aureole
intensity varies. This correction almost compen-
sates the paint correction.
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BIUAHUE U3JYYEHNA HEBA BOKPYI COJIHIOA HA INPTEJIAOMETPUYECKVYIO
INKAJIY AHTCTPEMA

CorslacHO OCHOBHOMY YPAaBJI€HMIO IMpPreJMo-
MeTpa AHrCTpeMa MOILIHOCTb HarpeBa KOMIEH-
CHPYWILEro 2JEKTPNYECKOT0 TOKA IPAMO Mpo-
MOPIUOHAJNbBHAA MHTEHCHMBHOCTHM Najamoiieit pa-
puanuu. OgHAKO, KaK OTMeTHJ AHuepc AHrI-
CTpeM, 3Ta NpPAMas NPONOPIUOHAIBHOCTD HYHK-
gaeTcA B JBYX MNONpaBKaX: B HONpaBKe Ha
«wdderT Kpaa» U B NoNpaBKe HA TeMJIONPOBOJ-
HOCTh B CJlO€ YepHO# Kpacku. B manuolt cratbe
NIPUBJIEKAeTCA BHUMaHUEe K HeoOXoZUMOCTH
TpeThbell MNMoNpaBKM, BO3HUKAaWINEHd H3-3a He-
OTHOPOIHONM OCBeleHHOCTH Mojoc. B caydae
NUPreIMOMETPOB, He WNMEINX KpaeBoro sd-
deKra, 5Ta HEOJHOPOJHOCTH BO3HHMKaeT 6Jaro-
napa uaayvenmnio HeGa BOKpyr coanpa. Bean-
YHHA 3TO# MONpaBKM MoOskeT OBITH OInpeneleHa
C NOMOHIbI0 TeOpUMM AHICTpeMa € MCIOJb30-
BaHNEM 4YJeHAa Wppaguanuy, 3aBHUCANLET0 OT
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PACCTOSIHUA, M3MEPEeHHOTo OT cpefHel TO4YKn
nojocH. JlA HpPOCTOTHL MCIOJIb30BAJNOCH JIH-
HeliHOe pacnpegelleHHe OCBEIEHHOCTH, XOTA
peanbHoe pacipejejieHMe HEPruM, MOCTYNal0-
et OT COMHEYHOTO OpeoJia COBCEeM He JMHEHHOo
BRoab moxoce. Ilorok mnajgalome#t paguanuu
MOeT OHITh ONpelesieH TOYHO C IIOMOMIBIO
Teopum Ilactbenca. Ilpu BelYNCIeHMN HageHHON
BEJMYMHBI JAHHO! MONMPABKHM HAJ0 Yy4ecTb pac-
npejesieHne YYBCTBUTEJIbLHOCTH BJ0JIb IOJIOCH.
OT0 MoKeT OGHTBL CIellaHO0 Ha OCHOBE TeOopHu
Anrcrpema. [na mnupreauomerpa A;,, HpH
cpemqHUX YcIOoBUAX B DBypamemre pia Heba
BOKDYT COJIHIIA BeJUUYMHA MONpaBKu Giaaropaps
HeOTHOPOZHOCTH nppaguanuu cocrasader 0,56 %,.
9Ta INONpaBKa NpPHUOJUBUTEIBHO KOMIIEHCH-
pyeTcsa MONpaBKOil HA TENJIONPOBOAHOCTE B CjI0e
YEepHOH KpacKu.



