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‘Although Nigerians have hitherto viewed cheap and

entiful energy scurces such as coal, oil and gas as
their birth right, the supply is no leonger cheap or
accessible, There is an energy crisis due to political
instability coupled with the drop in foreign exchange
due to drop in o0il export. The use of solar emergy now
becomes a viable option. To harness and utilize this
abundant solar energy efficiently, it is necessary to
know just how much of this energy is actually available
at any given location and the factors that influenge its

intensity (including seasonal variations),.

With this problem in mind, an improved thermopile
pyranometer has been comnstructed using locally available
materials and was used to measure the total (direci and
diffuse) daily insolation at Nsukka (Latitude E,Baﬁ;
Longitude 7.35°E) in May, 1991, The Teadings obtained
clearly show that the constructed pyrancmeter is very
geensitive apd responds quickly to any fluctuations in

solar radiation intensity.

Chapter one of this projeet work deals with the
fundamental concept of the sun which is the socurce of
soler energy. The faetors that influence this solar

energy distributions on Earth are alsc discussed.
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In chapter itwo, some solar radiation Measuring
Instrumente and their characteristics are discussed.
ghapter three gives full information on how the loecal
pyrancmeter was successfully constructed, assembled
and then checked,

Results from measurements in chapter four indigate
that the daily insolation at the University of Nigeria,
Neukka in the month of May, 1991 had a highest mean
instantaneous value of 491 Wi ° and a lowest value of
£9 HH-E. These results shewed marked improvement on
earlier pyrancmeters constructed by Eze and lﬂngwnjﬂ.
The pyrancmeter was ealibrated using standand Eppley

pyranometer, Resulis of the calibration reveal that

it has a calbration constant of 0.6Tmmv/wn > & 1.2%,
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CHAPTER ONE

1.1 INTRODUCTION

In order to utilize selar energy successfully and
efficiently, it is neceseary to know how mach eof it is
actually available at any given lecation and the factors
that influence its intensity. Data on sclar radiation
is of great imnterest in characterising an area with
respect to ites agricultural potentisl, engineering
design and analysis of solar processes, and in gaining

some knowledge of the local elimate,

To carry out such investigation, it is essential
that a simple but sensitive equipment should be constructed
preferably locally., e sophistication of some imported
equipment mskes their repsir and maintenanse problematie
and a2 hinderance to smooth research work, Moreover,
such egquipment may have been designed to suit particular
environmental conditions of the home country. Local
manufacture of such equipment would eliminate most of
the problems. This project is an attempt in this direeticn,
The design and assessment of the performance of any
golar energy system requires a knowledge of sclar
radiation gained over a long pericd of time. However,
meost solar radiation stations generally record only teotal
ghort wave radiation data on horizentsl surfaces,
Therefore, methods have to be devised to estimate the

beam and diffuse componments of total radiation em ..
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a horizontal surface,

golar radiation is detected by interception and
subsequent analysis of the effects of the interceptions
gn a receiver, Three poesible ways in which the solar
radiation can be sensed include:

i) By absorption and gamversion to sensible heat,

ii) By the effeet of a chemical process.
iii) By photon capture and conversion to elestriecal
pover,

From measurements made, empiriecal formulae have
been developed over the years to estimate the solar
radiation availlable using various parametera, Such
methods include the correlation of insolation with
meteorological parameters such as sun shine hours,

air temperature and relative humidity.

1.2 THE NEED FOR HARNESSING SCLAR ENERGY

Por generations, fossil fuels such as ecal, oil
apd gas have been the only sources of energy supply.
These fossil fuels have @ften been abundantly available
to heat our homes, power our automobiles and fuel our
industries, But, over a period of time, the supply of
these fossils fuels began to dwindle and man began to
look to the atom for salvation, It was also realised

that those soureces of energy supply ocause a lot of
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environmental pollution resulting in the atmosphere being
choked with smeg, our rivers and shores streaked with oil,
In the case of nuelear power plamnts, there is also concern
over the pessibility of radicactivity being released into
the atmosphere in the event of an accident and, over the
leng term, problema of disposal of radicactive wastes from
these plants, Thus, there is a need to deal with both
energy shortages and environmental pollution in our homes
and surroundings.

Americans were the first to discover the use of polar
energy as one step toward reversing this tremd, They found
that a lot of energy can be trapped from the sun to heat and
cool our homes thereby reducing the growing dependence on
traditional energy scurees that pollute the enviromment
and oreate ecological problems,

Today, Scientists have recognised Seolar Energy as a
vital subjeet for study -~ a future poseibility to reduce
our economic problems. BSolar heating and cooling are
feasible today and not at some nebulous future dates.

It is elearly necessary that we must become more
attune to our enviromments partioularly those in the
tropical partes of the globe if we are to make the best use
of solar energy. As we embark upon this new era of solar
architeoturs we should not forget the lessons of history.
Although many of the old ways of using the energy frem the

sun require personal attention, they are reliable and cause
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little harm to the ecosphere., They have withstood the
test of time through their simplicity and applicatiocn

to real human needs. Only when we have made every effort
to use the sun's abundant energy in simple ways should we
introduce new technologies - and then only sparingly,

patiently and carefully,



1.3 FUNDAMENTAL CONCEPTS OF SOLAR RADIATION

1.3.1 CRIGIN OF SOLAR RADIATION

The sun is the source of solar energy. lNearly all
known elements are present in the sun, however the main
constituents are hydrogen and helium. These elements
constitute about 80 per cent and 19 per cent respectively.

10

The sun has a mass of 1991 {:\_'0002) X 16 Kg and a

radius of 6.960 (4:0.001) X 10°M. It is at a mean distance
of 1SO million kilometers from the earth.

The temperature of the core of the sun is estimated

to abaut 2 X 107k whide the outer most layer from which

equivalent black - body termperature of 5?600k.

The electromagnetic energy radiated by the sun is
derived from nuclear fusion reactions in the sun. There

are two sets of nuclear reactions that occur in the sun. These are



the Proton - Proton chain and the Carbeon = Nitrogen eycles.

The reactions invelved in the protom - proton chain are

1 |

H + H 2& + B+ Y + 0,42 MeV.

v+ %

3&& 4+ Y + 5.5 Mev

453 + }H + 12,8 Mev

e + He
In the Carbon = Nitrogenm oycle, the reactions are

15H+Y + 2 Mevw

H—
Uy —— 135, +#B + 0.5 Mev

13, + 1 148 4+ Y + 8,2 MeV

H_——
14H + 1H 15Cr + ¥ 4+ T.5 MeV

1Bg—— 15y +3 + Y + 0.7 MeV

By + 1 121’: * 4Ee + 5.2 MeV

The energy emitted by the sun results from the net mass
change which accompanies the above reactions, The amount
of energy resulting from a net mass change of anM is given
by the Einstein relation,
E= A M,
where
C is the veloeity of light in a vacuum, It is estimated

that the sun radiates energy into space at a rate of
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approximately 4 X 1ﬁEE J 3-1

« The earth intercepts only a
gmall fraection of this energy, ranging from the ultra violet
(uv) to the infra=red (IR) and radio spectral regions.

0f the total energy radiated by the sun only about 1.7 X 1013 ;

is intercepted by the earth every second,

1.3.2 EXTRA TERRESTRIAL SOLAR RADIATION

The selar radiation beyond the earth's atmosphere is
ealled extra terrestrial selar radiatien, The extra
terrestrial solar radiation consists of beam (or direect)
radiation only. Beam radiation is the solar radiation flux
ineident on & surface without significant change in direction
or scattering.

In the Earth's atmosphere, the solar radiation interacts
with the constituents of the atmosphere, This interastion
results in a substantial modification of the im-ecoming extra
terrestrial seclar radiation both in intensity and in speetral
distributien, The solar radiation is now referred to as
terrestrial =solar radiation,

Owing to the elliptiocal nature of the earth's orbit
around the sun, the ocutskirts of the earth's atmesphere are
not constant, The instantaneous extra terrestrial beam
radiation differs from the solar constant by an erbital
eccentrioity faetor, e, given by

e= 1 4 0.035 Qos [:2 II{H-#)!Eﬁé] ——=(5)

where N is the day number from January 1, The extra



terrestrial intensity on day N is the solar constant
medulated by the orbital eceentricity factor i,e

Eo = Eg, E - t}.}ﬁcns(21‘1(1%—4},/355]—-—{5}.
The total extra terrestrial selar radiation received
by a horizontal surface cver a time interval % is
generally given by

t*rag
By =J;t B, (W) Gosi (t) dtmm————=n(7)

where i1 is the seolar incidence angle given by

Gosi = Sinl 8ind + CosL Cosd CosLs ¢ Sinx

(for a horizontal surface)

Where 1 is the Latitude of the site, & is the solar
deeclination, Ls is the hour angle and X is the solar
altitude, The solar declimation is defimned as the
angle at noon on the equator between the zenith and
a line collinear with the sun's rays and is givem by

d = 23,45 SinE}EﬁO (8 + 2&4)/365:[ ———=(9)
where N is the day of the year., The hour angle is:
obtained by multiplying the number of hours from the
local solar noon by 150, i.e

ns = 15° x No, of hours from lecal solar noon,
At a given time, the instantaneous extra terrestrial
beam insolation on a horizontal surface is

By, = By, X E + 0,035 G{:u{EII(H-Mf}ES)J X

(5inLs Sind + CosL Cosd - Coshs)---(10)
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The daily total extra terrestrial solar radiatien is

2
Et,& = (;) Eﬁu [1 # 0.034 {:oa(%gﬂ (hﬂr §inL,

Sind 4 Co8L » Cosd , Sinhsr) (11)

where hsr is the sun - rise heour angle,

1.3.4 THE SOLAR CONSTANT

The radiant pewer per unit area perpendicular
to the direetion of the sun outeide the earth's
atmosphere, but at the mean earth - sun distance is
aasentially conatant. This radiation intemsity is
referred to as the solar constant or alternatively, air
mass zero (AMO) radiation. The accepted value of the
solar constant is 1353 wfmz (+ 1.6%)., However, more
recent measurements suggeet that the walue of the
golar constant lies between 1368 and 1377 waE. These
values have been determined by taking a weighted
average of measurements made by egquipment mounted on
ballons, high - altitude aireraft, and space orafts,
As indicated by the two uppemmost ourves in figure 1,0,
the speetral distribution of AMO radiation differs from
that of an ildeal black bedy, This is due to such effects
as differing transmiesivity of the sun's atmosphere at
different wavelengths, A knowledge of the exaect distri-
butien of the energy constant in sunlight is Important
in solar cell work because these ocells respond differently

to different wavelengths of light,
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During the year this solar constant can very by

I 3.4%, partly due to variations in the earth-sun distance.

1.3.5 SPECTRAL DISTRIBUTION OF EXTRA TERRESTRIAL
SOLAR RADIATION

The solar constant whose value is 1353 W M"2

is not monochromatic; it is an integral overall wavelengths
from about 0.115um to about 1000wn, The extra terrestrial
solar spectrum consists of the ultra-viclet region from
0.405 to 0.740um and the infra red from 0.740 to 1000um.

The peak intenzity of the extra terrestrial solar radiation
occurs in the visible region at a wavelength of about
O.AEum. The spectral irradiance from different wawvelength
intervals as well as the respective percentage of the

extra terrestrial solar radiation are shown in table 1.0.
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TABIE 1.0

waielength Range Total Spectral 11 Percentage of
Irradiance [WM'aum' y 1 Solar Constant
- =y .
Ultra -~ Violet
(0.115 - 0.405) 185 . 7366 g . 298
Visible
(0.405 - 0.740) 561 . 1724 i, . &6
Infra -~ Red
0.740 - 2.000 578 . 0000 52 . 788
2.000 - 5.000 { 81 . 0000 * 6 . 023
5.000 - 10000 6 . 6000 0 488

Table 1.6: Extra terrestrial solar spectral.
Irradiance for Different Wawvelength Ranges and their Respective
Percentage (based on Solar Constant of 1353 W prEj. Intensity
outside the range ﬁ.115 - TGﬂéUM hawe been assumed negligible,
A more detailed tabulation of the standard solap spectirum

1i The summary of their publication

nas been published by Thelaekara
over the spectral distribution of extra terrestrial solar

is shown below.
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Thermal radiation waielenghs rang from 0.2 - ‘IOOO,IM

1M = 10" %, angtrom 18° = 107"% = 107w

Visible Spectrum - within 0.39
Ultra Viclet Spectrum: 3 bands
rear W, 0.3 - 0.4
far W, 0.2 - 0.3M
max. W, 0.00 - 0.20H
Infra - Red Spectrum: 2 bands
near Ir, 0.77 - 25[M
far Ir, 25)M - 1000pM

- 0.77PM

1.3.6 TERRESTRIAL FEAN INSCLA TION

e s & pol

The beam component of the terrestrial sclar radiation

is the result of attenuation of the extra terrestrial solar

radiation. This atfemation is due to absorption and scattering

by different atmospheric constituents, namely; ozone, water vapour,

aerosols and carbon dioxide and dust.

The different absorbingspecies do not absorb
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at the same wavelength, nor is the absorption uniform aecrecss
the entire solar spectrum. There is almost total abserpiion
of solar energy by ozone at wavelengths below C,35UM and by
garbon dioxide at wavelength beyond 2,5UM. As a result of
thie the spectrum of insclation received at the earth's
gurface lies practiecally between the limits of 0,3 and
2.,00M. Ewen within these limits, the selective absorption
by some of the atmeospherio constituents (espeeially water
vapour and carbon diexide) drastically depletes the terrestrial
beam insolation of certain wavelengths, For instance, at
a wavelengih-of 1,384M, the solar irradiance under air mass
one (AM1) condition is only 5.7W M_EUH-1 when the atmos-
pheric turhidity)i is 0,085 water vapour content is 20MM
and ozone is %,4mm,

The intra-atmospheric attenuation of the beam solar
radigtion is usuelly described quantitatively by a Eeer'ag

- -edm i
law model as Eb, = En,g e (12)

where Eh'}‘iﬂ the beam irradisnce on a terrestriasl surface
at wavelength { , C is the attenuation coefficient and M
is the air mass (defined as the ratio of the part length
of radiation through the atmospher at any givem angle to
the sea level path, straight through the atmosphere
(vertically),

The value of the air mass depinda on the altitude, 8,
of the location above sea level and on the solar altitude

@, and is given by M(#,8) = M(0,8) P(8)--———m- -=(13)
P(0
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where P{Zj is the atmospheric pressure at the altitude
Z and P(0) is the pressure at sea level, and M(0,0j is
the air mass at sea lewl given by
M0,0) = [1229 + (614 Sin}%] % _ 614 Sin Qee(14)
The attenuation conefficient, C includes Rayleigh attenuation

coefficient C, (which accounts for Rayleigh Scattering),
ozone absorption ceefficlent Cz’ and absorption coefficient
C3 due to atmospheric turbidity and aerosols, this is given
oy

where /8 is the turbidity coefficient and U is the wawelength
exponent, large walues of }B and small values of U characterise
highly turbid (polluted) atmosphere.

The prediccominant role played by water vapcur in the
absorption of solar radiation is emphasised bv lMajumdar et 313
in their model for the direct solar radiation. It is demon-
strated in thier worik that the mean absorption by water vapour
content, W over a complete band varies nearly as {WjO‘B. In
this model the dlr'ect solar radiation E is glven by

E =Bt () Juar| ¥ e (16)

where E is the effective radiation intensity abowve the tro
pospheve (which is a few per cent less than the solar constant),
t is the tranamission coefficient due te the constituents of
the lower atmosphere other than water vapour, tw is the
transmission coefficient of water vapour, m is the absolute

air mass (equation 9) and Mr ig the relative air mass

(equation 10}, q = 5.5 (appmximatelﬂ-
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The instantaneous menochromatic beam solar radiation
defined in equation(?j may also be expressed in terms of
the menochromatic direct transmittance, t (defined as the
ratic of terrestrial beam radiation to extra terreatrial

beam radiation), viz:

Eb,& = g EO,K SheA-—(17)

The transmittance consists of the absorption transmittance

t , and the scattering transmittance, tscat' These are

abs
related in the following way:

t

£ = t abs., A

A gcat, A
Two type= of scattering may further be distinguished. These
are Rayleigh scattering due to amall air molecules and scattering
due to aerosols. FKing and Bjckiusil expressed the scattering of a
monochromatic solar radiation of wavelength due to smell air

melecules (i.e Rayleigh scatter’ingj as

Tscat, A R = exp E— 0.6089101(9.!901,(““:] el )
The aerosol scattering depends on the atmospheric turbidity and
on the air mass and is given by

t A = exp (-m EA'”i ——————— (19)

scat,
where &#is the turbidity coefficient, its value depends on the
concentration of aervsols and dust in the atmosphere. #&may be

evaluated from the visibility X,using the equation

A= (0550 S - 0;61162')]2577 A 132(}-:-5‘ J4+1. nzj (20)




u is a factor which depends on the size and distribution

of the aerosols; its value usually lies between 0,5 and 2,5,

The absorption tpansmittance tgbg. is given by
N = = all bands | B,- . R
avs, =2 AL A exp oO/LB‘ A dy E~--=~(21)
where A is the band absorptance of the gth absorption band,
ﬂfia the gpeattering coefficient, a is the absorption
coefficient E is the altitude and B is the instantanecus
extra terrestrial radiation, EA‘ is the irradiance at a
wavelength, V&
LIOU and Eiﬂlﬂﬂﬂlﬁ have defined the band abeorptamee in

terms of precipitable water vapeur height h and mean

atmosphersc pressure P, as

A= KS + k4 lng]:%{?ﬁﬂ F) kﬁ[k4 +-1D-k3fk4 ~-—= (22)

where k}’ k4 and k5 are comnstants,
An approximate method has been given by king and

Buakiusﬁ in terms of measurable atmospherie parameters,

tapg = [;7 + Cg log (M + cgij explMeB/CigM) ____ (23)

Mnother model for the ealeulation of atmoepheric

transmittance which includes the effeots of water vapour

and other partieles in the atmosphere is given by HnttelT-

This model is defined in terms of some parameters (ao, a, and k)
whioh are functions of altitude and visibility:

tatm- = ap + 2 exp(~kCosec @) =—==——- (24)

where @ is the solar altituds.
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From the foregoing, if the relevant metemrolegical data
are available transmittance and hence the intensity of the
beam ragdiation can be evaluated, The intensity of the beam
radiation ean also be measured experimentally by means of
pyrheliometer, However, if the data available are for
global insolation only (e.g. from pyranometer “wut’ lag. .
readings), the beam radiation can still be evaluated using

methods of correlation., The model developed by Boes et alB

eorrelates the hourly beam radiation to the hourly extra

terrestrial radiation by the expression,
Eb 2[3. (KT) X KT + b (ETﬂ s e — (25)

Where kT is the hourly elearneas index defined as the ratio

of total terrest®xial, horizontal radiation Eh to extra

terrestrial, horisental radiation Eo,h (hs);

A similar eorrelation method is also available for calculating
the daily terrestrial beam radiation. This model was
developed by Collares = Pereira and Rahlg. In this model

the daily terrestrial beam radiation is given by

Eo,n = -0.188 + 2,272 K, - 9.473K5 + 21856 £,
En -~ 14.648 fg ------- (26)

WVhere Ep is the daily olearnmess index defined as the ratie
of the daily global horizontal insolation reaching the earth

to the daily extra terrestrial horizontal radiaticn, In

equation (21) Eh,h is the daily terrestrial beam radiation on
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& porizontal surface and Eh is the extra terrestrial
daily radiation received by an extra terrestrial

horizontal surface,

EFFECT OF CLCUDINESS ON BEAM INSOLATION
For cloudy sky the beam insolation is reduced by
an amount which depends on the degree of cloudinesas of
the sky. one way of Teflecting the effect of cloud onmn
the beam radiation is by introducing a factor ecalled the

relative sunshine defined as s
8
where § 1s the maximum sunshine duration and s is the
actual daily sunshine duration. The beam radiation for
2 cloudy day is then given by
8

Eb = K{E} EG--- ---- '(ET)
where B, is the daily beam radiation under clear sky
condition and K is the cloudiness coefficient whieh,

10

from the work of Barbara et al’™ has a value of unity.

14%.7 DIFFUSE SOLAR RADIATION

fhe diffuse solar radiation falls on a terrestrial
surface from all directions and at mno fixed incidence angle,
It is due to secattering of solar radiation in the atmos-
phere, The fraetion of diffuse radiation in the glebal

radiation depends on the state of cloudiness of the sky.
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For a olear sky oondition, it aceounts for a smaell
percentage while for & completely eloudy sky, it is
the only radiation received at the earth's surface,

Idariah11 has proposed that in the absence of
clouds, the instantaneous diffuse radiation, J may
be expressed as a fraection of the contribution of
seattering to the direct radiation, thus

v . ﬂ Eaua.t. = ﬁtﬂaat + Eo TEmmmm (EB)
where § is a function of the solar zenith angle e,
and is given by ¥ = 0.5 Goséﬁ
for albedo (surface reflectivity) near 0,25.

For a eloudy sky, the daily diffuse selar radiation
may be obtained using the expresasion

By = (§) B, + £(1 =g) (Bg = By)-——===(29)

where E, is the diffuse solar radiation under clear
sky condition, f is an empirical transmission coeffiecient
whose value depends on latitude and E& is the eclear sky
beam radiation, In our lecal environment, there are two
main seasons in the year; these are the wet (rainy) season
and dry (harmattan) season, During the rainy season the
number of sunshine hours on a given day is usually small,
This means the sky is eloudy most of the time, The
terrestrial inselation in this season contains a large

proportion of diffuse radiation,
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The harmattan menths are characterized by hazy
atmosphere, In a recent work, AWACHIE and DKEKE12
observed that during these months, the mean clearness
index in Enugu is usually as lew as 0,36, This means
that dust haze in the atmosphere causes overcast weather
conditions,

LIU and JORBAEJ} have shoewn that the ratio of diffuse
radiation to global radiation (known as the diffuse
ratio) is correlated to the elearness index, This
correlation is applieable to both daily and monthly
insolation, Following this Inderiah and Bamiro * obtained
the following correlation eguation for the daily diffuse
ratio . for Ibadan (Lat 7.43°N, Long. 3.9°E)

g = 1489 = 1.67 (Ky - 1144 KTE + 28,1K,=18.4

gy =mmmmmmmmn(30)

for 0,28 < Ky £ 0,75

1.53.8 IMPORTANCE OF DIFFUSE RADTATICN IN PHOTGVOLTAIC
ENERGY GONVERSION

The diffuse component of the terrestrial imsolation
Plays an important part in the performanece of solar cells.

This has been demonstrated by DAVE and BRASLLU15

who used
numerical computations and different atmospherie models to
study the performance of solar eells, Their study showms

that the contribution te the photocurrent due to the diffuse

radiation inecreases rapidly with the inerease in turbidity
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of the atmospher#oc medel, It alsoc shows that for a given
atmospheric model, the contribution te the photocurrent

due to diffuse insolation inereases raPidly when the solar
zenith angle exceeds ﬁﬂn. For instance, for an atmospherie
model with stratus oloud layer, more than 99,9 percent of
the photocurrent generated is due to diffuse sky insolation
when the solar zenith amgle is greater than 60°, This
obgervation is significant in evaluating the performance
of a solar cell under local envirommental conditions, For
an envirenment that is characgterized by high atmespherie
tubidity, it is clear that an appreiable amount of the

phio current will be due to the diffuse component of the
golar radiation, Alse the seasonal wvariation of the
atmospheric turbidity in a given enviromment will result

in a semsomal varistion in the relative importance of

diffuse sky radiation in the performance of a solar cell,
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CEAPTER TWO

RADIATION MEASUREING INSTRUMENTS

In assessing the availability of solar energy arriving
on the earth, measurement of solar radiation at some loecations
is essential, PFrom the measurements, empirical models are
developed to prediect the availability of sclar energy at
other loeations, The three principal solar radiation
fluxes arriving on the earth are direet, global and diffuse
radiations and the intruments associated with measuring these
three prineipal solar fluxes are digcussed in this chapter,
There are various types of solar radiation measuring
instruments, and over years esonsiderable confusion in the
terminology applied to these instruments has been built up,
with a given type of instrument being designated by different
names and the same name being applied to different types of
instruments., PFor instance an instrument measuring the total
hemigpherical flux of solar radiation has been variously
called & Pyrheliometer, pyranometer, solarimeter, actionegraph
and sun shine receiver or recorder, To eliminate confusion
in the terminolegy of solar radiometry, the Internaticnal
Radiation Qonference, meeting at Davos, Switzerland, in 1956,

agreed upon the following definitionsg



i) A pyrheliometer is an instrument for measuring the
intensity of direet solar radiation at normal
ineidence,

il) A pyranometer is an instrument for measuring the
solar radiation received from the entire hemisphare
of the sky (inecluding both direet and diffuse
insolation),

i1i) A pyregeometer is an instrument for measuring the net
atmospheris radiation on a horizontal upward - facing
black surface at the ambient air temperature,

iv) A pyrradiometer is anm instrument for measuring both
golar and terrestrial radiation,

¥) A net Pyrradiometer is an instrument for measuring
the net flux of down ward and upward total (solar,
terrestrial surface and atmospherie) radiation
through & horizontal surfaace,

Many of the molar radiocmeters which are in use
today are designated by the names of the individuals
who invented or perfected them, or the companies

whioch manufacture them,
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22 RADTATICN 3ENSOHS

The heart of a radiometer (i.e an instrument that

measures radiant energy whether from the sun or from any

other source) is its sensor, also called detector,
Detectors of the wvarious imstruments can be classified
as Calorimetric, thermo mechanical, thermo electrie, or

photo eleciric.



2s2,1 THERMC ELECTRIC SENSORS

A thermo electrie device consists of two dissimilar
metallic wires with their ends connected, An electromotive
force (emf) is developed when the two junctions are at
different temperatures, The emf developed is propertional
to the temperature difference and depends on the materisl
of the two metals, BExample for low - temperature applications
a pair of copper ~ Constantan is a popular combinatiosm,

The temperature of the sensor changes with the intensity of
solar radiation falling on it., The change in temperature is
detected by means of & thermopile or a bimetallioc strip.

When a thermopile is used (as in the standard Eppley
pyranometer), one set of junotions is in thermal comtact with
a blackened surface and acts &s the hot junoction. The other
set of jJunotions is terminated at a highly reflective (shiny)
surface, Since moat of the photous inoident on this surface
are reflected, the set of thermppile junections in contaot
with it is always at a lower temperature than the set at the
black surface, As a result of the temperature difference
electrie ocurrent flows in the thermopile due toc the well-known
see back effect, The temperature difference, and hence the
thermo electric current between the junction is an inereasing
funotion of intensity of solar radiation., The current is

deteoted by means of a galvanometer which is graduated to read

the intensity of inselatien,
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Thermo eleetric sensors are of various arrangements,
but in a number of solar radiation measuring instruments

the thermopile is arranged in a star - shaped flat grid.



2.9,3 PHOTO ELECTRIC SENSORS

In photo eleetric sensors, the radiation senser is a
pPhoto cell and the photon energy is cenverted to electriecal
energy by photo voltric preocess., The photo - generated
current, which increases with intensity of solar radiation,
is measured by means of a galvanometer which is calibrated
to read the intensity of solar radiatien.

The disadvantage of this type of sensor is that the
phote ¢ell does not respond to the entire seolar radiation
gpectrum because of the energy band gap regquirement of the

gemli conductor,

SoLAR RADIRTION

|l c

N- TYPE

pP- TYPE

Fig 2.2 Semi Conductor p ~ n junction (Photo electric sensor)
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2:2,5 THERMO MECHANICAL SENSORS

In the instruments based on the thermomechanical
principle, the solar radiation falls ¢n a blackened
bimetallie strip, ¢ne end of the strip is fixed while
the other free end is coupled to the pen of an antomatic
Plotter via & system of levers, The fluctuation in
ingolation causes the temperature of the bimetalliec
Etrip to vary., The currature of the strip therefore
changes with insolationj this variation in curvature is
observed as a to-and-fro movement of the free end of the
Etrip., This movement is transmitted to and magnified by
the lever arramngement., The variaticn of the instantanecus
global insolation with time.

The advantage of the thermo mechanical sensor is that
it responds to all wavelengths of the solar radiation
gpectrum, However ilissaccuracy in the loag run may ba

affected by the deterioration of the black surface.
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2.2.4 CALCRIMETRIC SENSORS

In the calorimetric instruments, the soler radiatiop
falls on s high-conductivity metal coated with a non-
seleatives black paint of high absorptance., The radiant
energy ie then ecenverted to heat and can be measured by
varicus means as follows:

(i) & flowing fluid can be used to carry awayyihe heat
whose change of enthalpy is measured, The change
of enthalpy then gives the incident radiant flux,

(ii) The heat gives rise to a change in the enthalpy
of the absorbing metal (semsor). This inemedse
of enthalpy (or increase in temperature) can ve
easlly measured,

(iii)In the modern cavity - type instruments, the
temperature difference across a transducer is
maintained constant by additicnal electrical heating
required between shielded and exposed phaseg, The
irradiance is thepn proportiomal to the difference

in cavity electriecal heating in the two phases,
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2s845 BOLOMETERS

This ie one of the most sensitive of radiation
detectors of the non selective type. Langley (19GG)15
claimed that it could register a temperature change of
0,00000001°% although this has not yet been confirmed.
Its operation is based on the change of resistanece of
& metal on semigonductor with temperature. See fig
2,3. The two resistance elements 4 and § comstitute
two arms of a wheatstone bridge., If element A is
exposed to radiation while B is shaded, the relative
temperature difference which is generated between them
results in an imbalance of the bridge. By proper
calibration, the amount of imbalance may be imterpreted
in terms of the flux of radiant energy incident on the

exposed element,
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Fig. 2.3 THE ELECTRICAL CONNECTIONS OF A BOLOVETER
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2.3 MEASUREMENT OF DIRECT IRRADIANCE
(PYREELIOMETERS )

2.3.1 INTRGDUCTION

The first quantitative attempts to measure the
intensity of the direct solar beam were Begunm in France
by Pauillat17 in 1838. He coined the word wpyrheliometerw
from the Greek words for fiye, sun and measurement, His
word has now been assigned to the instrument which
measures only the direet rays from the solar disk by
using a collimating tube to restriet the angular acceptance
of the instrument to approximately 5.7 degrees,

In a number of applications, the direet seolar beam
is of overwhelming importance. The direet solar beam
is best measured by a normal incidence pyrheliometer
mounted on a solar iracker, Thie instrumentation is
designed for the continuocus measurment of direet seolar
energy plus a very small amount of sky ineluded im the
field of view of the instrument; The pyrheliometer always
facee the sun, and the observations made with it is called
ncrmal incidence insolation measures, This is the main
advantage of this imstrument,

The major problem with this instrument is the
technical demand in incorporating the clock drive to ensble
the imstrument track the sun., The daily drive has to be
checked, and the instrument adjusted to acccmmodate seasonal

changes in solar declination.



2e3.2 TYFRES OF PYRHELICMETERS

A large number of devices for measuring the
diregt radiaticon from the sun have been developed over
the last 150 years or so, of which only a few are still
in use, 8gome of the most interesting of the histerieal

ingtruments are briefly discussed below,

2+43,2.1 DORNO'S PYRHELIOMETER = PHYHELIGGRAFPH

gne of the many devices for measuring radiatien
which have been developed by the Daves physical
Meteorological Qbservantion was the pyrheliometer of
Ce Dormo (1922). sgee fig, 2.4. A blackened thermopile
consisting of 18 copper - constantan thermo elements
was placed in the cenire of a oylindincal cavity &mm
in diameter and 24mm in length recessed inte a massive
7-kg eylinder of copper, As in the Marvin and Michelsen
pyrheliometers, the copper provided a large heal capaecity
which maintained an even temperature of the inside cavity
and decreased parturbaticns from the environment, The
walles of the cavity im front of the thermpile were
polished to reflect stray radiation to the blackened
thermopile surface, while the rear portion of the carvity
was itself blackened to abscrb radiatiom whieh by-passed
the thermopile, HRadiation entered the instrument threugh
a quartz lens of 20mm in diameter and 86mm in foeal length.

The receiving surface of the thermopile was 2,6mm behind
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the focal point of the lens, By use of exchangeable
diaphragrms at the foocal plane three different acoepltance
apertures oould be ¢btained. The smallest of these was
cnly about three guarters of a degree in apguler
dismeter which means that only about 8 are mimutes of
sky around the edge of the solar disk was seen by the
instrument, The other two diaphragms gavesangular
apertures of about 1.10 and 2.10. Even the largest of
these apertures is much smaller than the apertures of
the most populer pyrheliometers in present use - Abbot
gilver disk and Eppley. 570 gone, Kipp end Zoneniy
10,2° gone, angstrom; 3 x 6° to 6 x 24° rectangle, Thus
measurements from the pornc instrument would be leas
subjeet to errors arising fromecattered light in the
circumsolar zone of the sky, but high - precision tracking
of the sun vas required,

Although the pormo pyrheliometer appears to have
incorporated some superior features, it was mever widely
acgepted and it has been completely superseded by other

types of instruments,
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Fiﬁ_?,. 2 .‘;} The pyrhelion
Ui vatory, Davos, Switze

reter of C. Dorne develaped at the Physical-Meteorological
rland (kfter Dornag, 19272). .
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2474242 VIOLLE'S PYRHELIOMETER (ACTINOMETER)

This instrument ceonsisted of a thermometer balb

mounted in the centre of a deuble-walled sphere, the

Bp. ace between the walls being filled with a comstant
temperature ice water bath, The thermometer bulb was
shaded or exposed %o the solar beam by the operation of

2 shutter which c¢leosed or opened the instrument aperture.
In operation, the shutter was closed until an equilibrium
temperature was obtained, Then the shutter was opened and
the rate of rise of temperature measured, By knowing

the heat capacity of the termometer bulb, the rate of

energy absorption could be computed,
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2.3.2.3 MARVIN PYREELIOMETER

The design of the Marvin pyrheliometer is in many
respects gimilar to that of the smithsonia pbbot Silver-
disk pyrheliometer. The sensing element in both cases
ies a blackened silver disk and the method of ppemation
is essentially the same., The main difference between
the twe is that the mercury thermometer of the gmithsonian
instrument is replaced in the Marvin pyrheliometer by
a resistance wire for temperature sensing,

The configuration of the Marvin pyrhelicmeter can
be geen from the picture of fig, 2.5 The sensing
element was a disk of blackened silver 4,5em in diameter
and D,3em in thickness, which is suspended by three fine
wires in a metal support encased in the apherical wooden
shell whioh formed the base of the instrument. The wood
of the shell protected the disk from short period changes
of the ambient emvironemnt, HRadiation was admitted to the
instrument through a collimater tube fitted with optical
diaphragme, and blackened inside, and the imnstrument was
pointed at the sun by a clock-driven equatorial mount,
An eleectrically operated shutter mounted in fromt of the
entrance aperture caused alternate 1-mm intervals of
shading exposure of the blackened surface of the disk.

The Marvin instrument is now completely obsolete, See

fiE- 2e3s



Fig. 2.5 The Marvin pyrhelionieter (far right) with various accessories used in
asuring the flux of direct solar rad ation {(after Covert, 19253).
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2.3.2.4 HERSCHEL'S PYRHEL JOMETER (ACTINOMETER)

Herschels's pctionometer developed about 182§,
was one of the first instruments used for measuring the
heating effect of direct solar radiation and it was the
first in which the rate of coding was introduced into
sclar radiation measurement, This instrument consisted
of a thermometer with a large cylindrical glass bulb
fiiled with a liquid‘which was coloured degp blue to
promote absorpticon of solar radiation, In operation,
the thermometer bulb was shaded from direct sunlight for
1 minute, then exposed for 1 minute, and again shaded
T minute, The thermometer readings obtained during
this three = stage circle could, on calibration by a
known energy source, be interpreted in terms of the
direet solar energy on the instrument. The method of
maeking radiation determinations by alternately shading
and exposing the sensor was adopted in many of the later

instrumente.
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2.%4245 HODGEINSON'S FYRHELIOMETER (ACTINOMETER )

The principle of this instrument is the same as
that of Herschel's actinometer, bul it wae made lighter
and more steady for use in the mountains. It had 2,5cm
diameter thermometer bulb fitted with alcohol coloured with
aniline blue,

This bulb was mounted in the middle of a bright
metal tube of about tem in diameter and 4{5ecm in length,
the ends of which were covered by caps of clear plate
glass, The stem of the thermometer projected through a
hole in the wall of the tube., As with Herchel's
actinometer, the reading of the thermometer after a
series of alternate intervals of shading and expeaure of
the bulb, was used (after calibration) to defermine the

flax of solar rediaticon.
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2.5:2.6 POUILLET'S PYRHELTOMETER

The firat sucgessful researgh on the solar
conatant appears to have been that of pouillat1a
in 1837 @g}a&a Brook 1923). His instruments radiation
receiver was a flat cylimdrical vessel which was filled
with water (mercury ai a later stage), and aet as a
calirmeter, The exposed face of the eylinder was
blagkened to provide am absorbent surface, while the
other surface of the eylinder was silvered to decrease
radiative exchange, A thermaometer bulb was sealad inte
the liguid of the eylinder, and the stem of the i
thermometer extended along the axis, Rotation of the
eylinder around the axis mixed the liguid %te provide more
representative temperature measurements,

In operation, the blackened face of the receiver
wae directed to a part of the sky, away from the sun for
a peried of 5 minutes, and the fall of temperature was
noted. During the next 5 minutes the black surface was
exposed normally to the selar beam, and the rise of
temperature noted. Finally, the receiving surface was
again directed away from the sun for 5 minutes and the
fall of temperature was noied. From a knowledge of the
heat eapacity of the calorimeter, the total heat received
per unit surfaee and unit time could be computed. Pauillet19

obtained a value (1.7 eal cm‘Enin-1} of the solar censtant
which was within 14% of our present most generally aceepted

value (1.94 cal un'zminqi}.
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2,343 CLASSIFICATION OF PYRHELIOMETEHRS

There are many types of commercially available
pyrheliometer, These are classified by the commission for
ingtruments and Methods of Observation of the World
Meteorological Organisation {HHE] in 1965 as standard,
firet class and second class, in accordance with the eriteria
given in Table 2.1,

TABLE 2,1
CLASSIFICATICN OF PYREELICMETEHRS

IsT 21D
STANDARD CLASS CLASS
Sensitivity (HHGH-E] + 0,20 +0,40 | 40,50

Temperature (Maximum error due
to changes of ambient
temperature %)

I+

0,20 | 41,00 | 42,00

|
Stability (% change per year) + 0,20 +1.00 | +2,00 _]
|
l
|
I

Seleetivity (Maximum error due
to departure from assumed + 1,00 +1,00 +2,00
speetral responses %) - il v i

Lineavity (Maximum error due to |

non=lineavity not accounted + 0,50 +1.00 +2,00
for %) L ¢ By 3
Time Constant (Maximum) 25,008 | 25,008| 60,008

1

Some available Pyrheliometers are deseribed below as

typical examples of standard or first elass or seecond elass

pyrheliometer,
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223301 ANGSTROM ELECTRICAL COMPENSATION PYRHEELICMETER

This is about the first reliable pyrheliometer and one of
the most acourate, as well as convenient instruments for
measuring radiant energies, 1t congists of two strips of
manganin foil of approximate dimensions 20 X 2 X 0,01 mm
coated on one side with parson's eptiecal black lauqnﬁr.

The strips are mounted side by side aercss the npeniJg of
the strip holder as shown in figure 2.,5. A thermo junetion
is attached to the back side of each strip, and el&uﬁrical
leads from the gtrips and the thermo junctions are a%tached
to external binding posts on the base of the huldar.i The
holder is mounted at the base of a eylindrieal metal %uhs »
(shown in fig 2,6) which is itself attached to an szimuth -
elavation mechanism by which the tube can be &irectﬂdlat the sun
A reversible shutter at the froant end of the tube permits
one of the strips to be shaded from the sun, while the other
is exposed to the direct solar radiation, E

In operation, the shaded strip is heated by an Eheutrin
current to the same temperature as that of the axpﬂaﬁ% gtrip,
at which time the rate of energy absorption by the Exﬁosad
gtrip is therme—~eleetrically compensated by the rate of
energy supplied electriecally te the shaded strip. EQ#ivalent
temperature of the strips is determined by the thermﬂijunctinna

attached to their reverse sides, being connected in Oﬁpnsitinn
|

through a sensitive null deteector,
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With regards tc the construction of the instrument,

most of the earlier medels suffered from the se - calle
"edge effect" caused by the exposed strip being shaded

the ends by the innermost diaphragm while the shaded an

d
at
i

eleotrically heated strip has the same temperature over|its

whole length. Tt is estimated that this introduced an

of the order of = 2,0%. In recent designs, this effee

error

L 1s

largely eliminated through arranging for the sereening to

vccur exactly at the terminatioms of the strip. Other

peseible sources of error arise from the inability to heat

the shaded strip in the same manner as the expesed one,

from differences in the thermal conduetance of the atrip

blackening, Finally, small optiecal effects may be intr
within the diaphragm system of the pyrheliometer tube a
behind the strips.

Although the Angstrom instrument is normally ealib
against a Primary standard, it has the capability in it

of absolute energy determination., It ie rated as a 8ta

and

pduoed

nd

rated

gelf

ndard

instrument by the World Meteorological Organisation (WMD),
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Fig. 2.6 The base of the Angstrom electrical compensation pytheliometer showing
pe biackened receiving strips (afer K. Lngstrim, 1899). ! o
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2.3.3.2 AFBOT SILVER - DISK PYRHELIOMETER
The Silver - disk pyrheliometer was introduced |
originally aa a secondary instrument by the Smithsonian
Institution; although it is mainly used now a= a tr er
standard for calibrating other radiation instruments.
The design of the instrument is shown in figure 2,6.
It has & sensitive element of a blackened Silvey disk,
D of dimension 38 mm in diameter and 7 mm in thickness,
The disk has a hole bored radially into its edge, into which
is inserted the bulb of a sensitive mercury - in - glass
thermometer T, The space surrounding the thermcmetex
bulk is filled with mercury in order to promote a rapid
transfer of heat between the Silver disk and the thermometer,

A thin steel lining in the hole prevents amalgamationm of the

mercury and silver. PFinally, the mercury is kept escaping
from the hole by & seal of ecord, shellac, and wax ounding
the thermometer stem. The disk is suspended by threel fine
steel wires inside a copper box B, which is emclosed {im a
wooden box to proteet the instrument from temperature| changes
of the surroundings = see fig. 2.8.
In operation, solar radiation enters the instrument

through the Collimator tube labelled € in figure 2,8, 2nd

is absorbed by the blackened silver disk, D and causep a rise
in temperature of the disk. The rate of change of temperature
of the disk monitored by careful menitering of the th

thermometer readings in a series of 2 minutes cyclea,
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phe field of view of the instrument is limited (by appxup?iate
diaphragms inside the collimator tube) te a cireular nona;
of hole aperture angle of 5.7”. The thermometer stem is Pent
at a right angle to make the instrument more ccmpact amd
easier to use., It is graduated in tenths of degree celsius
from = 15° to 50°¢, and the readings are made to bundredfhs
of & degree.

4 three -~ wafer shutter of pelished metal plates is
rotated in and out of the field of view to altermately shade
and expose the silver disk to solar radiation in a specified
and earefully timed sequence. After the temperature readings
obtained during the sequence are connected for air, stem and
bulb temperatures, the final values of energy flux are
obtained by multiplying the corrected temperature difference
by a ealibration Constant for the particular instrument being
uaeda

The instrument is rated as a standard instrument by the

World Meteorological Qrganisation (WMD),
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the silver disk and insertesd thermometer (eourtesy of the Smithsanian Inatitation],
| o

|
!
) |
. | :I
Fig. 2.9 . . .- Plhuto of the silver-disk pyrheliometer with a section removed to revesl . |
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2eFe3.3 EPPLEY NORMAL INCIDENCE PYRHELICMETER

Thie instrument in its present form, has a sensitive
element of a fast - response wire-wound plated (eopper=
constantan) multijunction thermopile with a 9mm diameter
receiver gcated with parsont's optiecal blmck Lacguer. A
temperature ccmpensating circuit to stabilize sensor
reaponse i1s incorporated in the heat sink of the
ithermepile, The unit is mcunted at the base of a double=
walled brass tube which is chromed externally and blackened
internally. A series of diaphragms limits the aperture
to a circular cene of full angle 5.7°. The inner-most
diaphragm screens a Tmm anulus of the receiver at its
edge; this reduces the sensitivity from perfect solar
tracking. The arrangement of an air-insulated double~
walled cover significantly inecreases instrument stability
especially in windy cenditions., The interior of the
system is filled with dry air at atmospheric pressure,
and the viewing end is sealed by a removable insert
garrying a orystal quaritz window of lmm thickness. Two
flanges, one at each end of the pyrheliometer tube are
provided with sighting devices to allow the instrument
to be oriented towards the sum, A normally rotable &isk,
wihich can accommodate three filters and leave one apertiure

for total spectrum measurements is provided - see fig. 2.10.
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The sensitivity of the instrument is 5 = 6 mV/ecal on® min

with an impedence of 2004, approximately., It has a
temperature dependence of ij% over a range of = §G° ﬁa 4G°G
and a linearity of response which is linear up to 4Cal CM “min™ |
Its response is suitable for remote recording and thd case
is weather proofed for contimucus operation in an exposed
location. In practice, the instrument is normally attached
to an electrically driven equaterial mount for solar [fracking
and the output signal is either recorded directly on 2 strip =
chart Regorder or integrated over an appropriate time peried
and registered.

By occasional re-standardization, the instrument ecan be

used as a secondary standard for calibrating other

pyrheliometers,



Fig.z.'ﬂﬂ The Eppley noroal ineidence pycheliomater {courtesy of the Eppley
Labrataries), -
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2030304 MICHELSON BIMETALLIC PYRHELIOMETER

This pyrheliometer was orginally construeted in Moscow
at about the same time as the Abbot=Silver disk Pyrhelicometer,
It is in reality, a bimetallic thermometer as shown in fig. 2.11.

In prineiple, the deflection of a delicate fibre I attached
to the free end of a fine bimetallic (usually eonstantan - Invar)
blaekened lamina §, irradiated by the solar beam A, is cbserved
through a relatively low power mieroscope M, The aperture
of the instrument has angles of approxmimately 5° and 1}".
It is of reasonably rapid response (20 = 30 see., for a 100%
intensity change),

0n aceount of its portability, the bimeXallie pyrheliometer
is especially suitable for use as an instrument for daily routine
measurements and also as a travelling substandard in a
radiation network, It can be equipped With a 9Quartz window
and interchangeabhle filters., Use of the window is advantageous
in windy conditions, and with the recommended filters,
measurements of atmospheriec turbidity are readily obtaimable,
However, the fragile nature of the instrument and the need
for freguent re-calibration, for gtandardiging purposes, results
in its limited popularity.

The ealibrated factor must be determined by comparism
with another well =~ calibrated pyrheliometer. It is eXxpresged

as the calorie value of one secale unit., Ia prineiple, the
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calibration faetor of this bimetallic instrument has a
dependence on the instrumént temperature which has to be
determined experimentally, This temperatare dependence has
to be taken into congideration for routine measurements as
well as for ealibration, It is rated as first elass

pyrheliometer by the World Meteorologioal Organisation (WMD),
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2e7e345 SAVINOV ~ YANISHEVSKY PYRHELIOMETER =~ ACTINOMETER

This is the main operaticnal pyrheliemeter foIr direct
solar radiation measurement in the T.S.,8.R. It is used
a8 a relative instrument, and therefore requires
ealibration againat an ahsolute standard, The primary
standard in the UeS.8.R is the Angstrom eleetrieal
compensation pyrheliometer,

The sensor in this instrument is a thin blackened
silver disk, 11 mm in diameter, from which the eentre
section of 3,5 mm diameter has been remgved, To the back
of the digk are cemented the hot junctions of 36 paire of
thermopile made from 6.0 X 0.3 X 0,04 mm strips of
manganin and constantan. The cold junetion are cemented
to & heavy eopper ring, which is in good thermal cohtaet
with the main bedy of the instrument. The radial
orientation of the thermopile has given rise to the
designation "thermostar" (thermozvezdockkei) for the
sensor assembly - see fig, 2,12.

The thermoster is mounted at the bottom of a
eollimator tube, the aperture of which is a 560°
ciroular come, Conductors from the thermostar are led
out from the base of the instrument to an indieater or
recorder, the main recorders in use being the galvanometric
or balancing potentic-metriec type. The internal resistance

of the thepmostar is 15 = 20 ghms and the output signal is
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1

e min~ ',

4 - ToV for an incident flux of 1.0 eal CM
The response of the instrument is approximately
proportional te the flux of ineidence solar radiation,
The instrument is not temperature compensated, the
temperature dependence being about = 0,1% rise in ambient
temperature, It iz used for continuous measurements of
direet solar radiation by being installed on a clock =

driven egquateorial mount,



| Fig. 2.12Diugram showing the thermocouple arrangement (the “"thermostar’)
' the Savinov=Yanishevsky pyrhelioneter (after Yanishevsky, 1057),
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2.3.4 CALIBRATION OF PYRHELIOMETERS

Pyrheliometers which are normally used as operatiomnal
instruments including the Eppley, Linke -~ Feussner, Savinov
Yanishevsky and other recording types, are not designed to
be absolute instruments, S0 they require calibration against
standard ingtruments in order that their indications may be
interpreted in terms of absclute energy. The main standard
pyrheliometers which have been developed are the Angstron
electrical compensation and the Smithsonian water - flow
pyrheliometers, The water = flow pyrheliometer is somewhat
complicated and difficult te use; thus this leaves the Angstron
pyrheliometer as the primary standard to which other molar
radiation instruments are referenced,

Working standard pyrheliometers of the Angstron fype are
maintained at regional and national centres designated by
the world Meieorologiecal Qrganisation for the purpese of
reproducing the Intermational Pyrheliometrie scale 1956(IPS).
To a limited extent, the Abbot Silver-disk pyrheliometer is
gtill employed at such eentrea, The secondary transfer
instruments in current use are other Angstron pyrheliometer
and instruments of the Eppley, Linke = Feussner and
Mishelson type.

Once a good secondary instrument is preperly ealibrated,
there is little diffieulty in using it to transfer this
calibration to operational instruments. The comparism

gshould be carried out when there is as little haze; smoke
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or other obseuring materials as possible in the atmosphere,
and under conditions in which no elouds are within 20°

of the sun, The two instruments should be installed in
olose proximity to each other on mounts by which they can
easily be oriented to the sun. A sufficient number

(at least ten) of comparisons should be made between the
secondary standard and the operational instrument to secure

a representative constant for the letter,

If F is the average flux of solar radiation determined
from n readings of the secondary standard and T is the
average vesponse (in milli volts or other units) determined
by an equivalent number of readings of the operatienal

instrument, then the required constant ¢ is given by

HIINEH
[ ]
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2.4.0 MEASUREMENT OF GLOBAL IRRADIANCE (PYRANOMETERS)

The intensity of solar radiation is measured by meane
of a pyranometer. The pyranometer measures the global
(or total) radiation (i,e diffuse plus beam) at a given
locations It consists essentially of a deviee which ¢an
detect solar radiation (i.e a radiation sensor) eneclosed
by a glass deme.

The advantage of pyranometer is that it is a simple
instrument requiring ne tracking of the sun. The majer
disadvantage of pyranometer is that as it does not track
the sun, it deoes not collect all the radiation there is
from the sourees, especially early morning and late evening
radiations,

There are different types of pyranometer. Some of
these types of pyranometers that are in early development AW

degeribed below:



CALLENDAR PYRANOMETERS

This pyrancmeter, invented by an English physisest,
H.S. Cﬂllandargo, in 1898, had a sensor made up of four
platinum wire grids wound on strips of mieca and connected
in pairs such that each pair constituted an electrical
resistance thermometer. One pair of gride was coated
with black enamel to promote the absorption of sunm light,
while the other pair was left as highly reflecting
platinum metal, The grids were arranged in a checker-
board configuration and mounted in an evaeuated glass
bulb as shown in fig. 2.13.

The difference in temperature developed between the
pairs of grids on exposure to selar radiation was wery
nearly proportional to the intensity of the radiation
ingident on them, The temperature difference was recorded
by connecting the two pairs of grids as Wheatstone bridge
with & pen arrangement which made traces on a reveolving
drum, REach instrument was accompanied by a ealibration
faetor by which the recorded temperature difference could
be interpreted in terms of the flux radiant emergy toc which
it is expesed,

The instrument had a relatively widespread use in the
early 20th eentury, however, with the development pf

thermoelectric sensors, it was gradually replaced,



Fig_. 295 Phatograph of the Cullendar pyrawomerer  copermghie by The Scignce

Alaseuny, Lowlun; reproduced By periisalon,
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ANGSTRCM PYRANOMETER

The operational mode of this instrument was hased
on eleetrical compensatiom principle, The receiver
surfaee consisted of two white strips (aa) which were
coated with magnesium oxide apmd two black strips (bb)
which were covered with platinum black (see fig. 2.14),
The feur strips were mounted side by side on an insulating
frame work in the end of a nickel -~ plated cylinder, and
thermo junetions were attached from them electricallye.

The white strips were eonnected through a sensitive
milliammeter and variable resistance to a low - voltage
battery, The glass hemisphere (g) was supported by the
metal disk (d), into which was inserted a Vial of drying
agent,

In operation, the strips were maintained at the same
temperature by heat being supplied electrically to the
white strips to compensate for the greater amount of
radiant energy being absorbed by the black strips.

In spite of some attractive features, this instrument

was never put into widespread use.
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SMITESONIAN PYRANOMETER

The sensor of this instrument consisted of two
blackened manganin strips (& and b). Strip b was ten times
as thick as strip a, and therefore had a higher heat
conductanee than did a. The ends of both strips were
soldered to copper posts which were in good thermal contact
with a nieckel -~ plated copper blocks The strips wers
eleetrically insulated, however, from the copper block
and from each other by miga strips. Tellurium ~ platinum
thermo elements were attached by waxed paper to the back
of the manganin strips and were oonnected in series throuzh
a sensitive galvanometer sc that the amount of deflection
of the galvanometer indicated the difference in the
temperature of the strips,

This instrument, however, was never put into general

use, because of the galvancmeter drifts and cther preoblems.



2ade MODERN PYRANOMETERS

All of the pyrancmeters which have been developed

require calibration with respect to a primary radiation

standard, so none can be classed as a standard pyrancmeter,

On the basis of aceurscy and overall system performance,

World Meteorological Organisation, WMO (1965) defined three

elasses of pyranometers. The basés for the ¢lassifiecation

are given in table 1.3.

TABLE 2.2
CLASSIFICATION OF FYRANOMETER

IBY 2ND 3RD
CLASS CLASS | CLASS
Sensitivity (MWCM =) $0.1 | 20,5 |+1.0
Stability (% ehange per year) +1.0 42,0 | 45.0
ghange of ambient temperature % +1.0 +2.0 | 45.0
Selestivity (Max error due to
departure from assumed spectral
response %) +1.0 42,0 | 45.0
Linearity (Max, error due to non
linearity not accounted for (%) +1.0 +2.0 |43,0
Time Constant (Maximum) 25 gee |60 sec | 240 s
Cosine response (deviation from the
agsumed, taked at sun elevation 100
on elear day %) +3.0 +5=T.0] $#10.0
Azimuth response (deviation from that
assumed, taken on ‘-olear day (%) +3,0 +5=T.0] +10,0

Some available pyrencmeters are:



2454 RPPLEY 18¢° PYRANOMETER

Phis instrument has been by far the most widely used
solar radiation instrument in the United States, The senseor
of the instrument is a thermopile of gold = palladium and
platinium -~ rhodium a8lloys, the junections of which are in
good thermal eontaet, but eleetrically insulated from the
coneentrie rings of the disk as shown in fig, 2.15,

The disk with a total diameter of about 29 mm, is made up of
two thin flat silver rings and a emall inside disk, all of
which are thermally insulated from each other, The outaside
ring and the small disk are coated with magnesium oxide, a
material which has a high reflectance for radiation in the
solar wavelength rangee The inside ring is coated with
Parson's optieal blaek laequer, and therefore has a low
refleotance at solar wavelengths, Their different
temperatures on exposure to solar radiation, causes an
electromotive foroce to be produced between the attached
therme junetion, The temperature difference between the

hot and cold junctions is a funetion of the total amount
of ghortwave radiation, on the deviee. Therefore, by
ageurete calibration the voltage from the thermopile ean
be interpreted in terms of the incident solar energy.

To a olose approximation the output voltage is a linear

funetion of the ineldent energy.
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The glass tulb surrounding the sensing diek was filled
with dry air at atmospherie pressure at the time of
manufacture, The buld being approximately spherical, 76 mm
in diameter, and made of soda lime glass of approximately
0,6 mm thickness, the effeets due to selective transmission
of the glass for solar wavelengths are mimor, Transmission
of the glass is almost constant at slightly over 0.9 between
about 0,35 and 2,6 m, The instrument will respond somewhat
gelectively to wavelengths near the effective limits of the
golar speectrum, But to the extent that the measurement
conditions are similar to the conditions under which the
instrument is salibrated, the spectral selectivity introduces
no errore in the measurement results, For praetical
purposes, the effeets of spectral seleetivity due to the glass
are negligible.

The Eppley pyranometers are subject to a signifieant
dependance of sensitivity on ambient temperature, Sensitivity
decreases with inereasing temperature by hetween 0,05 and
0.15% per 1°¢ rise in temperatures over a range -50% to 40%.
Sinee the normal response of thermo couples is for an inecrease
of genaitivity with inereasing temperature, it appears that
the ebserved decrease is caused by eonvection inside the

pyrancmeter bulb,
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A considerable improvement in the performance of the Eppley
instrument can be achieved by the insertion of a thermistor
of about 2000 Ohms resistance in series with one of the
thermopile leads, ESince the positive temperature

coeffioient of the thermistor is mueh larger in absolute
magnitude than the negative temperature coefficient of the
thermopile an auxilliary shunt with about 1500 Ohms resistance
is introduced into the cirecuit. Temperature Compensation

ig brought about by the deerease of resistance and a
consequent decrease of potential drop in the cirecuit, with
inereasing temperature of the thermistor. The thermistor

is inserted in the heat sink of the receiving element and
thereby subject to the temperature of the element while being
shielded from incident radiation,

The Eppley instrument is subject to an additiomal error
associated with ehanging angle of incidence of the radiation
on the detector. The instrument response is degraded very
serioualy at angles of ineidence greater tham about 60°,

The reason for the degradation is probably due to a change
of reflectance of the receiving surfaces, particularly the
black surfaece, with angle of ineidences However, improper
alignment of the elements or inhomogeneities in the glass
envelope may be contributory factors.

This instrument is no longer in production, although 2
large number of it is still in operatien, It has since been
replaced by other types of pyranometer viz, Eppley Black - and =-

white, and Eppley preeision speetral pyranometers.



.Fig. 2.15 The Eppley pyranometer which has received widespread application,

particularly in the Unired Stutes (courtesy of the Eppley Laboratories). This model is no
longer in production.




24542 EPPLEY BLACK = AND = WHITE PYRANOMETER

The deteetor of this instTument is a wire = wound of
thermopile made by eleetroplating copprer on constantan,
The hot and cold junctioms are painted with Parson's
optical Black Paint and barium sulphate respectively, A
btuilt=in temperature eompensation provides a signal which is
independent of temperature to within + 1,5% from =20° te 40°C.
The semsitivity is about 7.5 mV/eal an"z lin"1; and the
deviation from a true cosine response is within %+ 2% for
ineident angles of 07 to 80°% An important, improvement
over the older device is the provision of an optiecally ground
Schott W& 7 glass envelope in place of the blown glass bulb used
in 180° Pyranometer., See figure 2,16,

The instrument is rated second class by the World

Meteorologieal Organisation (WMO),
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24543 EFFLEY PRECISION SPECTRAL PYRANOMETER

The prineipal improvements on this instrument over the
earljer types are
(a) Electrical compensation for the dependence of
gsengitivity on ambient temperature,
(v) Optical campensation for deviation of response
from the Cosine law,
and
(e) Provision for the use of broad band speectral
filtera,
The detector for the eriginal meodel was a conventional
type of bismuth-silver thermopile of 15 junctions yielding

2 win~', A& secend versiom of the precision

about TmV/eal CM
instrument, which is the model in current production, is
oensiderably smaller in size than the original version and
utilises a thermopile of copper electrc plated on constantan
wire over one half of each turn of a wire woupd- thermopiles
See fig, 2,17,

The sensitivity of the instrument is 5mV/eal oM™2 min-1
appreximately, with an impedence of 300 Ohms, The temperature
dependence is 40.5% from -20° to 40“0 and the Cosine error is
+1% over angles of 0% to 80°, 1ts response time (ife) is

2 1

1 see, with a linear response up to 4 eal CM ° min .
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The inatrument has twoe glass hemispheres, the outer of
whioch ean be replaced, with Schott colour filters for
measurements of solar radiation in selected speetral bands,

The use of spectral filters causes an apparent change of
gengltivity, This is as a result of an increzse of temperature
of the filter glass by the absorption of solar radiation, with
a consegquent heating of the inner ~ glass hemisphere and
modified long-wave radiative distribution of the detegtor.

The instrument is rated first elass by the World

Meteorological Organisation (WMO).
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Fig. 2.17 Cross-sectional diagram of the current model ¢ the Eppley
speciral pyranometer (conrtes:s of the Eppley Laboratories),

precision
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2.5.4 MOLL = GORCZYNSKI PYRANOMETER SOLARIMETER

This instrument is based on the thermopile designed by
DR, WeJe Moll (1925)21. The thermopile consisted of no less
than 80 thermeocouples arranged inside a ecircle of about 2 om
diameter, and gave up to 16mV for incident radiation of 1g cal

2 !iﬂ-1a The rapid response of the thermopile to ehanges

o
of inecident radiation, the very small dependence on ambient
temperature, and the essentially linear relationship between
radiation intensity and instrument response all boded well
for the future of the Moll thermopile in radiation measurement
The basic design of the Mell thermopile is shown in
fig., 2,18, The thermojunotions are masde of very thin
{0.005mm) blackened strips of manganin and comstantan which
are joined at point B and soldered at points A and € to
copper posts are clamped to a thick brass plate G, A thin
ecat of laecquer between the poats and plases provides
eleotrical insulation without sacrificing goed thermal
contact, The active junctions are normally arranged along
a line through the eentre of the plate, and the passive
junetions are on tep of the copper postse The small heat
eapaocity of the strips and efficient heat conduction teo the
copper posts assurea a small lag coeffiecient and the large
heat capacity of the brass plate with copper posts assures

approximately constant temperature and makes it unnecessary

to shield the passive junections frem the incident radiatioen,



The thermopile of the ourrent model of the Moll =
Govezynski pyranometer consists of 14 blackened Manganin =
constantan thermoelements arranged in 2 12 X 11 mm
reetangular eonfiguration, It is protected from the
atmosphere by two concentric hemispherical glass-domes - see
fig, 2,18b, which can be removed for inspection and eleaning.
Condensation of moisture on the inside of the dome is
prevenied by the enclosed espaees being filled with a
desiccant, #uch as =ilica gels The 30-cm diameter radiation
ghield surrounding the outer dome, and co-planer with the
sensitive element, prevents direet sclar radiation from
heating the base of the instrument. The domes have uniformly
high transmission characteristies throughout the spectral
range of

A = 0.32¢m to about A = 2.5y m.
The transmission falls off steeply beyond 2,54/m. Sensitivity
of the inatrument iz 8 = 9 mV/cal om 2 min-1, and the internal
resistance of the thermopile is approximately 10 Ohms, The
temperature coefficient amounts to 0.00015 = 0,0020%¢
in the gense of decreasing sensitivity with inereasing
temperature, No temperature compensation is provided in

the instrument.
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Deviastion from cosine law is within 1% for imeidence
angles of less than 75%, with greater and individually
variable deviations at larger angles of inecidence. These
deviations from the exact Cosine response with angle of
incidence of the radiation, and changes of response with
azimuth of the ineident radiation result are mainly from
imperfect reflection or abmorption characteristics of the
coatings on the selective elements,

The instrument is rated second class by the Werld

Meteorological Organisation (WMO),
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Fige 2.18 The Moll-Gorezyiski pyranomerer as manufactured by Wipp and Zonen :

teourtesy of Kipp and Zunen), i




Fig., 2.180b  Diagram of the Moll thermopile. B3, active junctions of metal strips;
A and C, passive junctions of metal strips; E and F, copper mounting posts; G, massive
brass plate.
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26545 YANISHEVSKY PYRANOMETER

This pyranometer is the principal instrument for measuring
diffuse solar radiation, global solar radiation, and surface
albedo in the USSR. The sensor is constructed either in a
square checker board pattern of alternate black and white
squares and reetangles or in a radial pattern of alternate black
and white segments as shown in fige. 2.19. "The thermo couples
are composed of alternate strips of manganim and constantan,

The hot junctions are blackened with soot and the cold junctions
are whitened with magnesium, The sensor assembly is covered with
a single glass hemisphere, and an auxilliary opaque hemisphere

is provided for obtaining the zero settinge Condensation of
moisture inside the glass is prevented by the use of a drying
agent in a cavity set into the base of the instrument,

Older models of the instrument suffered a defficiency due
to the thickness of the paint on the sensing elements. The
metal strips were very thin but the layer of paint was thick
enough to ecause a significant roughness to the surface, This
roughness in combination with space between the elements, caused
a deviation from the Cosine law. In the newer models there are
no significant spaces between the elements, and the paint is of
uniform thickness over the whole sensing surface. The construction
is of three rings; two of manganin and one of constantan, set
c¢lose together and cut into narrow radial strips. These strips

are then painted black and white as shown so that an approximately
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plane surface is obtained. The instrument is used in
either of two medels of operation for measuring surface
albedos The usual method is to empley two instruments,

one facing upward and the other down ward, the albedo heing
simply the ratio of the resulting two measurements, This
pyranometer is used as a relative instrument, and therefore
requires calibration againet a standard. The operational
method of calibration is against a standard, The operational
methed of ealibration is by the sun - shadow methed, with
the Angstrom Pyrheliometer as the primary stendard.

It is rated second elass by the World Meteorclegical

Organisation (WMO).



Fig. 2.19 Phatograph of the Yanishevsky pyranometer in operation at ¢~ Radiation
Observatory, University of NMoscow (photograph by wathor).
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2.5.6 ROBITZSCH BIMETALLIC
PYRANOMETER = ACTINOGRAPH

A number of models of the Robitzsch - type instruments
are available, but all are baasically similar o that shown
in fige 2.20, The main sensor is a blackened biy ‘metalliec
gtrip of dimensions about 8,5°" X 1.5 cm which acts simply as
& bimetal thermometer, One end is free to move as changes
of temperature causes a distortion of the strip. Through
'a mechanical linkage the movement of the fifee end of the
blackened strip causes a deflection of a recorder pen which
makes & irace on a recorder chart mounted on a clock—driven
drum, Two standard speeds of rotation of the drum are
available;j one full reotation in 24 hours and the other, ore full
rotation in 7 days. For operation the entire mechanism ig
enclosed in a sesled, desiceated metal case, the main sensorx
section being covered by a hemispherical glass dome, A window
is provided for viewing the pen and recorder chart,

See figure 2,20.

Since the amplitude of the defleetion of the bimetallie
strip is determined entirely by its temperature, the
instrument is sensitive to the ambient environment as well
ag to the flux of incident radistions, Changes in the
calibration have been found to be very large for thie type
of ingtrument, Beocause of its distortion with temperature
the blackened sensor strip cannet remain flat, a faect
which makes the ealibration, Ceonstant a funetion of both

azimuth and zenith angle of the ineident radistion, Additiomal



effects such as imperfections in the glase of the dome and
nen uniform concentration of energy by caustics produced by
the glass contribute to the directional sensitivity of the
galibration factor, The large heat capacity of the bimetallie
temperature element and its associated mountings result in
a glow responae of the instrument to changes of ineident flux
energy., The +time oconstant varies between the different designs,
10 = 15 min uses are normally required for & 98% response to a
sudden change of energy.

Spectral transmission of the glass dome is apparently
not uniform among various models available, but it is normally
greater than 90% over the range 0.4 m to 2.0 m,.

In summary, with the best design whieh has been developed
so far, the Robitzech - type instruments are suitable only for
daily total radiation measurement in which aceuracy of + 10k is

adequate. It is rated third elass.



Fig. 2.20  The Robitzsch bimetallic pyranometer (actinograph) (courtesy of
Science Associates).




2,57 DIEMHIRN AND SAUBERER !STAE! PYRANOMETER

This instrument utilizes 32 (16 in some models) eopPer
plates, half of which are covered with a highly refleetive
white paint, and the other half are blackened for high
absorptivity. The two sets of plates are mounted azs alternate
black, and white segments radiating as a 'Star' from a sentral
point, together forming a flat cireular disk - see fig 2,21,

The two types of plates are thermally isclated from each
other by being mounted on poorly conducting coneentrie rings
which are themselves thermally isoclated from the main base
plate of the instrument, Therme~junetions of either ocopper =
constantan or manganin - eonstantan are soldarué te the under
side of the copper plates, hot junctiomns being attached to the
black segments and cold Junetions to the white segmentis,

The sensor disk is eovered by a ground and polished glass
hemisphere which transmits more than 90% of the sclar radiation
through the 0.3 to 3.0 um spectral range. The sensor Eector is
hermetieally sealed and the enclosed air is in eontact with a drying
agent which eliminates meoisture condensation on the inside of the
glass hemisphere, The sensor assembly is encloged in a eiroular
housing painted white to minimize radiant heating effects. The
circular symmetry of the receiving disk eliminates any azimuth
dependence of sensitivity, and measurements available indieate
a relatively true cosine response down to an ingidenee angle of
75°., The inastrument responmse is eclosely proportional to radiant

intensity. Temperature compensation is not inecluded, but the
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temperature coefficient is sufficiently low as to make temperaty
compeneation unneecessary for most observational condition.
See figure 2.21,
The pyranometer has found relatively wide acceptance
in various parts of the world, and is rated second class

by the World Meteorological Organisation (WMO).



Fig. 2,21  The star pyranometer (lower left) with a directly indicating meter and a
radiation halunce probe (courtesy of the Kah! Sclentific Instrument Corp).
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2.6 CALIBRATION OF PYRANOMETERS

Unlike pyrheliometers, there are no absolute
pyranometers, All pyranometers are ecalibrated instruments,
There are a number of methods of calibrating pyranometers
uging the sun or laboratory sources, Two methods commonly
used are ealibrating directly against a reference standard
pyrheliometer using the sun as source and calibrating ageinst

a reference pyranometer that has already been calibrated,

24641 CALIBRATION AGAINST A REFERENCE STANDARD
PYRHELIOMETER

Calibration of the reference pyranometer is accomplished
by transfer of calibration from an absolute pyrheliometer by
means of a shading method, A perfeotly elear day should be
chosen to conduct this calibration.

In the shading method, simultaneous measurements are made
with the pyranometer and the absolute pyrheliometer, At
regular intervals, a disk is interposed between the sun and the
pyrancmeters The disk should be large enough to shade the
glass dome at all zenith angles, For example, & disk 10 em in
diameter and held 1m from the pyranometer will approximate a
gix degree aperture angle of the reference standard pyrheliomete:
A value of the vertical component of the direct radiatien
is obtained from the difference of separate measurements of

+he oclakal {(dirant Blus diffaae)l and diffunesae irradiconas .
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The pyranometer ocalibration factor, K is obtained from the
pyranometer value of the vertical component (in voltage units
divided by the irradiance value of the vertical compoment
obtained frem the absolute pyrheliometer (i.e measured direct
component times the sine of the solar elevation angle),

Thus

K = Pyranometer reading averaged over the exposed
period minus that averaged over the shaded pericd

_j_nﬂcn s

vhere J_n is the direct normal irradiance caloculated from

the pyrheliometer reading.

Shade calibration is alse performed over & wide range
of solar elevation of semsitivity with solar angle (i.e the
cosine response), During the shade calibration, a second
pyranometer should be operated, but not shaded to measure
contimuously the gleobal irradiance, Ratics of the voltage
outputs from the two pyranemeters during non-shading periods
are then used to obtain an estimate of what the non shaded
voltage would have been for the test instrument at the time
it was shaded, At the same time the ocoulting disk should
alternately shade and expose the pyranemeter for duration
of about 10 minutes,

Shade calibrations are recommended only for reference
pyranometers. It is not recommended to make shade calibratio:
of instruments whose sensitivity varies with the wavelength o

the irradiance.
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2.,6.2 CALTREATION AGAINST 4 REFERENCE PYRANOMETER

This is the calibration technigque now preferred to
other ocalibration methods, It 1s based on out door
comparisone, In this procedure, the reference pyranometer
and the test pyranometer are operated side by side for
periods of about two weeks. Daily calibration values for
the test pyranometer are obtained using the complete day
light period, the final ecalibration wvalue is the average
of the daily wvaluea., Days with prolonged periocds of rain,
snow or low over cast cloudiness are not included in the
final average., The final average does, however, represent
& variety of c¢lear and cloud conditions, The reference
pyranometer is am all - black firat class thermopile
pyranometer while several other pyranometers are included
in all oalibrations and merve as controls to detect changes
in the reference pyranometer, The calibration factor is
a ratio of the measurement from the test pyranometer to the
measurement from the reference pyrancmeter,

The major advengage of the out door calibration method
is that all types of nyranometers are referenced to a single
reference (whose galibration has been directly obtained from
an abseolute pyrhelicmeter) under realistic irradiance condit

The main disadvantage is that the nmatural environment
iz not subject to control and therefore the calibrations
inolude all the instrumental characteristics of both the

reference and test instrument which are influenced by the



2.7 PYRANOMETEE CHARACTERISTICS

In designing pyrheliometers and pyranometers, there
are a number of common considerations for attaining high
accuracy in measurement, These considerations include
for exampie: sensitivity, stability of calibration factor,
linearity, change in response due to variations in
ambient temperature, speciral response of sensor,
response time, and effects of auxilliary equipment.

The effect of circumsolar radiation, which depends on
the aperture angle, is & unique factor in the case of
ryrheliometerz, On the other hand, the directignal
response of the sensor on the elevation and azimuth of
the sun and the effect of inclination of a pyranometer

are problems specifie to the instrument,

2,71 COSINE EFFRCT

The sensing element of pyranometers is invariably
coated with a highly absorbent black paint, Although
it is easier to achieve high absorptanee in the speotral
senee, it is difficult to achieve the same in the
directional sense. That is, absorptance varies with the
angle of incidences Most surfaces exhibit an angular
dependence of absorptance, This variation is not
identical for electrical non conductora and electrieal

conductors. For most electrical conductors, absorptance
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remaing almost constant until the ineident angle exceeds
about TGQ. Beyond this point, absorptance inoreases
considerably and then drops rapldly when the angle of incidence
approaches 90“. Fig 2.72 ghows this characteristie gqualitativel
Thie angular dependence of absorptance is called the cosine
effect, Fortunately, at low =solar eleyation the energy contained
in the solar beam is very smalle In a well-designed
pyranometer this variation should not exceed 2%,

Many suthors have investigated tilt effects on pyrancmeters.
However, beecause of eontimuous developments and modifications
in pyranometry Manufacturers catalogues should be consulted
in order to carry out any ecorrections necessary. For example,
the Eppley laboratory recommends ne tilt correction for its
"black and white"™ and alsc for precisien spectral pyranometers,
Kipp and anEHEE provided a correction plet for one of their

pyranometers,.

2eTe2 AZIMUTH EFFECT

Under ideal conditions the response of a receiver is
proportional to the cosine of the angle of incidence and is
constant at all azimuth angles., However, real surfaces contain
gsome imperfections arising from the manufasturing proecesses and

eonsequently amall variations in azimuthal absorptance de occur,
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2.Te3 EFFECT OF INCLINATION

In many solar energy apPlieations it is necessary to
measure insolation on inelined planes, A pyranometer mounted
on an inelined plane reeeives from a solid angle of 21T
direct, sky diffused,and ground reflected radiation, Since
pyranometers and ealibrated in a horizontal upward directien,
they may shoew & change in response when mounted in an
inglined or downward direction. This ehange occurs mainly
because of a hemispheriecal glass dome. This tilt effect
varies with the angle of irradiance, For some models, such
as fipp and Zonen pyranometers, it alsc varies with the
orientation of the thermopile vis=—a=vis tilt angle, Deviation
from the horizontal pezition inecreases with the tilt angle
and with the level of radiant flux, In a well - designed
pyrancmeter this variation should not exceed 2%,

Many authors have investigated tilt effeets on pyranometers,
However, because of continuwous developments and modifieations in
pyranometry, manufacturers' catalogues should be consulted in
order to earry out any corrections necessary, For example, the
Eprpley laboratory reccmmends no tilt correction for ita "black

and white" and also for precision spectral pyranometiers.
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Kipp and Zunen23 provide a correction plet for one of their

ryranometers.

"yt

'lz | d
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ANGLE OF INCIDENCE beirees)

Fige 2422 pyranometer response as a function of the angle

of incidence.
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2,8 INSTALLATICN OF PYRANCMETERS

The process of installation of pyrancmeters varies
with types of instruments. However, some general principles
apply to all pyrancmeters.

The essential requirement in installation of a
pyrancmeter is that of proper expesure. Basieally, the
sensing element for the hemispheric type pyrancmeter

ghould be above UNSHANED  Peziod

S~ 1/[
N ]
]

—

FeCORMNER ScALE

—
S HAPED PERIOD —

|0 A A 12 NOON
TIME OF DAY

FPig. 2.23 pyranometer response with and without a shading
disk.
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all surrounding obstacles such as buildings, trees, hills,
mountains, ete. 80 that the radiation reaches the imnstrument
from the entire hemisphere of the sky., In practice, however,
it ies neormally difficult te realise such an ideal sitmation.
Therefore compromises are sometimes made when making
measurements, Obstacles whieh cut off direet solar radiation
from the instrument, cause the most errors, Thus, it is
necessary to aveid In particular, such obstructiomns in the
easterly or westerly direetionsa.

A transit or theoddite eould be used to map on a diagram
of azimuth versus elevation angles, the outline of an obstacle
and henge determine the solid angle which it substends at an
ingtrument, While some cbstacles reflect sclar radiations,
others such as blaek body obstacles, diminish the diffuse
flux on a unit horisontal surface. Because of these problems,
it is preferable to choose a location for the pyranocmeter such
that the error in measurement due to an obstruction is less
than that introduced by other factors.

The pyrancmeter should also be easily accessible for
practical purposess For instance, the glass envelope has
to be kept free of dust er other depesits by frequent eleaning
and ghadew rings or disks, when used, should be adjusted
regularly (say every 2 or 3 days) for change of deelination

ai the suns
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CHAPFTER THHEE

3.0 EXPERIMENTAL DETAILS

3.1 DESIGN AND CCNSTRUCTION OF THE PYRANCMETER USING
AvalTABIE TOCAL MHTERIALS

The design of the pyrancmeter is similar to that of Eze
{1683) and that of Asogwa {199é)24. However, some modifications
were made in their dezignz in order to improve on their work,

The major modification in our design when compared to Eze's is
that the cperational amplifier is dispensed with. The ocutput
from the pyrancmeter 1s fed into a sensitive long scale galva-
nometer, The advantage of this system is that the readings are
not sericusly affected by small changes in power supply. Also
the thermopile was calibrated before assembling to give more
accurate readingz, The main difference between this desim and
fAzogwats are that the base of the box is seasoned solid plywood.
The advantage of this is that solid plywood is more durable since
ordinarily plywcod wears-off with time depending on weather
condition.

Also a white perspex glass of greater thickness (5mm) is
used , This has the advantage of giving greater protective
resistance to the casing against bad weather. Moreover, the
aluminium foil was coated with white paint and it was covered with
white chalk particles and finally sealed with another aluminium

foil, This has the advantage of making the reflector surface

highly reflective.
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The absorber position is made adjustable so that one
can easily vary the distance between the absorber and the
reflector. This may have the advantage of increasing the
value of the E.M.F.

The pyrancmeter was constructed in parts and then

assembled. The essential features of the pyranometer are:

(A} THE THERMOPILE

The termopile consists of four copper - constantan
thermocouples measuring TDDcm A prototype of the thermo-

couple is shown in fig. 3.1 below. EMF

e 3d L yANCME T

Constantan

- C01d Junction

3 5 ! MOCOUPLE .
El—"’r' 3.1 THe THINEC Hot Junction

The thermccouple was constructed by cutting out 100cm
lengths of copper and constantan wire and then soldering them
together as shown in fig, 3'.1; The e.m.f developed by a single
thermocouple is very low; In order to increase the eum.f

de{reloped, a number of thermocouple junctions were connected

as shown in fig. 3.2;
o B
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Fig. 3.2 [(THERMOCOUPLE JUNCTION IN SERIES)
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Theoretically E.M.F developed by a thermopile is
riven by
EMF = o (T, - T,) + R(I, - T,)
where i and A are constants
X = 40 W/C = 0.04W/°C.

#Ais very small. Therefore, A (T, - T,) can be neglected,

Therefore, EM.F = 0.04(T, - T}

where T 1 is the termperature of the hot junction and T2

the temperature of the cold junction,
By comnecting the Junctions of the thermocouple in

series, the e.m.f can be greatly increased.



(B)  PROTECIIVE BOPE(INSTRUVENT CASTIG)

The mounted thermopile is housed in a box of 24cm x 24cm
x fcm built out of an acrylic plastic material (perspex).
The edges of the box are joined chemically with plastic

binding cement. Bending of the strip of perspex measuring

100c;m x 8cm was done on a locally built plastic bender, % *
belonging to the department of Mechanical Engineering, Ei G
University of Nigeria, Naukka. (Courtesy of Me. E.U, Ekpa)., = §

The top of the box is covered with white perspex to %-
reflect all radiations falling on it. The base of the box

on which the T - shaped stand carrying the thermopile is

mounted is made of woed and is detachable by undoing four

screws. A hole 15cm in diameter is cut in the centre of the

perspex top. This was made by drilling a small hole and then

filing to size, The top is fixed to the dome by means of an

adhesive. The woocden base which carries the thermopile forms

the base of the box. The protective box is snown in fig. 3.3.

T N
. m!‘ﬂ'} r;" s .-q:rl-“-'
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Fig, 3.3 PINISHED PRUDUCT CF CONSTRUCTED PYRANOMETER
CASE {DIMRNGICONS 1N CM)




Fig; 3.4 The Thermopile shown in its position



(D) RADIATION SENSOR

The radiation sensor consists of a set of five copper
plates (one large one and four smaller onesj to which four
copper - constantan thermocouples are connected,

Each of the four smaller copper plates measures
Jem x 2cm % lam while the larger one measures 8cm X 4cm X 1cm;

The plates were first thoroughly cleaned with concentrated
tetraoxo sulphate (Ivi’acid HzSOl+ and then dried with emery-
paper. Each/ggztgzrfbrated at the middle where 6ne Jjunction of
one of the thermocouples was soldered to one of the small
plates. The other set of four junctions was soldered to the
large plate. Each of the four plates was blackened using a
mixture of black paint and lamp black. The lampblack was
added to giﬁe the surface a matt finish. This increases
their absorbance. The thermocouple junctions connected to
these black plates act as the hot junctions (positive terminal).
The large plate was painted white and then covered completely with
aluminium foil. This makes the surface highly reflective,

The junctions cormected to this plate are the told! jurnctions
(negative terminal).

The plates are then screwed into T-shaped insulating

supports which are fixed to a wooden base as shown in fig. 3;5.



o

Copper Plate(covered
with Aluminium Feil)

yd

«— Insutating Stand

oper Plate "o
nted black)
— = Wooden Base
o] (8]
Fig: 3.5 COPPER PLATES MOUNTED ON T-SHAPED

INSULATING STANDS
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(E) INSULATING STAND

This was conatrued out of two pieces of wood which
ware first cut to size with a saw and then shaped to a
round shape on a lathe machine at the Department of Physics
and Astronomy Workshop (Mechanical Secticn). The dimensicns

of the insulating stand are 10cm x 1.3cm. See fig 3.6

-| |-t - - 15
O O
1 f
100 &0
N ¥

Fig. 3.6 INSULATING STANDS CONSTRUCTED WITH DIMEMSIONS IN Cm

The pyranometer was now assembled as shown in fig.

3.7 after the construction of the different parts.

l.|/88|
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The construction of the pyrancmeter now completed,
the out put therm-slectric ejn.f was checked., This was done
by mounting the pyranometer outside where it received
insolation. The thermo-electric eun.f was measured when
the insolation was almost at its peak that is, about 1.00
p.m. Many measurements taken showed that even at the
peals insolation the e.m;f developed did not exceed 6OOU volts,
Tt was therefore difficult to monitor amall variations in
the intensity of =zolar radiation; To overcome this problen,
the pyranometer ocutput voltage was monitored using an EDSECT
long range galvanometer (see fig; 3.8 and plate 1.

wien the pyrancmeter was exposed to solar radiation
and connected to the galvanometer, the deflection was observed

to vary with the intensity of solar radiation.



PYRANOMETER

EDSECRT
GALVANCMETER

Fig. 3.8 CONNECTION OF COMSTRUCTED PYRAWOMETER
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3.2 CALIERATION OF THe PYRANOMETER

The pyranometer was calibrated by faking readings at
five minute intervals with the instrument for two days. During
those days it was placed side by side with an Eppley integrator
pyranometer, Model PSP - 14875 PF, from the Department of
Mechanical Engineering, University of Nigeria, Nsukka.

Readings of the latter were also taken at intervals of five
minutes.

The Eppley pyrancmeter readings gave the cummulative
insolation for the five-minute interval. By finding the
difference between the readings for two consecutive intervals,
the average instantaneous insolation for the intervals was
obtained. Graphs of the_averagg instantanecus insolation
against the local werefgﬁgzted; These graphs are shown in
figures 3.1.1 and 3.2.1 respectively for the two days while
the instrument readings for these days are shown in tables
3.1 and 3.2 respectively.

The correlation between the graphs of the two

instruments indicates that the constructed pyranometer is

sufficiently sensitive.



TABIE 3.1

~ INSTRUMENT READING FOR 19 - 4 - 91

LOCAL

EPPLEY

EPPLEY EPPLEY INSTANTANEOUS
TIME | CUMMULATIVE | CUMMULATIVE | MEAN INSTAN-| PYRANOMETER
INSCIATION | INSOLATION | TANEOUS IN- | READING (V)
(i g v2) | AT 5 MINUIES| SOLATION (GALVANOMETER
INTERVALS I DEFLECTION)
W H M%) -
11.50 0 - - -
11.55 | 77 77 15.4 7.85
12.00 124 47 9.4 4 .50
12.05 192 68 13.6 7.52
12,10 | 279 87 17.4 7.96
12.15 | 372 93 18.6 8.40
2.20 | 412 40 8.0 2.50
12.25 | 427 15 3.0 0.55
12,30 | 443 15 3.2 0.95
12.35 | 452 9 1.8 0.21
2.60 | 456 4 0.8 0.07
12,45 | 460 4 0.8 0.Ch
12.50 | 464 4 0.8 0.29
12,55 | 469 5 1.0 0.67
13.00 | 480 1 2.2 1.56
13.05 | 505/RESEI 25 5.0 3.51
13.10 38 3 7.6 2.80
13.15 &9 31 6.2 5.20
13.20 | 143 74 14,8 6.50
13.25 | 210 67 13.4 7.80
13,20 | 2713 63 12.6 .80
13,35 | 334 61 12.2 7.70
13.40 | 411 77 154 5.10
13.45 | 422 1 2.2 5.00
13.50 | 426 4 0.8 0.04
13.55 - - - -
14..00 10 10 2.0 -




-

TABIE 3.1 (CONTINUED)

TP - i ..
LOCAL |EPPLEY EPPLEY EPPLEY INSTANTANEOUS
TIME  |CUMWILATIVE |CUMMULATIVE | MEAN INSTAN-| BYRANOMETER
INSOLATION | INSOLATION | TANEOUS IN- | READING (V)
o 5 2]  |AT 5 MINUIES | SOIATION (GALVANOMETER
INTERVAL T DEFLECTICN)
(W H 1)
14.05 | 50 40 8.0 4.85
4,10 | 84 % 6.8 2.75
14.15 134 50 10.0 5.68
14.20 | 204 70 14.0 6.65
1%.25 | 279 75 15.00 7.25
14,30 | 345 66 13.2 4,12
14.35 | 352 7 1.4 6.0
14.40 | 357 5 1.0 "
.45 | 365 ¥ 1.6 0.45
1450 | 385 20 4,0 3,15
14,55 | 437 52 10.4 4.70
15.00 | 492 55 11.0 5.35
' 557 65 ' 5.90

15 .C‘5

13.6

.
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TABILE 3.2  INSTRUMENT READINGS FOR 20 = 4 - Q1

TXEL | EPFLEY [ BPPIET EPPLEY TS TR ARED TS
TIME | COMLATIVE | CUMMULATIVE | MEAN INS- | PYRANOMETER
INSCLATION | INSOLATION TANTANEOUS | READING (V)
o H M2y | FORS INSOLATION | (GALVANOMETER

MINUTES IBTEB- W Me OUTPUT)

VAL (W H M (W ™)
11201 2175 1 - - 0.237
11.25 22 08 33 6.6 0.217
11.30 | 22 44 36 7.2 0.275
11.35 | 22 70 26 5.2 0.210
.40 | 22 87 17 3.4 0.206
11.45 | 23 09 22 4.4 0.210
11.50 | 23 44 35 7.0 0.221
1155 | 2375 31 6.2 0.218
12.00 | 23 99 2 4.8 0.215
12.05 | 2425 26 5.2 0.213
12.10 | 24 49 24 4.8 0.217
12.15 | 24 81 32 6.4 0.218
12.20 | 25.12 31 6.2 0.217
12.25 | 2539 o7 5.4 0.218
12.30 | 25 68 29 5.8 0.217
12.35 | 25 93 25 5.0 0.215
12.40 26 17 24 4.8 0.215
12.65 | 26 44 27 5.4 | 0.216
12.50 26 78 34 6.8 | 0.222
12.55 | 27 22 ' 4 8.8 | 0.228
13.00 { 27 78 56 1.2 0.237
13.05 | 28.27 49 9.8 0.227
3.0 | 28 55 28 5.6 0.210
13.5 | 2876 | 21 4.2 0.209
13.20 | 2901 | 25 5.0 0.212
13.25 | 29 ;1 i 30 6.0 0.216
1330 | 2960 L 29 5.8 0.217
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EPPLEY PYRANDMETER REABINGS
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Fig. 3.2.1 VARIATION OF INTENSITY OF SOLAR RADIATION AND
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TABIE 3.3  GALVANOMETER DEFLECTICN AT DIFFERENT LEVELS

— e

MEAN INSTANTANEOUS. VEAN GALVANOVETER .
INSOLATION (W M™% ) DEFLECTION (V) X 10

30 T a0

90 7.0
180 1.5
210 13.8
240 ‘ 16.5
270 20.5
300 24 .4
330 245
360 26.8
384 29.0
390 29.5
420 31.8
450 33.0
480 36.0
570 43.8
600 47.0
630 52.0
660 54 .5
690 59.5
900 70.5
960 82.0
990 85.0
1050 85.0
1140 95.0

ey e T
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3.3 CALIERATION CONSTANT

The constructed pyranometer is calibrated against a
standard Eppley pyranometer; The calibrated readings are

shown in Table 3.3.

These readings are plotted in fig. 3.3 .1 to obtain
the calibration cur&es; The calibration curve for the
constructed pyranometer has a slope 0.87 /¥ Yl § 142%.
This means that when tge intensity of solar radiation changes
by 1 W M'e, the palvanometer deflection changes by 0.87. The
scale of the palvanometer is linear and graduated in mm and
therefore a change of 6.87 mm can be detected. Thus our
pyrancmeter responds well to changes in intensity of solar

radiation.
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Fig, 3.3.1 CALIEBRATION GRAPH FOR THE CONSTRUCTED PYRANOMETER




CHAFTER FOUR

4.0 MEASUREMENTS, ANALYSIS AND DISCUSSION
iy T

4 . 1 SOLAR RADIATION DATA FOR NSUKKA AS MEASURED WITH
OOR Pemaworeren

The instantaneous insolation at different hours of the
day in Nsulka was measured for the month of Mgy, 1991 using our
pyrancmeter. The pyranometer deflection was recorded at each hour
(local tame,l The corresponding instantaneous insolation is
interpolated from the calibration graph.

TABLE 4.1 GLOBAL INSOLATION (WM™) DATA FOR NSUKKA FOR TIE
TONIH OF MAt, 1991 - ‘

DRLE AL TE | CAVANOVETER 1 LoTrENTENEOE ..
OUTRUL (V) _ INSOLATION (WM™)

1-5-51 8 . 00 - -
9 . 00 - -

10 . 00 13 .5 175

.00 12 .5 165

12 .00 5.0 75

13 . 00 9.5 130

% .00 17 . 0 216

% . 30 10 .5 140

15 .00 1.0 147

16 . 00 1.5 153

6 . 30 5.0 124

17 . 00 13 .2 172

2591 8 . 00 - -
g . CO - -

10 . 00 58 .5 700

11 . 00 67 . 5 802

1 . 30 65 . 5 780

12 . 00 64 . 0 763

12 .30 63 .5 756

13 . 00 69 . 0 820

% . 00 17 .0 216

15 . 00 58 . 0 694

IR 00 13 .4 174

o . s ~ 125




TABIE 4.1 (CONTINUED)

'y

GALVANOMETER

DATE [OCAL TIME TNSTANTANEOUS
- ‘ OUTPUT (V) INSOLATION (WM™2)

3591 8 .00 27 .5 340
9 . 00 41 .5 501
10 . 00 5.8 99
1 . 00 6.5 81
12 .00 1M .5 153
13 . 00 10 .0 135
13 . 30 12 .0 159
% . 00 68 . 0 810
15 . 00 48, 0 579
15 . 30 2.0 392
16 . 00 7 . 00 100
16 . 30 . 00 11
17 . 00 00 o

6-5-91 8 . 00 0.5 25
8 .30 7 37
9 . 00 7.5 105
9 . 30 5.9 86
10 . 00 8 . 4 115
11 . 00 % .0 182
12 .00 6 .5 210
13 . 00 23 . 8 297
13 . 30 17 .2 219
1% . 00 24 . 0 299
14 . 30 22 . 6 280
15 . 00 19 . 00 240
1% . 00 13 .0 170




TABIE 4

. 1 (CONTINUED)

DATE

LOCAL TIME

GALVANOMETER

INSTANTANEQUS

OUTBUT (V) TNSOLATION (WM™
9591 8 . 00 1.9 39
8 . 30 1.9 39
9 . 00 2.7 50
10 . CO 1.0 147
1 . CO 1.9 147
12 . 00 % .5 190
13 . 09 21 . 0 264
13 . 30 20 . 0 252
14 . 00 29 .0 357
15 . 00 27 . 0 335
16 . 00 16 . 0 205
16 . 30 18 .6 235
17 . 00 2.3 43
10591 8 . 00 8 .2 M1
9 .00 17 .0 216
10 . 00 19 .0 240
11 . 00 40 . 0 485
12 .00 38 .0 462
13 . 00 16 . 0 205
13 . 30 20 .0 252
14 . 00 45 . 0 543
14 . 30 18, 0 228
15 . 00 21 .0 264
15 . 20 20 . 0 257
16 . 00 1.2 65
17 « 00 3.6 60

)
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TABIE 4, 1 {CONTINUED)

DATE LOCAL TIME| GALVANOMETER | INSTANTANEOUS .
‘ ' OUTFUT (V) INSOLATION (WM™ )

7-5-91 8 . 00 3,8 60
9 . 00 . 9 121
10 . 00 % .0 182
11 . 00 23 .0 287
12 . 00 22 .0 275
13 . 00 2.0 159
13 . 30 25 . 0 370
1% . 00 - -
15 . 00 16 .0 205
16 . 00 - -

8-5-91 8 . 00 0.8 28
8 .30 1..5 35
9 .00 3.3 52
10 . 00 1.2 149
11 . 00 19 .0 240
12, 00 25 . 0 310
13 . 00 4% .5 560
13 . 30 40 . 0 485
% . 00 18 .0 228
% .30 50 . 0 600
15 . 00 2.0 392
16 . 00 9. 0 126
17 . 00 2.3 43




TABLE 4 . 1 (CONTINUED)

DATE LOCAL TIME | GALVANOMETER | INSTANTANEQOUS .
e it OUTRUT (V) INSCLATION (WM™2)

13-5-91 8 . 00 8.7 120
9 . 00 23 . 0 287
10 . 00 6 . 1 88
10 . 30 21 . 0 264
1. 00 .2 112
12 . 00 .4 115
12 .30 24 .8 308
13 . 00 58 .5 700
13 . 30 57 . 0 580
14 . 00 39 .0 473
15 . 00 - -
16 . 00 6.0 87
16 . 30 4 .1 65
17 . 0 1.5 35
17 . 30 - -

14591 8 . 00 - _
9 . 00 5.5 82
9 . 30 9.5 130
10 . 00 12 .0 159
10 . 30 25 . 0 310
11 .00 13,0 170
1. 30 33 .0 403
12 . 00 3.5 413
13 . 00 25 . 0 310
13 . 30 30 .0 369
14 . 00 21 .0 264
1% . 30 5.5 200
15 . 00 31 .5 385
15 . 30 18 .5 235
16 . 00 15 152




TAELE 4 . 1 (CONTINUED)

-2

)

DATE LOCAL TIME | GALVANOMETER | INSTANTAREOUS .
OUTPUT (V) | INSOLATION (WM

16-5-91 8 .00 15 .0 194
9 . 00 22 .3 280
5 . 30 15 . 0 194
10 . 00 4.8 72
10 . 30 22 .0 275
11 . 00 15 . 0 194
1 .30 18 .0 228
12 . 00 24, 0 299
12, 30 53 . 5 640
13 . 00 55 . 0 658
1% . 00 1.8 39
15 . 00 1.0 147
16 . 00 7.9 115
17 . 02 2.7 50
20-5-91 8 . 00 16 . 0 205
8 . 30 22 .0 275
9 .00 28 .0 345
9 .30 30 .0 369
10 . 00 33 .0 403
10 . 30 16 .8 214
11 . 00 3% .0 440
1M .2 46 . 0 553
12 .00 10 .0 135
12 .30 28 . 0 345
13 . 00 19 .0 249
% . 00 24 .0 299
15 . 00 30 .0 369
16 . 00 .5 60
16 . 30 .4 95
17 . 00 1.2 30
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TABIE 4. 1 (CONTINUED)

DATE IOCAL TIME | GALVANOMETER | INSTANTANEOUS
QUTRUT (V) INSOLATION (WM
24591 8 . 00 0.3 21
8 . 30 5 . 4 22
3 . 00 1.0 29
10 . 00 45 . 0 543
11 . 00 9 .0 124
12 . 00 10 .0 135
12 . 30 21 .0 264
13 . 00 29 . 0 355
1% . 00 5.8 83
15 . 00 13 .0 170
15 . 30 21 .0 264
16 . 00 % .0 182
16 . 30 .6 70
17 . 00 .3 52
17 . 30 1.2 0
27-5-91 8 . 00 28 . 0 345
8 .30 24 . 0 299
9 . 08 2.0 392
9 . 30 33 .0 403
10 . 00 36 .1 R0
10 . 30 41 . 0 495
11 . 00 10 . 0 135
12 . 00 18 .0 288
13 . 00 22 . 00 275
13 . 30 1.0 147
1% . 00 12 . 00 159
1% . 30 .0 182
15 .00 7.5 105

)



DATE IOCAL TIME | GALVANOMETER | INSTANTANEOUS .
OUTBUT (V) INSOLATION (WM™)
27591.1 16 . 00 e 100
(Gontd.?] 45 . 30 5. 1 76
17 . €0 3.5 58
17 . 30 0.9 28
28-5-91 8 . 00 6.6 95
8 . 30 4. 4 69
g . 00 8.9 120
9 .30 6.8 97
10 . CO 22 .0 275
10 . 30 15 .0 194
11 . 00 27 . 0 334
12 .00 21 .0 264
13 . 00 25 . 0 310
13, 30 % .0 426
14 . 00 2.0 392
15 . 00 18 .0 228
16 . 00 1.4 35
17 . 00 0. 1 20
29-5-91 8 .00 - -
9 .00 - -
13 . 00 19 . 0 240
13 . 30 19 .0 240
1% . 00 6 .0 205
15 . 00 10 .0 135
15 . 30 6.9 99
16 . 00 6 .2 90
% . 30 7.2 101
17 . 00 3.8 60
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-

)

TABIE 4 , 1 (CONTINUED)
DATE | LOCAL TIME | GAIVANOMETER | INSTANTANEOUS .
OUTPUT (V) INSOLATION (WM

30-5-9 1 8.0 - -
9 . 00 10 .0 135
10 . 00 13 . 9 180
11 . 00 3% .0 416
2 .00 45 .0 542
13 . 00 5.0 (G
% . 09 13 .0 170
1% .20 30 .0 252
15 . 00 - -
15 . 30 % .0 182
16 . 00 5.5 81
16 . 30 7.8 109
17 . 00 A6 70
17 . 30 1. 0 29

315-91| 8 .00 - -
8 .30 3.0 52
9 .00 13 .5 175
10 . €0 1% .0 182
1. 00 8.5 235
12 .00 20 . O 252
? .30 29 . 0 355
13 . 00 18 .0 228
13 . 30 29 . 0 55
% . 00 15 . 0 194
1% . 30 15 . 0 194
%5 . 00 13 .0 170
16 . 00 9.5 129
16 . 30 8.8 120
17 . 00 3.6 60




TABLE 4.2

MEAN HOURLY INSTANTANEOUS INSOLATION AT NS

FOR THE MONTH OF MAY, 1

)

> (uri~?)

1

wawmmﬁ 07.00 |07.30 |08.00 |08.30 |09.00 |09.30 10,00 10,30 | 11400 [11.30 [12,00 {12.30]13,00|13.30 (14,00 {14.30 ;15
MAY - - |131.9|103.5|192.,5|213,2 |244.1(292,0|267.6(491.0|283.4 |444.8 3$31.2]316.2(291.0|259.5 |28
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DATA ANALYSIS AND DISCLL‘EISIQEJL

Trne results of the measurements are tabulated in

Tables 4.1 and 4.2. Table 4.2 shows the mean instantaneous

insclation at different hours of the day for the pericd

under investigation. An analysis of these data reveals the

following: -

(1)

(i)

(iii)

(1v)

Highest Instantaneous Intensity was 820 WM

recorded on the 2nd of May 1991 at 1300 hours
local tme.,

[owest Instantaneous Intensity wasz F_’G WM'“E

recorded on the 28th of May 1991 at 1700 hours

local time,

Highest Mean Instantanecus Insolation was 349] HM'E
recorded at ‘I‘IBCI hours local time,

[owest Mean Instantanecus Insolation was 29 WM_E

recorded at 'ITEG hours local time,

In the absence of overcast clouds, the maximum
intensity for a given day occurs bebween 1130 hours

and 1360 hours local time.
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4. 3 CONCLUSION

It has been successfully demonstrated that wsing
locally available materials such as wood, copper plates,
lampblack and glass, it is possible to construct an
improved pyrancmeter that could be used to measure global
radiation, The constructed pyranometer is estimated to
cost NTSO {seven hundred and fifty Nairaj. It is therefore
cheap and simple as compared to imported ones. It is hoped
that with better materials and improved technology, such as
better copper plates for the sensor elements, better quality
glags with high spectral transmission for the dome, highly
alkilled soldering of the thermocouples, a pyranometer
almost as mpod as the standard Eppley pyrancmeter can be

constructed.
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SUGGESTIONS FOR FURTHER WORK

(1) ADAPTATION FOR MEASUREMENT OF COMMULATIVE INSOLATION

For the purpose of measuring cummulative insolation,
it is suggested that the oufput of the pyranometer be
connected to a sensitive autcmatic chart recorder,

The chart recorder plots the pyrancmeter output
against time. An appropriate conversion factor can then
be obtained by comparing the area under the graph with
the cummlative insolation recorded by an Eppley pyranometer.
The instantanecus insolation at a given time may also be

obtained from the chart.

(ii) IMPROVEMENT OF RESPONSE TIME

The response time may be improved by:

aj using a material with low specific heat capacity
(e.g platinum for making the sensor;

bj making the ratio of surface area to the thickness

of the sensor as high as practicadle;

) the 1-1ar'iation of the spectral composition of
terrestrial global radiation has been well
established by a number authors including

GOIDEERG AN KLETNC, FRACECHINI and MAJOR!.
It is suggested that such an investigation be
carried out in our local environment s0 as to
establish the pattern of this wvariation, on
hourly and seascnal bases.
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