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INTRODUCTION

The United Nations Conference on New Sources
of Energy was held in Rome from 21 to 31 August
1961, A brief review of the procecdings, of the papers
submitted to the Confercnce and of the related
discussions has been printed in New Sowrces of
Energy and Energy Development: Repori on the
Uniled Nations Conference on New Sowrces of Encrgy.t
The same publication alse contains the agenda and
the lists of participants and conference officers, as
well as lists of all the papers and reports.

The Procecdings of the Conference comprise seven
volumes as follows:

Volume 1. General sesgions,

Volume 2.

Volume 3.

Volume 4.

Volume 5.

Volume 6,

-
i

Geothermal energy; [
Geothermal energy: 11,
Solar energy: T

Solar energy: T1

Solar energy: IT1.
Volume 7, Wind power,

The present volume, “Solar energy: [, contains
the papers and reports relating to the following
agenda items: ILC.1L Use of solar cncrgy for me-
chanical power and electricity production : {4 by
means of piston engines and turbines; (&) by dircct
conversion to electricity: (f) by means of thermo-
electric converters; (i7) by means of photo-electric
cells; ITL AL Solar energy availability and instruments

Lo Unived Wations publication, Sales Noo 62121

iii

for measurement; III.B. New materials in solar

energy ufilization.

The rapporteurs’ general reports and their summa-
tions of the proceedings in connexion with each
agenda item or sub-item are given in full in both
English and French, as are those individual papers
that were submitted to the Conference in both
languages. With a few exceptions, all the papers
are summarized in both English and French,

Within each agenda item or sub-item, the papers
are printed in the alphabetical order of the authors’
names. References supplied by the authors are listed
after the text. As a rule, they are numbered con-
secutively throughout each paper and are indicated
by Arabic figures in parentheses,

The reports and papers are printed in the form in
which they were presented to the Conference, and the
affiliations of the participants are those in effect at
the time. Corrections to the papers have been incor-
porated; some of the figures have been rearvanged;
and minor editorial changes have been made.

The views and opinions expressed are those of the
individual authors and do not imply the expression
of any opinion on the part of the Secretariat of the
United Nations.

The symbols appearing after the titles of the pa-
pers and reports, and in reference to them in the text,
correspond to the symbaols under which they were
presented at the Conference. They have been abbre-
viated by the elimination of the prefix “E/CONT 35",
which should be included in all full references.



THE ESTIMATION OF MONTHLY MEAN VALUES OF DAILY TOTAL SHORT WAVE
RADIATION ON VERTICAL AND INCLINED SURFACES FROM SUNSHINE RECORDS

FOR LATITUDES 40°N-40°8

John K. Page *

One of the first problems in the design of flat
plate collectors is to decide the amount of energy
actually awvailable at any locality and the best
orientation for oplimum effictency. Technigues for
caleulating the total radiation on cloudless dayvs on
inclined surfaces are well known, In practice, how-
ever, the problem is to determine rather the radiation
received on surfaces with  different  orientations
unider average conditions,

Few observations of radiation intensities have
been made in many parts of the tropics, particularly
o a long-term  elimatological  basis. Records of
sunshine, however, are often available over relatively
lomg periods. TE was decided any prediction technique
of widespread engineering interest must therefore
be based on the use of sunshine data. The order of
accuracy sought was of the order -+ ) per cent,
and the technique developed below appears to give
results somewhat better than this whers it has been
possible 1o check it

The average amount of radiation received can
be calenlated only for inclined and vertical surfaces,
if the diffuse radiation component can be assessed
with reasonable accuracy. The paper sets out (o
provide a rapid method of carrying out such compun-
tations which can be used by persons relatively
unacquainted with either the complexities of the
solar radiation climate at different centres or the
detatled movements of the sun. It enables the
monthly mean daily values of the direct and diffuse
radiation to be estimated separately for certain
vertical and inclined surfaces using sunshine data.

Part |

THE USE 0OF ANGSTEDM TYPE TFORMULAE
FOR  THE ESTIMATION OF MEAN VALUES
OF GLOBAL RADIATION FROM SUNSHINE RECORDS

Regression equations of the Angstrom type have
been used for manv wears for estimaling mean
values of the total daily radiation falling on hori-
zontal surfaces [rom sunshine recards.

* Professor of af - Shetfic oL,

Linited Kingdom.

Building Science, University

" o I A . .
The original Angstrim formula \y Was written in
the form:
: L
= (la {m + & ) |
Q= Qo' | b ]
where () = mean glebal daily radiation on

the horizontal plane for the period
under consideration.

o' = the global daily radiation on the
horizontal plane on cloudless days
for the period nnder consideration.

H = mean dailly amount of bright
sunshine hours during period under
constderation,

N = maximum poessible amount of sun-

shine hours during period under
consideration.

a and b = constants  depending  on localily
and climate of station.

The cimatological period adopted varies; usually
il s one month or ten days. The value of Qo' at
high latitudes, however, changes very rapidly [rom
day to day during the winter and 2 ten day period
is better in such regions,

It was often inferred that a 4+ & = 1, because
#
N
sion equations are based on climatological means,
and they cannot necessarily be expected (o apply
to extreme walues for particular days. Several
investigations have, in fact, shown that the relation-
ship between the daily global radiation and the
percentage of possible sunshine considered on the
basis of individnal daily values is not linear (2, 12).
Angstréim  type equalions usually give an over
estimmate of total radiation on cloudless davs, and
on overcast days. This does not mean, however,
that it is not possible to derive satisfactory linear
equations for caleulating mean monthly values of
total radiation. It is, however, necessary fo relax
the condition a 4 6 = 1 first.

There are two important practical difficulties in
using the original form of the Angstrim equation.

{#} The definition of possible bright sunshine is
ambiguous. Some investigations have applied correc-
tions to allow for the fact that the sunshine recorder

on cloudless days @ = Qo and - = 1. Such regres-
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does not furn the card until the sun's rays reach
a certain critical intensity, and others do not. It
is not in fact possible to assess the correction without
detailed knowledge of the radiation climate of a
particular area.

{B) The precise value of Qo' to adopt cannot be
determined in the absence of local radiation measure-
ments.

" The use of the modified form of Angstrim type
formula gets round the second difficulty (1), 1 the
formula is written in the following form:

' # o

@ =Qo {\ﬂ + & ;{\:—D) (2]

where (2 now represents the total radiation per unit

area falling on a horizontal plane cuiside the almos-

phere, and where the other symbels have the same

meaning as before, (4 can be determined unambigu-

ously for any particular value of the solar constant.

Black, Bonython and Prescott obtained the follow-

ing over-all regression equaiion for the stations they
studied :

0 = Qo (023 + 048 f:') [3]

It appears, however, that no attempt was made
to reduce records to & common pyrheliometric scale.,
In addition, the basis on which the percentage of
possible sunshine was calculated is not  stated
Attention must be drawn to the facl that resulis
of both American measurements based on the
Mervin recorder and results obtained in other parts
af the world by the Camphell Stokes recorder are
grouped together in their caleulations. As corrections
for the length of day are always applied in American
practice, it is clear that the studies of Black ef al.
are based, as they were aware, on an ambiguous
definition of percentage of possible sunshine, as
well as on  imprecisely defined  pyrheliometric
scales (1),

In this paper an attempt has been made to avoid
some of these criticisms by adepting the following
procedure:

{z) All observed values of ¢ were reduced to the
International Pyrheliometric Scale involving a correc-
tion of —2.0 per cent to all values measured on
the Smithsonian {1913} scale, and of +1.5 per cent
to all values measured on the Angstrém scale.

B The recorded sunshine was expressed as a
percentage of the pessible sunshine between sunrise
and sunset. No attempt was made to correct for
the fact that the trace is not burned until the intensity
reaches a given critical value because this correction
depends on a number of indeterminable factors like
the water and dust content of the air, the humidity
content of the card, efc. Such correctioms cannot
he accurate unless based on extensive local studies.
Besides, it seems illogical to give a lot of attention
to attempting to correct one limitation of sunshine
recorders as a radiation recording instrument while
ignoring others like the burning of the card through
thizs high cloud, etc. Attention was confined to

records made with the Campbell Stokes type of
sunshine recorder.

e} Black, Bonython and Prescott's form of the
Angstrom formula was adopted so that @, would
be determined unambigucusly,

The relationship hetween the monthly means of
Lotal daily radiation on the horizontal plane and
the percentage of possible bright sunshine for a
number of cenires, mainly in the {ropics and sub-
tropics, has been studied and the results given in
table 2, The original regression equations published
by Black, Bonython and Prescott have also been
included together with other recently published
values for low latitudes,

A osolar constant of 200 cals, om.~® min?! has
been used throughout as a result of Johnson's
recommendations for the stations studied by the
author (7). In practice, the reduction procedure
used by Drummond was adopted (4), the correction
(for the Angstrém scale being too low) being applied
to the computed radiation outside the atmosphere
{}, instead of to the surface data ¢ recorded on
the Angstrom scale to cut down the amount of
computation. Q, was determined for latitudes 10° N -
#0° N by using the tables of radiation outside the
atmosphere for given dates at different latitudes
based on the wark of Milanovitch given in the
Smithsonian Meteorclogical Tables (15), The original
values in the tables were increased by the ratio

1
?—%E to allow

constant. These adjusted values for individual days
were plotted on an extended scale, A smooth curve
was drawn, and the mean monthly values were
obtained by planimetry, The values for latitudes
0° - 40°5  were taken from Drummond’s paper,
which followed a procedure essentially similar to
that described above for the southern hemisphere.
The walues adopted based on a solar constant of
2.00 gm, cal. ¢cm.™® min,~! are given in table 1.
From the walues given in table 1, smoothed curves
can be drawn for different months giving the varia-
tion of the monthly mean value of @, outside the
aimosphere with latitude. The values adopted for
the possible sunshine were taken from the table
given by Brooks (3], and no adjustment was applied
for failure to record at low solar altitudes. (Suitable
tables may also be found in the Smithsonian Meteo-
rological Tables, 15.]

The regression equations were calculated by the
method of least squares as n regression of /0,
011;5—!3 The advantage of adopting the above proce-

for the changed wvalue of the solar

dure is that all variations between different climates
and latitudes appear In the regression coefficients
a and b. It is then possible to explore systematically
their variation from place to place. It will be shown
in a future paper by the author that it is possible
to place the Angstrim formula on a reasonably
sound climatological basis, by selecting the constants
according to latitude and the transmission character-
{stics of the atmosphere for any particular season of
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Table 1. Mean values for calendar maonths of total daily radiation on o horizontal plane outside

@

the earth’s atmosphere, latitudes 40°N-40°5. (Solar constant 200 cals. em 2 min. L) Units:

cals, cm~*% day—?

Latitude FLER FiN BN i ue 1095, B 5. 3075, 5.
Jannary . 373 Azl it T bl T I oo IRE ) (R
bebruary . LY 432 747 sid Bla sl 974 i Lihds]
Aarch . 174 T2 HaH HiH) 3 #18 Asd e T
Apil a3l EH ] 1124 fd sk LR Tl s S
May ... aTin 077 L b G LR ThH LT B G} HE
Jume (13 ) Q0 PG k2 A7 713 a8 45 R
Juely s EhEhih a7 FEEEEE] HIEH] b 724 14 HHa 34
August, . 4 a7 W upg HT Bl TIHG nll 1457
septentluer T B22 377 B WG =ED R Tias i 5
COctober . A i TH4 HELE 1 03T L b HN 3 et
Mewvormbnr 412 A5% LRT Tikh BEE aan I ixl [l (RIS
Ihecembier Sa3a 487 il THdd it 06l 1 o2i L a7 Lakdd

the year in any

iven locality. The author’s work

tmpassible to find a significant regression equition

on this subject is not yet ready for publication,
but his preliminary investigations show little confi-
dence can be placed on the formula suggested by
Glover and McCulloch (6).

7

@/Qe = 0.29 cos. ¢ + 0.52 57 [4]

Where o Is the latitude,

The author prefers to use monthly mean values
of total radiation and sunshine, for this will be the
data normally available for caleulating climatological
mean  values of total radiation. The conscquent
regression formulac cannel be used for predicting
daily values of total radiation from daily sunshine
values with accuracy, but they were nol derived
for this purposc. This paper deals only with clima-
tological mean vilues

The mean values of @ and & were found to be
0.23 uand 0,532 respectively. These values are identical
with the mean wvalues suggested by Glover and
McCulloch for latitude 32 (6) and differ very little
from the mean values of 0.23 and (.48 found by Black
ef al. (1). In practice it is better, however, to try
to select climatolegically appropriate values of a
amel & than to use mean values. These can be best
established by study of radiation data and sunshine
data from other stations in the same type of climate,

Examination of the results so far computed
shows:

(@) If low percentage of possible sunshine coincides
with the season of high turbidity, the value of a
will be low, and the value of b high, for example,
Kew and Dakar; also, modified by height, Windhoek.

() If scason of high turbidity falls in period with
intermediate amount of possible sunshine, the
correlation coefficient falls, for the points in the
turbid months fall off the curve, for example,
Leopoldsille.

() In places where there is little wvariation in
possible sunshine but turbidity variations due to
movement of the Intertropical Convergence Zone,
the points will be very scattered, and it may become

from monthly mean wvalues.

(¢} 1f scason of high turbidity coincides with
season of greatest percentage of possible sunshing,
a tends to be high and & low, for example, Pretoria
and Stanleyville. This often occurs when dust is
responsible for the increascd turbidity during the
dry season.

(¢) In places with high walues of possible sunshine
¢ tends to be high and & low; the opposite holds
for places of very low possible sunshine, where a
tends to be low and & high, This effect results because
the actual curve is not strictly lincar but has an
upward curvature if considersd over a wide enough
range of wvalues of ﬁ,

ﬂ'
at low wvalues than al medium values of possible
sunshine, and vice versa at high levels of possible
sunshine,

(f) There appears to be a latitudinal effect but
it tends to be swamped by variations in turbidity.
It follows that the constants & and b must be selected
with considerable meteorclogical intelligence, in the
abscnce of local records which waould enable them
to be determined satisfactorily for a particular
region. The mest important factor to consider is
the variation of the transmission characteristics of
the atmesphere above the site in question at different
times of the year.

- Henee the slope is greater

Part II

THE SEPARATION OF DIRECT RADIATION
FROM DIFFUSE RADIATION

The secomd step in the problem of calculaling
the monthly mean total daily radiation incident on
inclined surfaces from sunshine data is to separate
the diffuse radiation from the direct radiation.

Examination of the records of ten selected stations
where observations of both total and diffuse radia-
tion have been made immediately revealed that a
linear regression equation could be derived from
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Table 2. Values of & and b in regressiom eguation /) = (o ~ & n/N)

MHefphd ahnoe

UNIIRIPED JARM 1I0US JO SIN[UA UEIJY

865

tarvute Neg Vi Ve o R me s ae oS e
i WiN
Stanleyville. . . . 0 o DI N 437 Sept, 1952-Aug. 1053 1 28 A 24 28 — .55 AT AT Fage
Mairobi TR T i v ) 1 G50 Jan, M4E-Apr. 1943 £} 24 sl A7 a4 .51 Al a7 Fiage
Singapore: . & S0 3 UIT18TN L2 Ang. 1952-July 1953 12 21 A8 44 E G0 44 48 Page
Leopoldwille o0 . . . 42322°§% A50 Jan. 1851-Dec. 1951 12 21 B Nt 31 B2 A3 41 Page
Trinddad o woie woe w LERETH Not known Aug. 1957-Aug, 1958 17 (:2ay* [ i Not known Hal known Smith
DISRar™y: wia s aoa o 18T 4NN Not known  Jan, 1953-Dec. 1953 12 14 ST B Al — 84 i 70 Page
Jamaies: .o oL ool . 18%N Not known Mot known 1% (3= (49 N.H. Mot known Not known LUonwan
Tananarive . . . . . . 18% §4'% 1310 Mar. 1853-Tele 1954 12 L3 44 S 41— 75 AT .56 Page
Windhoek . . 0 . L L Z3e 3408 1728 Aug. 1951-Feb, 1084 41 28 S A il — a B9 .51 Hage
Biwtorigs o 0 G e BETHENT 1 3t Jan. 1061-Fel. 1954 8 2T 1 97 Ml — .88 41 T4 Page
Blopmfontein . . . . . 28° 5 1422 MNat known a4 [L25}* [ Biy= N.OH. Nat known Mot knwan Celowver ef al.
Drban P L1 G July. 1851-Fels, 1954 12 33 s k] A3f — i8] il il age
Capetown . o . 0 oo 338475 17 Sept, 1O51-Faob, 1984 A 20 5% B G — B2 G2 71 Fage
DryCreek o0 o o 3488 Kot known L4 7- 1850 EES [.3m a0 Rl Mot known Nl Nt Black & al,
Mount Stromle . . . . 3535 70 I5ks-19464 144 (.25 Loy 80 Mot known i Black ¢t al.
Versailles: . .0 . 485N Mot kncwn 1835-1941 a4 (.23 1. Bl RN Mot lnawn 3 42 Black ef al.
Gembloux . . . o . . GILEN Not known Ld3a-19%50 Bl (.16} [.ad) B3 Not known 1] 33 Black &£ ol
Eoawry ooneim neos we Ol 19 1947-1051 filk 14 N L AT Al D 33 Page
Fothamsred . . . . . ALHEN Not known 1931-1044 24 [.18) 1,45 i) Not known 39 11 Black cf al.
wWOTES! 31 Values in paresitheses koown oot ta be corrected to lotemtional Peshetromatriz Seale or to solar constant of 200 gm. cals eme™L min™l
i * Values hosed on daily and net monthly values of /N,
{iil}  The following uncorrected aliermative values ame given by Glover & MeCullach based an daily values of nfd,
Mapghi & o ns a e {120 o= AT Windhoek ., . . & = (L3§ &= (L.52 Pretoria - o0 - o 1 - 025 o= LS00
Pghan . "0 ool a2 12 B ow (60 Capetown R & — (.50 Kew ', o oo - I B i o= L

adug

8¢



n
Table 3. Value of constants ¢ and d in regression equation 0

Q

= d = for ten stations
Q
Slulacm Fatitude Ii:;ii:ﬁﬁw Lewgik of resord Perind E‘:‘?'I:‘ v;f?f C’ﬂ:;;’;f:';:;" R::;"‘l :Lﬂﬂi't?i? sty

Stanleyville | 0= 51" N 37 12 months  Sept. 1982-Aug. 1953 107 — 1.16 A M — 63 Heat humid chimate

Leopoldwille . 402205 4 23 months Febo 18581 -Dee, 1952 1.0 1.21 R!TH 32— 52 Haot humaid climate

Windhaek | 22=34" 5 I 728 31 months  Aug. 1951-Feb. 1954 (58 — (.95 i 7 — 1 Hot dry chmate —
high

Pretoria: 25° 455 1 S A months Jan. 1958-Feb, 1954 LR — 1. 16 Rk i) i) Haot dev climate —
high

Tananarive 18253 5 1310 I3 months Feb. 1953-1eb, 1954 1.20 1.39 .8l 45 — A% Hot humid climate
— high

Durban , 2092 60 % i 52 months  Julv 1951-Fel, 1934 110 — 1.43 7 46 — 61 Hot bumid climate

Capetown . EE R 17 30 meonths Sept. 1451-Feb., 1054 L.o7 — 1.2 a3 3 — 5 Meditervanean type
climafe

Blee Fall 427 13" N 24 A8 menths Nov.o H45-Oct, 1940 078 047 75 37— 63 Temperate climate,
Basiod  on weekly
values

Liccle | TEE L 120 &4 months Jan, 1948-Dec. 18350 0496 1AM Fitted hyeye 9 — 68 Temperate climate,
Mean value for
March, June and
September

e Fle 287N 14 i months  Jan. [H47-Dec. 1951 A4 — 1.0 b8 4 — 43 Temperate climate

At

¥
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the published observations, linking the ratio of
diffuse radiation on a horizontal plane to the total
radiation with the atmospheric transmission @/,
Thus we have the relationship

Dyl =e¢+d Q0

where Dy is the monthly mean daily diffuse radia-
tion on a horizontal planc, ¢ and & arc constants,
climatologically determined, ¢ and ¢, have the
same meaning as before.

(3]

This equation, like the typical Angstrém formula,
does not hold for daily wvalues, It is reasonably
valid, however, even under these daily conditions
except when the weather is owvercast or nearly
overcast and on completely elear days when the
regression equation leads to an underestimate of
the value of Dy/f). This ratio reaches a wvalue of
100 on overcast davs for a value of Q/Q, approxi-
mately equal to 0.20. However, this paper is con-
cerned with climatological mean walues, and not
with daily values,

The regression constants  derived for the fen
stations so far studied are given in table 3. All
values are based on the International Pyrheliomeltric
Scale and a wvalue of the solar constant of 2,00 2m,
cals, em.~® min.~t. There iz some wvariation Irom
station to station, but a full climatological cxplana-
tion of these wvariations has not been found yet,
One difficulty was to discover whether the appro-
priate correciion had becn applied Tor the shading
ring, and il the correction was properly determined
climatologically, This was known to be the case
for the South African stations {5} and for the Congo
stations. A correction was apphed to the Kew
ohservations but this was based on isotropic distribu-
tion of diffuse radiation, and was not climatolo-
gically determined.

Clearly low values of Dy /) are normally associated
with regions of great clarvity, and high values of
Dy with regions of high turbidity. It is therefore
possible to select from table 3 wvalues of ¢ and 4
which appear reasonable lor a particular area, by
considering the characteristics of the atmosphere in
that region. The mean regression cquation for the
ten stalions is

Dyl = 1.00 —1.13 Q{0 [6]

Thus the wvalucs of Dy can be casily calculated
using the walues of Q/(), previously obtained by
use of the Angstrém type formula. Caleulations for
humid tropical regions immediately show thal whout
half the mean daily total radiation on horizontal
surfaces 15 diffuse scattered radiation.

The monthly mean direct radiation on the hori-
zomtal plane {ie., Blp sin 0 where £ s the direct
radiation intensity normal to the sun’s ravs and §
is the solar altitude) can now be found by differ-
AT

prmﬂﬂ—g Ty

The regression equation for the diffuse radiation
15, of course, of parabolical [ormn for, rearmenging
the equation, we have

di)e

D = ) )

I '”;_, | QU | |

j : _— et 0,
The maximuam value of Dy which is equal to — T
i
, - "
occurs when Q/0, = ——- Since /0o = a + &b =
2.4 Ak N

o . . WL

it follows that the corresponding value of W 1

k=5 ah oo, i ,

(oo — = b Using the mean values of 2, 6, ¢, and 4

v2db b :

obtained from tables 2 and 3, we have max, =

.221 Oeo. It occurs when ()0)e — 044 ar ::. =)

The maximum diffuse radiation thus oceurs on partly
clowded days and nol on clear or overcast days.

All the observations conlirm the fact that linear
interpolation between diffuse radiation on clear days
and wovercast days glves completely  erroncous
results, and that this theoretical parabolical relation-
ship does actually represent the observations with
reasvmable accuracy. Certain Furopean studies have
been based on the assumption that [y is not a

=2
‘-“"'IH
to be approximately true, if one 15 concerned with
that part of the parabolic curve near the maximum

function of {16, 17). This assumplion happens

B = e M
which 1s often The case in European centres where

N
approximates to 35 - 30 per cent. The assumptlion
is certainly not sound in the hot dry arid regions
of the world,

Part III

THE ESTIMATION OF DIRECT RADIATION
QN INCLINED SURIFACLES

The third stage in the problem is to convert the
climatological mean values obtained for homizontal
incidence to appropriate values {or inclined planes,
The direct and the diffuse radiation must be handled
separately at this stage,

The method proposed in this paper to convert
the mean daily radiation on the horizental plane
te mean daily direct radiation on inclined plancs
is based on the use of conversion factors derived
in the following way :

fa) A standard direct radiation curve representi-
tive of tropical conditions was selected. This curve
is given in table 4. Values slightly lower than Moon's
standard corve (110 were adopted, which it was
hoped would he more representative of general
tropical conditions at stations reascnably close to
sei level, The turbidity of the tropical atmosphere
is often high, either because of the high moisture
or high dust content of the air.

{#) Using the standard astronomical formulae,
tables of incidence factors were prepared at hourly
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Tahle 4, Values of the direct intensity of the solar beam
on g surfuce normal to the sun's rays with altitude of
the sun used to construct table 5

o

gt Cals, em 2 mim-L International Pyeheliometric Scale

o R Y fhivecs iwlansity

EF

i o EEE AR W 3 L
BT e wmmve AmeT w3 .28
[RER G i g 457
15
2ip=
T -
A= 1
407 1.
Al 1.:
b= 1,2}
T 12T
e 1.5
e 1.4

intervals for latitudes O - 60 for dechinations 0,
4 0¥, 4 200, 4 23°27' for wertical north south
surfaces, vertical cast swest surfaces and horizontal
surtaces, From these basic tables of incidence factors
o three planes at right angles, factors for anv
other surfaces could be rapidly obtained with
little further caleulation by simple rignomelrical
st brecs,

{¢) The following
detatled study :

surfaces were  selected  for

1. Verlical facing equator.

2. Vertical facing away Irom equator.

3. Vertical cast or west,

4. Inclined at 45 to horizontal facing equator.

5. [nclined at tilt egual to latitude facing ihe
coauator,

Using the standard radiation curve  given in
table 4, calculations were made of the direct radia-
tion intensities at hourly intervals on the above five
surfuces. The hourly values were plotted graphically,
and the daily totals were found by planimetry,
together with the daily totals for the horizontal
plane.

(of] These daily totals were smoothed by use of
difterence tables as a check against praphical errors
in antegrition. The ratios of the daily direet radia-
tion on the selected planes to the corresponding
daily direct radiation on a horizontal plane was
caleulated Tor different latitudes at suitable values
of the declination. The conversion factors were
motted against declination, and appropriate values
for cach month were found from the curves, In
this way, a series of conversion factors was obtained
to convert daily values of Xy sin § to corresponcd-
ing wvitlues for the inclined surfaces in question.

The resuits of this wvery extended and tedious
series of caleulations are given in table 5, which
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covers  latitudes  0°%-40°,  (Conversion  factors  are
available up to 60°%) The conversion factors arc
given for each month at suitable intervals of latitade
for different surfaces. The computed value of Xi,
sin 8 is merely multiplied by the appropriate factor
obtained from the table to find the monthly mean
daily direct radiation on the planc in question.

Factors for surfaces other than those actually
given in table & may sometimes be derived by
simple  trigonometrical  resolution.  The  essential
conclition is whether the direct radintion will reach
the collector througheout the day at a particular
time of year or not, for radiation falling behind the
cotlector must not be considered as negative, but
zero, Thus, if we consider an inclined surface facing
the equator, in the winter half of the year, normal
triconometrical resclution can be used, for the sun
will always reach the surface and can never be
behind. This will not be true in summer when the
sun will move on the poleward side of the surlace
for at least part of the day. For example, the factor
for a south facing inclined surface at 40°N. tilted
at 607 to the horizental is egual to (1 = cos 60 4
A3 ¢ sin (60) on March 15 However, on June 1ith,
the factor 15 sof equal to [1 ¥ cos. BO - .18 x sin)
becanse the northwards compeonent has been ignored,
and the integration condition makes it impossible
to take account of the correction from table &,

The walidity of this method of computation
depends oo the Tillowing assumptions

(@) That the sunshine iz evenly disiributed
throughout the day, and is not markedly asyim-
metrica] about noon, This s not always so

{#) That the standard radiation curves arc appro-
priate for average conditions,

The advantages Irom the computional peoint of
view in working with ratios of radiation wvalues
are :

{a) The same walues of the ratios are obtained
tor both hemispheres, and no correction for varia-
tions in solar distance are required, All the necessary
corrections are already incorporated in table 1.

(B) Since the Angstrim type formulie suggested
can make some allowance in wariations of trans-
parency according to local conditions, and the values
of the conversion factors being ratios are relatively
insensitive to change of turbidity, the compmted
values obtained for inclined surfaces are likely to
be more reliable than might be expected from the
conventional use of standard radiation curves.

Part IV
EsTIMATION OF THE DIFFUSE RADIATION INCIDENT
ON VERTICAL AND INCLINED PLANES

The diffuse short wawve radiation on inclined
planes 1s made ap of Lwo parts, radiation difiusely
soattered  from  the sky and radiation  diffusely



Tuble 5. Ratic of direct radiation on inclined surfaces to direct radiation on a horizontal surface at different times of the yvear for latitudes 40° N-20° 5§,
based on standard radiation curve given in table 3

Column 1. Vertical surface facing equator) horizental surface; Column 20 Vertical surface facing pole horizontal sorface; Column 3. Vertical survface facing cast or wost: hori-
somtal surface; Column 4. Vertical serface facing equator tilted at 45% to horizeotal : hoozontal surface; Column & Vertical surface facing equater tilted at angle to hovizoaral

equal to latitude: hoerizoatal surlace

Diage A Fatitarde 2 Foatifude 30 Foapdidade 202 Lalilude J30°

N Hewd, 5. Hemi, declimaty E B grnghegn B8 sk & 0% R o it R T "
Jan, Ia Julv 17T | — 2.3 53 A% 108 Eaw A6 — 400134 1,12 1607 — 43— 147 L31 [.a9 4% 1.75
Febe, 14 Aug 19 .. 130 i f— G o4 1 AL — 40 14T 147 Tl AZ 1.ER1.20 100 — 4f 144
Mar. 15 Sept 18. . — 5 RIL SR TE Lo 23 .39 86102 43 - Al— AWy L0864 A4 LG
Apr. 15 Oct. 18 .7 + .5 e B0 :53.1.00 4 38 65 N6 A6 06 30 T8 .97 A0 42 Ji
Mane 18 Mopw. 17 ... -+ 187 AR ER 0 L0 — .31 3B 82 .03 A2 18 3 BE 90 13 0T 4] LT
June 16 Dee, 17 . . - 23.3 — .58 .38 38 1.0 i I 1 I T R 4 A1 .58 BT ToooL0E 12 40 L
June 21 Prec. %% L0 4+ 235 - 4 a3E 31 104 - 40 38 ad 8] A 1 7 a0a 12 40 T
Julv 15 Jan. 33 - . -— 21.43 —- G638 35 LOO B T 1 T A R | — 20 38 o TR i SR | S [ I 2 1 i
Aug, 15 Felbo 11 4 4.2 A 3% 48 1 — .22 3% .53 .9 FE LI 1 B 14 B LN R (F S | B2
“Hept. 1D Mar, 12 oL + 4.4 — a0g 39 ad 100 R R+ I B 1 /- S L2 11 o 1.02 15 Tr. 43 1.03
Oct, 15 Apr.El oo - g2 A — B 88 100 Al - R4t a8 104 iz - A2 L1+ 116 8% AR 133
Now. Lh Mav 13 . . —18.3 A6 39 1.04 100 NN A LLER L A5 — 43 B 1.27 1.33 45 163
Dee, 15 Jume 13 . -, 23.2 AR — AR L2 Lo Bl — 4 127 E2 113 — 44 La 133 1358 AR 183
Do, 22 June 21 . . — 235 .84 3813 1 B3 — L 120113 1.16 " .53 1.3 1461 — 49 1.3

1.61
Lot
1.1%
09
R
54
B4

Fatitnde 40

i) BT e ) ]
211, — 57 283 215
130 A3 .95 1.92
g 4% 1.36 1.55
A% .01 46 104 107
AT h 44 BT
P TR L O - R 1 R €
18 g 42 79 B3
22 08 43 B R5
A7 03 45 45 0B
A0 T, 48 1200 120
1.24 At 1ey 1.hy
1,86 G 20 1.8
i — 58 2034 .06
.36 of 238 230

Norw: Thi= tableis bassd on graphical imtecpretations and the onder of aceuranyi £ alout 28 1 per cent

uouu]ﬁm BAEM LI0US JO SONBA UBaly

86/S

5 _“d

SRE



356 LA

Availability and measurerment

reflected from the ground. If we assume that the diffuse radiation is isotropically distributed, the
total radiation on a plane 5 will be given by the formula :

VS5 SRS B A Lt

= B fpsinf L cost - Dy

where f; s the slope conversion factor for slope S
for a particular month, where ZFp sin 9 and Dy
are the monthly mean daily values of the direct
anul diffusge radiation on a horizontal plane, where
w 15 the angle of nclination of the slope to the hon-
zontal plane, and where »; is the diffuse flux
reflected from the ground.

The reflected flux will be equal io Y6 where Y
15 the albedo of the surface to short wave radiation
and @ is the monthly mean daily total radiation,
provided that the ground is not overshadowed.
This will normally be the case for the majority of
solar energy collectors which are orientated to face
the equator for maximum collection efficiency.

Equation [9] gives the incoming monthly mean
daily total radiation correctly, provided the isotropic
approximation is walid, This assumption must now
b exarined in detail for it i3 well known that the
diffuse rodiation is not isotropic. Unfortunately,
average conditions have never been studied in detail,
though it is believed that work is going on now
in this direction in RKussia under the control of
Kondraticy., Comsiderable attention has, howewver,
been given to cloudless conditions, and among the
more useful studies in this field may be mentioned
the studies of Kondratiev and Manolova in Russia (8)
and the work of Parmelee in America (14). Parmelee's
work is confined to instantaneous values on vertical
surfaces while Kondraticy's work deals with instan-
taneons values on inclined surfaces as well. Parmelee’s
work shows the preat importance of almospheric
turbidity in determining the diffose radiation on
cloudless days. A decrease in the intensity of the
direet beam is accompanied by an appreciable
increase in the amount of diffuse radiation available.
Kondratiev's work shows that there are certain
compensating effects which may make the isotropic
approximation more reliable for average conditions
than would at first sight appear. An important
factor influencing the radiation balance of inclined
surfaces 1s the change of albedo of the ground
surface with the angle of incidence. The albedo
increases very appreciibly at low angles of incidence,
Another important factor is that appreciably higher
diffuse radiation is received from the quadrant of
the sky facing the sun than from the guadrant of
the sky facing away from the sun. The isotropic
approximation is not satisfactory on clondless days,
overestimating  the radiation on surfaces away
from the sun, and underestimating the radiation on
surfaces facing the sun and on surfaces at right
angles to the sun's azimuth as well. On overcast

days, on the other hand, Kondratiev shows that the

l 4 cos e

5 :} Dy - ( \ _;f““ *) ra

k4

¥ L, G
sIm¥ = | &1
3 3 ¥ i

diffuse radiation balance of slopes can be estimated
satisfactorily by the isotropic approximation.

There appears to be no published information
about partly clouded days, but qualitative observa.
tion shows that there are two main factors iInflucncing
the diffuse radiation distribution :

@) A tendency to find regions of high brightaoess
of clouds close to the sun.

(5 A tendency to find regions of high brighiness
on clouds which stand opposite the sun giving
significant back reflection, particularly to stecply
inglined slopes, when the clouds are vertically deep,
¢.g., cumulus clouds.

The various factors menlioned above are to some
degree compensatory, The author has made a
preliminary study of the mean diffuse illumination
vilues recorded by quadrants at Kew represented
by MeDermott and Gordon Smith (10). This study
indicates, for werfical swrfaces (o = 907) cmpirical
correction factors might be applied to the daily
diffuse mudiation as calenlated by the isolropic
approximation as tollows

{a) Vertical or steeply inclined north-south surfaces
facing the predominant direction of the sun, if the
snn 15 reasonably low, ie fs & 04 multiply Dy by
a factor of 1.2 belore using in equation |9, If sun
is moderately high fs = 0.4 multiply by 1.1 before
using in equation [9].

(8] Vertical or stecply fnclined surfaces {acing
east or west, Morning excess tends to balance after-
noon deficiency on east side and  wviee wversa om
wist side. Apply no correction.

{¢) Vertical or stecply inclined surfaces facing
away from predominant direction of sun, multiply
Dy by 0.8 before using in eguation [9],

These corrections are extremely arbitrary, but it
15 diffienlt Lo see how more reliable corrections
conld be proposed in the light of existing knowledge,
These corrections would not appear to be out of
line with diffuse radiation data  obtained by
Tonne (16) for latitude 53°N by careful considera-
tion of the directional characteristics of the sky
hour by hour. Their only justification is that they
appear to give acceptable results wherever it has
been possible to check theoretical predictions against
observed results, There are, of course, remarkably
few observations of radiation on vertical and inclined
surfaces, and most of these have been made in high
latitudes.

For sloping north-south surtaces inclined between
307 and 60°, the same factor of L2 might be appro-
priate for surfaces faving the predeminant direction
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of the sun (provided fs -
be applied otherwise, nor to surfaces facing east
or west. The factor for inclined surfaces facing
away from the sun is likely on the evidence of
Rondratiev and Manolova (8) te be somewhat
lower than that for vertical surfaces [acing away
from the sun. This is a result of the fact that the
region of the clear sky ot lowest brightness 1s [ouned
ab & point opposite the sun such that the angle
between the altitude of this point and the sun's
altitude is 90° It might be reasonable to adopt a
value of (L75 Dy for such inclined surfaces in light
of present knowledge, The whole matter obviously
requires far maore detailed exploration, however, than
the author has been able to give to it

For surfaces of low tilt, the isotropic approxi-
mation is likely to be satisfactory except for north-
south surfaces facing the predominant direction of
the sun when it might be reasonable fo assume
that the monthly mean daily diffose radiation is
invariant for tills between 07-307 and equal o Dy,
In equatorial regions it should be remembered that
the predominant direction of the sun changes from
north to south according to the time of the year.

The albedo of the ground surface should, if at
all possille, be determined locally in view of the
wide variations which occur with different types of
ground, covercd or not as the case may be, with
vegelation of different rellection having character-
istics which will wvary according o season and
rainfall, In making such measurements it is essential
that the toial albedo should be measored by suitable
instruments which record over the whaole short wave
spectrum. The correlation between the visual albedo
and the total albedo is often poor, becanse most
plantz have a relatively high reflectivity in the
infra-red region, and often a relatively low one in
the visible, Typical values by Kondratiev, Mironova,
andd Daeva (9 show reflectivities for gross of the
order of 10-15 per cent in the wisible region and
40- 50 per cent in the infra-red. A summary of the
carlier measurements of albedo may be found in
the Smithsonian Meteorological Tables (15), Typical
values of the total albedo for green vegetation are
28 per cent, for dark soils 10 per cent, Tor desert
sands 20-25 per cent, for dry grass 30 per cent,
Tt detailed information is not available about ground

7 0.5] and mo correction

5/98 Pagiv 387

albedo, it would appear weasonable to adopt values
of the order of 20-28 per cent on tural sites covered
with wvegetation and 10-15 per cent on central
urban sites, where bullding and road surfiuces may
predominate.

Conclusion

A method of caleulating mean values of the total
radiation on inclined planes from sunshine records
has been given which can be used to caleolate the
optimum  orientation of [al plate sclar energy
collectors, The technigue proposed has been checked
against the limited number of available meteo-
rological observations of the mean monthiv dailby
radiation on inclined surfaces and reasomable agree-
ment between prediction and measurement was beon
achieved. The average error of the estimated radia-
tion appears to be of the order of 10 per cent.
The technique proposed for caleulating the mean
datly radiation i thus quite satisfactory for general
engineering purposes and has the advantage of
giving, with wvery little computation, the relutive
amounts of direet or diffuse radiation on the phane
in question. In many parts of the homid tropies,
difiuse radiation predominates, The optimum crienta-
tion of @ collecting deviee is thus Influenced very
much by this factor. At latitude 4#0°N, for example,
the optimum tilt for a collector to collect maximum
energy in December s about 577 if the percentage
of possible sunshine is 40 per cent and 64% i the
percentage of possible sunshine is 75 per cent, The
maximmm mean daily tolal radiztion available with
40 per cent possible sunshine iz 180 cals, em?® day
compmred with 440 cals. em? with 75 per cent possible
sunshine, In the first casc 45 per cent of the availalle
energy is diffuse, in the sccond only 14 per cent is
diffuse. Solar collectors must therelore be designed
to take proper account of the radiation climate in
which they are lo be used. Efficient use of diffuse
radiation iz essential in the humid tropics where
much cloud 15 often found. The anthor would par-
ticularly welcome any available information about
measured mean values of short wave radiation on
inclined surfaces in order to make a more systematic
check on the walidity of the method of analysis
proposed,
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Summary

A technique for calculating monthly mean values
of total daily radiation on inclined sorfaces from
sunshine data has been proposed.

The first part deals with the caleulation of mean
vahlies of total radiation on  horizental planes,
using the conventional tyvpe of regression equation,

Q.‘IQG =g -+ ] ﬁ:;

vhere (2 1s the monthly mean daily total radiation,
s 15 the corresponding monthly mean daily radia-
tien cutside the atmosphere; @ and & are constants

which are climatologically determined; is the

n
-
percentage of possible sunshine,

Values of @ and ¥ for various tropical stations
are given in table 2, while wvalues of @, may be
found in table 1. It is suggested that the wvalues
of @ and b should be selected thatl are representative
of the transmission characteristics of the atmosphere
in the locality under study.

The second part deals with the separation of the
mean  horizental diffuse radiation from the total
radiation, using a regression equation of the form

Dl = ¢ + 4 Q(Qa
where Dy is the monthly mean daily diffuse radia-
tion on a horizontal plane, where ¢ and d are

chmatologically determined constants and where
¢ and £ have the same meaning as before.

S D=L+ (

Ll

The monihly mean waloe of the daily direct
radiation on the horizontal plane £, sin 0 oy
be found from the relation

ﬁjﬂsinD—Q——D”

Values of ¢ and 4 for various localities may he
found in table 3. It is shown that maximum diffuse

radiation occurs when = 40-50 per cent,

b
_I-"H'T

The third part ol this paper deals with the con-
version of direct radiation on the horizontal plane
to direct radiation on inclined planes. Table &
contains a series of conversion factors f; for latitudes
0-40% to convert values of Efp sin 0 into values
of [;, the direct radiation on slope 5,

Factors are given for the following surfaces

(I} Vertical facing equator,

(2) Vertical facing pole,

{3) Vertical facing east or west,

(4} Vertical facing equator tilted at 45° to horizon,
(5) Vertical facing equator tilted ai angle to

horizental equal te latitude.
These factors are based on radiation curves drawn
using standard radiation curve given in table 4.

The fourth part of this paper deals with the
estimation of diffuse radiation on inclined surfaces
using the isotropic approximation.

The total radialion on slope 5 13 given by

2w+ (522

s .,

iy

= fs Z Iy sinl + cos® ; Dy - sin? z o

where f; Bl sin 0 is the direct radiation on the
slope of inclination
5 ; . i
O 5 I 15 the diffuse radiztion from the
sky on the slope
o ; ; G
i Fpro 18 the diffuse radiation from the

ground,

The value of ¥y will be equal to ¥, if the ground
15 not overshadowed, where Y is the total short
wave albedo (not visual albedo).

The limitations of the isotropic approximation
are discussed and certain empirical correction factors
are proposed lo take account of orientation.

The need for further ficld observations is stressed
as well as the fact that the method of analysis is
restricted  to monthly mean wvalues of possible
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sunshine and so 18 not applicable to daily values of
sunshine. The accuracy ol prediction appears to be
of the order of + 5 per cent for monthly means,
It is shown that cellector crientation for maximum
efficiency is influenced very much by the diffuse

radiation climate in any lecality and it is suggested
that attention must be given to the problem of
property utilising this diffuse encrgy in flat plate
collectors, particularly in the humid tropics where
half the awvailable energy may be diffuse.

EVALUATION DES VALEURS MOYENNES MENSUELLES DU RAYONNEMENT TOTAL
A ONDES COURTES SUR LES SURFACES VERTICALES ET INCLINEES, D"APRES LES
RELEVES D'’ENSOLEILLEMENT POUR LES LATITUDES 40°N ET 40°S

Reésurné

On a proposé une technique de caleul des valeurs
movennes mensuclles du rayonnement quotidien
total pour les surfaces inclindes, a partic des donndes
d'ensaleillement.

La premiére partie du mémoire porte sur le caloul
des wvaleurs moyennes lu rayonnement total sur
des plans horizontanx, en se servant de équation
classique de régression

/00 —a +b 5

dans laquelle ) est la movenne quotidienne du
rayonnement  Lotal sur un mois, @ la meyennc
fquotidienne extra-atmosphérique correspondante, et

#t
W Slant le

@ vl b des constantes climatolegigues,

pourcentage d'enscleillement possible,

Lo tablean 2 donne les waleurs de a et & pour
les divers postes tropicaux, et le tableau 1 donne
les wvaleurs de (Jo. L'auteur suggére que les valeurs
de @ oot & solenl cholsies pour Bien représentfer les
caractéristiques de transmission de Datmoeosphére
dans la localité & ['étude;

La deuxiéme partic da mémoire porte sur la
séparation du ravonnement moyen horizontal diffus
et du rayonnement total, en se servant d'une équa-
tion de régression de la forme :

I_}Ir”'(? =i | o QI:'IQQ
dans laquelle Dy est le rayvonnement diffus quotidien
moyen sur un plan horizontal, ¢ et & sont des cons-
tantes déterminées climatologiquement, et @ et (),
ont la méme signification qu'auparavant.

i s [1

%

S

= f, ¥ lysin§

expression dans laguelle

Jo Blp sin B est le rayonnement direct sur la pente
d'inclinaison,

o . :
cos? 5 [y est Je rayonnement diffus du ciel sur la
pente,

T s :
sin® 5 7H est le rayonnement diffus du sol,

La wvalenr moyenne mensuelle du rayennement
quotidien direct sur le plan horizontal, 2l sin 0,
pout étre tirde du rapport iy sin 8 = 0 - Dy,

[e tablean 3 donne les wvaleurs de ¢ et & pour
diverses localités. L’auteur montre que le rayon-

« . . H
nement diffus maximum se produit quand N 40

a. 50 p. 106,

La troisiéme partie de ce mémoire porte sur la
conversion du rayonnement direct sur le plan hori-
zontal en rayvonnement indirect sur les plans inclinds,
Le tablean 5 contient une série de facteurs de conver-
sion, corrcspondant aux latitudes 0-40°, pour trans-
former les wvaleurs de EFfy sin O cn valeurs de f,
rayvonnement direct sur la pente 5.

Le mémoire donne les facteurs pour les surfaces
sulvantes

1Y Verticale, tournde vers 'équateur;

2} Verticale, tournée vers le pile;

3 Verticale, faisant face 2 Vest ou & Pouest;

4} Verticale, faisant face & I'équateur et inclinée
a 457 sur Uhorizontale

5) Verticale, faisant facce & I'équateur et inclinée
sur l'horizontale d'un angle égal & e latitude,

Ces facteurs sont basés sur des courbes de rayon-
nement établies en se servant de la courbe de rayon-
nement standard duo tablean 4.

La quatritme partie de la communication porte
sur les ¢valuations du rayonnement diffus sur les
surfaces inclindes, en se servant de Papproximation
isotropique,

Le rayonnement total sur la pente 5 est donné par :

L oO% x) ‘1 — oS5 e
— ) Dy A ( —) i
2 2
* E oy
cos® 5 Dy 4 sin® vy

La wvaleur dec ry sera égale & Y0 51 le sel n'est
pas ombragé, ¥ étant Ualbédo total ondes courtes
et non pas lalbéde visuel).

Les limitations de Uapproximation isoiropique sont
passées en revue et certaines corrections empiriques
somt proposées pour tenit comple de Porientation,

L’auteur souligne le besoin d'aulres observations
sur place, ainsi que le fait que la méthode d'analyse
est limitée & des valeurs moyennes mensuelles de
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Uensoleillement possible, et ne peut done pas s'appli-
quer & des valeurs quotidiennes. L'exactitude des
prédictions semble étre de Pordre de - 5 p. 100
pour des moyennes mensuelles. Llauteur  montre
que Porientaiion du collecteur, pour avoir le maxi-
mum de rendement, dépend beancoup da climat de

rayvonnement diffus en tous leux, et ce mémoire
suggere quon doit s'attacher au probléme dhutiliser
convenablement cette énergie diffuse sur des collec.
teurs 4 plaque, particulicrement dans les tropigues
humides oit la moitié de Vénergie disponible peut
étre difluse,



