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- 1. Introduction

S The co11ect1on eff1c1ency, s of a solar collector system is def1ned
f-as the useful heat collected d1v1ded by the solar radiation incident on the
top surface. For a particular collector geometry it will be dependent on
the position of the sun during the day, the amount of cloudiness, the
ambiént air temperature, as well as the cleanliness of the top surface.

There are several methods described in the literature for the
calculation of n,. One method is to calculate n, for a clear equinoxial
day -and -solstice day'’. ‘Another method is to make the calculation for a
set of selected clear days each month?/. We have followed the method of

" Hottel and Whillier® and Liu and Jordan*/. [Hereafter referred to as HW

and LJI respectively.] They present a method of calculating the hourly
rate of energy collection but also, more importantly, the long term mon;hly _
average co]]edff&n'éfffiiency based.upon'month1y average daily solar
‘jnsolation data and day-time temperatures obtained from Weather Bureau

data. This data is appended to LJI for some eighty localities in the U.S.
and Canada. We feel that this method provides. the most realistic values of-
collection efficiency which can be obtained for a given collector system in
a given location. Not only is the monthly variation taken into account but
also the statistical effect of bad weather. The description presented .
belbw is necessarily concise and one is referred to the references for )

- additional discussion. |

e o

Y, Tabor, Transactions of the Cnnference on the Use of Solar Energy — The
Scientific Basis, II, Part I, Section A, 1955, pp. 1-23.

2JE. R. G. Eckert, et al., Semi-Annual Progress Report prepared by
~ University of Minnesota and Honeywell, supported by NSF (RANN) . July 31,
1973. Report: NSFE/RANN/SE/GI-34871/PR/73/2.

3JH. C. Hottel and A. Whillier, Transactions of the Conference on the Use
of Solar Energy — The Sc1ent1f1c Basis, II, Part.I, Section A, 1955,
pp. 74-104.

[

*JB. Y. H. Liu and R. C. Jordan, Solar Energy 7 (2), 53 (1962). Also see
article by same authors in Low Temperature Engineering Application of -
Solar Energy, published by American Society of Heating, Refr1gerat1ng and
Air-Conditioning Engineers, Inc., New York, N. Y., 1967



- I1. .Solar Geometry

If 8 is the so]ar angle of incidence (also called the zenith angle),
the ‘solar declination, w the solar hour angle from solar noon (15° per
hour), and L the 1at1tude then it can be shown by spherical tr1gonometry
that, ‘ '

cos 6 = cos L cos & cos w +sin L sin & (1)

The sunset angle, Wy is obtained bylsetting’cos 6 =0 in Eq. (1): S

The number of hours between ‘sunrise and sunset is 2 w_ ° (24/360) 0.1333
wso' , . | |

In the method of LJI the direct and diffuse solar radiation on the
earth's surface are expressed as fractions of the'radiation'on‘a horizontal
surface outside the earth's'atmosphere. If ISc is the solar constant;
i.e., the intensity on a unit area normal to the sun's rays and at mean
distance of the earth from the sun, then the intensity on a horizontal

surface outside the atmosphere is

I =r1 cos® (3)
o SC .

where r is the square of the ratio of the mean distance to the actual
distance between earth and sun. The best present value of I is 1353 .
w/m?. Values of r and § for the 15th of each month are g1ven in Table I.

The average daily radiation* on a hor1zonta1 surface outside the
earth's atmosphere is obtained by integrating Eq. (3), using the expression
for cos 6 from Eq. (1):

*For all radiation values; 1nstantaneous, average hourly, average daily,”
etc., we will use units of watts/m?. LJI and most others use units of
BTU/hr-ft? and BTU/day-ft2. 1 BTU/hr-ft2 = 3.153 w/m?, 1 BTU/day-ft? =
.0. 1314 w/m?2. : .

_cos. wosomtanlotand o 2



(Ds ‘
Ho =‘§Elsc | ‘(COS'L cos 6 cos w + sin L ;in §)dm 3£;
= -%%— I, (cos L cos§ sinw_ + w_ sin L sin ¢) (8) %
. .
Table I. Values of r and § fof the 15th of each month?®. |
| r §

JANUARY - 1.0336 -21°09"
FEBRUARY 1.0250 T _12043"
MARCH - 1.0110 - - 2°11"
APRIL. 0.9934 9°44"
MAY 10.9785 18051
JUNE 0.9691 23°18"
JuLy - 0.9679 - '21°33'
AUGUST 0.9750 14°05°
SEPTEMBER ©0.9889. 3°01"
OCTOBER 1.0058 - 8°32°
NOVEMBER 1.0222 -18°28"
DECEMBER 11.0323 -23°16"

a. From the 1974 Nautical Almanac.

III. Performance Equation (Collector Output)

If the total solar insolation (direct and diffuse) per unit horizontal
area is IT then the instantaneous rate of useful heat collection per unit
area of pond is*: .

*There should be an additional multiplicative term, F_, which is the heat
extraction efficiency for the particular collector. “According to LJI,
when water is used to remove the heat from the collector, Fg = 0.9, and
when air is used, it is = 0.8. We are particularly interested in the case
of a-shallow solar pond col]ector module where the water itself serves as
the collector and F 1.



=1.(tw@) - U (T -T) watts/m* )]
where Ta is the transmissivity-ebsorptivity product (fraction of I,
absorbed by pond water), suitably averaged for direct and diffuse radiation
components, U is the overa]T heat loss coefficient (in w/m?°C) wh1ch will
depend weakly on both T and T where T is the average water temperature
of the pond and T is the amb1ent air temperature (°C). Evaluation of Ta

and U will be discussed below.

.Froh Eq. (5), the instantaneous value of the eollection‘efficiency is
| u(T -T.) |
n.=1t - ——-=2_ : (6)
el 1 . - .
T ~
If the<solar'insolation is so weak that it can just make up for the
heat losses, then the collector pumping system will be turned off and there
will be no heat collection. This critical intensity, Ic, is obtained by
setting q = o in Eq. (5): '

U (T - T |
et o

.Ta

The critical intensity'ratio is defined for later use as,

Xc =,Ic/IT (8)
where TT is the average hourly total radiation*. Eq. (5) can now be
- written as o ' LT
qQ=T1a - I.} o , (9)

Clearly, when IT falls to Ic or below, no useful heat output is avaiTabTet

To determine the long-term performance of the pond we need average

hourly values of Ta, I Ic, and Ta.' Then we can calculate the average

T’
hourly useful heat collection, q, for any hour of any month. MWeather

—

*In the statistical method described here, average values are usually
understood to bc "long-term", that is, averages taken over 3 to 5 years.
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- Bureau data is normally presented as monthly average daily total radiation

on a horizontal surface, H. From values of H it is possible to obtain, as
discussed below, values.of IT, the average hourly total radiation, for any

A hour of the day from solar noon. Hence we take one month as a period

during which the mean air temperature and mean position of the sun, at a

“particular hour of day, do not vary excessively. Hence (Ta) and I, can be

assumed to have the same average value during the same hour throughout the
month. Then the value of q [for a particular hour of day from solar noon
in a given month] is given by : ' '

(10)

where n is the total number of’mornings and afternoons in the.month and the

+ sign indicates that only positive values are used in the summation. (The
two hours symmetrical with solar noon are assumed to be identipa].)

. Hottel and Whillier®) first introduced this approach. 'They named the
bracketed term "utilizability", ¢. Hence, -

) LI +. |
¢ = (Vn)z - - = ‘ (1)
n IT IT .

If measured values Of_Ta, IT (and hence T}) are available for every hour of
a particular month, than a value of:Ic}can be ¢calculated for each hour and

hence values of ¢ can be determined for each hour. MNote that ¢ is just the ‘

fraction bf the total month's incidence on a horizontal surface, for one
particular hour from solar noon, which arrives with sufficient intensity to
justify collection. The average hourly heat collection can now be written

a=T@T, ¢ | ~(12)
. ®
Note that the quantity Ta is a characteristic of the collector geometry and
materials whereas the otHer two quantities are characteristics of the
“solar weather".

PRUERE PN S SRR A e C4 W . SOV
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" If a gfaph of ¢ vs. IC/T} can be obtained for a particular month:at a
~particular location, then for every hour a value of Ic can be calculated
and, if T' is known, then ¢ can be determined. For example, if we
hypothes1ze a month of identical days, then I, T} and the ¢ vs.'Ic/T} is
a straight line as shown below in Figure 1. For a month of variable
weather the curve would lie above the straight line, as 111ustrated in the
same figure.

Thus, for a month of identical days, if‘Ic =1, =T, then 6 =
However, for an actual month of variable weather, if I /T =1, there will
be-some days where the -summation of Eq. (11) for the particular hour has a

- positive value as well as some days where it has a negative value (and

- hence not counted).- So there will be a net positive value of ¢. The more
constant the weather is, the c]oser the curve will ‘approach the straight
line limit. '

1.0

example for real case
Q{/’- of variable weather -

- T 100
c Ic/IT
Figure 1. Examples of shape of ¢ function.

C—



_IV. Construction of ¢ Curves

’

Weather Bureau data génera11y consist of daily total radiation values

*6n]y as well as-average daily temperatures*. HW and LJI give a procedure
for constructing generalized ¢ vs. IC/T} curves which. are applicap1e to any -

locality where monthly average daily totq] radiation data are available.
This procedure will be briefly outlined here. For more detail one is

referred to the above Tisted papers plus a paper on solar weather by Liu
and Jordan®’/. (LJ2) '

- .LJ2-shew that a well-defined-empirical relationship exists between the

~.average -daily-diffuse-radiation,-D, -and-the average total radiation, H. - ot
= Defining KT = H/Hé and-Ka =wD%H2§’tﬁ§’?§Tat1onTbétWéen'K;?and‘Ké is given "~~~ 77

in Table II. The va]ue;of'f& is a sort of “cloudiness index". A locality-
may be considered to be-extremely cloudy if E}_= 0.30.- On the other hand,
it is a very sunny locality that has K, > 0.70.

Table II. Relation between K. and Ré

0.3 0.4 0.5 0.6 . | 0.7 0.75

Q3<l.;‘|

0.179 y 0.183 | 0.188 | 0.174 | 0.149 | 0.125 .

Hence if we are given values of the monthly average daily total
radiation, H, we can calculate K& = '}T/H0 and from Table II we can then |
determine K& = 57H°. From this we can determine D. (This will be required
later in the calculation of Ta.)

Next, it is necessary to obtain relationships between hourly total and.'
daily total radiation and between hourly diffuse and daily diffuse
radiation. These have been established, on the basis of long-term weather

*For a few communities in the U.S., hourly total insolation data and hourly
temperature data are available over a period of several years.

JB. Y. H. Liu and R. C. Jordan, Solar Energy 4 (3), 1, July 1960.

¥
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. data by LJ2 and HW. LJ2 assume that, just as 5'='KAH°, o) also’Th = EAIO.
Therefore r, =AT£/5'= I_/H,. The expression for H_ is given in Eq. (4) and

by a similar integration we can obtain
b8 sl , on e .

: "rlsc
1 =

Q‘ 24

~(cos L cos & cos w + sin L sin &) (13)

which gives

) Id ) Io g COSw- cos w_ ,
rg=—=—=— - - (18)
D H  24sinw_ - w_ cosw '
o. .. S S. s

~

where cos w_ is ,tgi:.v.en by Eq. (2).. e o e e

et In Figure 2 from LJ2 'the-solid-curves are7Eq}$(11}9énd-theA*;%‘“;“'”***“**~*- -
experimental data points are from the two weather stations listed.
Agreement is seen to be good so that either Eq. (14) or Figure 2 can be
used. o o '

Unfortunately, Eq. (14) is not a good representation of re = T}/ﬁl HW.
obtained experimental values of rr from several widely separated localities
and the mean curves shown in Figure 3 are a: good representation of the -
experimental data (deviation < % 5%). .

To summarize the procedure up to this point:

1) For a given latitude, ca]cu]ate Ho for the 15th day:
of each month, using Eq. (4) and Table I.
2) For the given location, look in tables at back of
LJ1 for values of H for each month. PR
3) Calculale values of ﬁ7HO o E} for each month.
4) Use Table II to determine K& = UYHO. From this
determine D. :
- 5) Use‘Eq. (14) or Figure 2 to determine rs (and hence
T;) for the middle of each hour from solar noon.
This must be done for each month. Sunset hour
angle given in Eq. (2). .
O 6) Use Figure 3 to determine Fo (and hence T}) for the
" middle of each hour from solar noon and each month,
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Now to proceed with determining the utilizability function, ¢, LJ2 -

show that for widely different localities with about the same cloudiness
index, R&, the statistical distribution over a month of daily total
radiation, H, is very similar. From extensive experimental data of 27
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_localities, LJ2 construct a set of generalized radiation distribution
curves shown in Figure 4. For each curve; representing a given value of
the cloudiness factor K&, the ordinate gives H/H and the abscissae gives

~ the fractional time f during the month for which the daily radiation is
less -than H. LJ2 find that, independent of the. 1oca11ty, as long as K has
a given value, the appropriate curve from F1gure 4 is an excellent
representation of the statistical distribution of daily radiation.

It has been shown by HW that the distribution curves for hourly
radiation are c]ose]y similar to those for daily data. Hence in Figure 4

"' the -ordinate_‘can_ a]so-stand “for: I /I "and.-the abscissae -for fract1ona1 t1me~«ﬂfkﬂv“

Z-f during the month for wh1ch the ourlx ‘radiation is less than" I
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for a horizontal surface. (Figure 11 from
our reference 4)
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Defining f_ as the fractioral time during the month f:r which the
hourly radlatlon is less than I o? the cr1t1ca1 radiation intensity defined

‘in Eq. (7), then we have

A

df - (15)

and hence ¢ vs. Xc curves can be constructed for various value of ?} using

the distribution curves of Figure 4. These generalized utilizability

curves-are shown-in-Figurée 'S-for values of K}‘from“0;3'fhfough-0.7. ST e
. ft'ﬁasfﬁbefeaeﬁeéiéeeufh;fJfﬁféﬂeée“of.geheraiized ¢ cufveé'Will give

only the Tong-term average performance of the solar pond for a given month

.at a.given location. . LJ2 claim-that-—-the results of this technique will be - —— -

quite reliable for localities whenewﬁ} is high (say 0.6 to 0.7). These are
very sunny 10ca]jties where the divergence of the ¢ curve from the straight
line for a c]ihete of identical days is small. It is in such localities
where solar systems will be situated.” In localities with extremely cloudy -
weather (low R}) the fluctuations from year to year about the generalized ¢
curve will be larger, hence introducing larger errors. However, these
localities are of much less interest to.us.

o

V. Calculation of Ta

Assume that there are n layers of plastic or glass constituting the
thermal blanket over the pond. - The layers may be of different thickness
but they must all have the same index of refraction. Then the
transmittance of the cover is given by®/:

T=e ‘KL/C“S"El -1+ (2n - 1)aﬂ " (18)

®
where K is the extinction coefficient of the material for the solar _
spectrum, L is the total thickness of the plastic or glass layers and n is

SJp. Whillier, Low Temperature Engineering Application of Solar Energy.
See reference 4).
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. the reflect1v1ty of a single plastic or glass surface The expression for

x is derived from the Fresnel equations®/: - =~ . - ,
i e j
] 2 ) : - i
x = 1|sin® (6 - 8') (6 -0') an .
sin? (6 + 0') 2 (e+0") B o

where 8 and 6' are the incident and refracted angles, respectively, and
sin 8' = sing/n', where n" is the index of refraction of the p]ast1c or
glass. For normal 1nc1dence, = 0°, Eq. (17) does not apply but rather .

| _ = [(n -/t r)] N €[ -

(df course'for 13£i£u6é greater than 23%° N or S we never have norhal solar
incidence.) S . i S

-To obtain the absorptivity-of-the-water-black-bottom collector, =
. consider a light beam incident on the water at angle 8. A fraction,'a, of ...
the beam will be reflected from the top surface. (If there is.a layer of
" plastic or glass lying on the water surface, the index of refraction used
in £Eq. (17) will be that of the layer rather than of the water. We can
neglect any reflection from the layer-water interface since the indices of
refraction are not very different.) '

The fraction, (1 - 2), will pass into the water. Since water is
almost completely opaque to the infrared and since about half of the energy
in solar radiation lies in the infrared (> 0.7 u), only about half of the
beam reaches the black bottom. A typical emissivity for a black surface is
0.96. Hence ahout 98% of the beam enter1ng the water will be absorbed as
heat in the water. We can then write for a:

= 0.98 (1 - n) | ' | (19)

» F1na11y, the ta product has to be suitably weighted for the direct and
' \d1ffuse ‘solar components. We follow the generally accepted convention®/  of
assum1ng the diffuse radiation has an average angle of incidence for a -
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- horizontal collector of 58°. For the middle of each hour from solar»nodn,'A
‘the following expression must be evaluated: ‘.

T -T T e | o
}3=(T I;) (ta) + 1, (ta)sap. , (20)

o e e e e rm———

VI. Calculation of U

For a giveﬁ collector geometry and given materials it is possible to
calculate the overall heat loss coeff1c1ent u, def1ned in Eq. (5)

" Comparison between calculated and measured va]ues of U usua]]y show '

agreement’*®) within about 10%

There is a vast literature in heat transfer and Eng]1sh un1ts are used

“almost exc1u51ve1y in English 1anguage pub11cat1ons " Therefore we have

found it more convenient heré to use English units; BTU, hour, feet, °F and '
°R. Hence our calculated values of U will be in BTU/ft?2 hr.°F. They can
be converted to métric units for use in Eq. (5) by:

Although we are concerned with the case of a layer of water covered by
two, or possibly three, plastic glazings, it is simpler to first consider
the case of two or three glass glazings. (This is because glass is totally
opaque to thermal radiation whereas plastics are not.) The difference in U
for the two cases turns out to be 20% or less®/.

The theory of heat convection and conduction through a gas (air in our

“case) involves several dimensionless numbers which we define below!®/:

"JH. C. Hottel and B. B. Woertz, ASME Trans., V. 64, p. 91-104, 1942.°

8JCarl N. Hodges, et al., Solar Distillation Utilizing Multiple-Effect
Humidification, Final Report. The University of Arizona Solar Energy
Laboratory of the Institute of Atmospheric Physics. 31 Jan., 1966.

JA. Whillier, Solar Energy 7, #3, p. 148, 1963.

19JAn excellent overall reference is: W. H. McAdams, Heat Transmission,
McGraw-Hill, 3rd edition, 1954.



16. ;\
S 0
— e _ - . i o
Prandtl number: Px ='c?u/k ) , C e o

] Grashof number: Gr = (L3p%g/n?)(B At) ‘ .
. N : ) \

Nusselt number: Nu = hL/k . : _ .
Stanton number: St = h/ché : ?.‘
Reyndids number: Re = LVp/u o

~

It is also convenient to define a dimensional'bﬁrameter; a:

a.---._pz g Bﬂcp/uk =.(Gr Pr)/LY At [ft73 °F71] el 11 Iy .

e i eemae E L e s S oeam t e e e e P I P . e e e C e e

- The definitions of the quantities in the above expression are:

specific heat of air [BTU/Ib °F] = - .

C

viscosity of air [1b/hr ft]
‘thermai conductivity of air [BTU/hr ft °F] 77

(o & T
u

characteristic dimension [ft]

density of air [1b/ft?]

©
1]

w
n

acceleration of gravity = 4.17 x 10® ft/hr?

Lo
n

coefficient of volumetric expansion of air
— ['oF'l] ‘ . L . : e

== -
—

mfémperathré‘différence between-iWo«layers or .
bétween layer and adjoining air [°F]

-
L[]

convection heat transfer coefficient
[BTU/hr ft? °F]

-2
o

wind velocity [ft hr ! or mph]

rate of convection heat transfer [BTU/hr ft2]

£
0
1l

Gr - Pr = alL®at (dimensionless)

—

Some useful values of these quantities for air at temperatures of
interest to us are listed in Table III below:

v aere e pr—y - - -



Table III. Some useful physical quantities for air.

7.

‘Mean Temp °F | 80° | .100° 150° 200°
"~'~'Ep 240 240 o 2
" .0446 | .0459 | .0484 | .0519
k 051 | .os7 | o167 | Lote1
o L0735 | .0710 | .0649 | .0602
8 .00200 | .00200 | .00200 | .00200
10°¢ a 1.605  |1.400. . |1.047 .]0.775
ka® 537 .540 .534 537
pa - lo.71 - fo.70 fo.70  |o.69 -

For two horizontal plates separated by distance L (ft), the heat
transfer coefficient (including convection and conduction but not
‘radiation) is defined by:

where At is the °F temperature difference between the plates. From
considerations of dimensional analysis!®/, it is customary to write h_ in
the form: '

—

h L

Nu = —S—=¢C (6r - bn)“ = C (aL® a2)" (23)

where experimental data is needed to determine C and n. McAdams gives the
_expressions ' S

Nu = 0.192 61/ 10* < 61 < 3.2 x 10°

Nu

for .
(24)

0.067 62'/? for 3.2 x 10°% < Gx < 107

— .
s

(22)
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~ which fits one set of expefiments quite well. Tabor!!/ has made a careful

survey of a number of experiments and concludes that work dane by NBS give
results which are probably most re11ab1e particularly when applied to

" ‘large plates as in our case.. He gives: ' . 1

Nu =.0.168 (61 - Px)°+2%1 = 0,152 62°+2%1  10* < G < 107 ~ (25)
which can be written as,
h_ = 0.168 'f-(aL3 At)0-281 - | (26)

In-Figure 6 we:-show both- the Tabor and McAdams va]yes of hc plotted ==
against plate spacing L for a At = 50°F and an average_temperature between
plates of 125°F. These values. of hc will be quite insensitive to average ..
temperature'(notice in Table III that kal’/* is essentially independent of
temperature.) Also a 20% change in At will only change h by about 5%.

For L = 1" the conduction heat loss is about half the convect1bn “heat 1oss
and for smaller L, conduction increases inversely with L, exp1a1n1ng the
rise in h

Convect1on heat loss from the top glass p]éte in the absence of any
wind will be characterized by a 61 * Pr = 3 x 10! which is in the
turbulent range. McAdams!®’ gives for th1s case:

ho=0.22 att/? | ' (27)
c A :

—

—

where now At is the temperature“d1fference between the top plate and

ambient air. In our case, At = 15 to 25°F, so that hC =~ 0.6.

If there is a wind the convection heat loss will be increased. For a
10 mph wind the Reynolds number in our case is about 10°. McAdams!®/
recommends the Colburn relation:

St (Pr)2/% = _0.036 : (28)
. (Re)?®-2 N

—

'UH. Tabor, Bull. Res. Counc. of Israel, Vol. 6C, pp. 155-176, 1958.
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Figure 6. Convection heat transfer coefficient
vs. plate spacing.

From Eq. (28) we can derive the following expression for the wind
coefficient:

% 0.8
hw = 0.40 Vmph (29)
Egs. (27) and (29) can be closely approximated by:

htop = 0.6 + 0.18 vmph (30)
The other form of heat loss between the plates and from the top plate
is from radiation. In fact, for the case of two plates over the water, the
radiation loss between water and first plate and between first and second
plate is about a factor of 2 to 3 greater than the respective convectién :
losses for our temperature domain. For the top plate in a 10 mph wind the
radiation and convection losses will be comparable.
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For two infinite parallel plates with emissirities €; and €, and
absolute temperatures T, and T2 (in °R = °F + 460), McAdams'®’ shows that
: the,net'radiatioh heat loss from the hotter to the colder plate is:

o (T,*-T,%)

W =TT . | (31)

\ - - &1 E2- -1

where the Stefan-Boltzmann constant is 0.1716 x 10" BTU/hr ft2 °RY.

The net radiation loss from the top plate té the atmosphere depends
not only on the temperature T of the top plate but also on the water and
'C02 “content of ‘the -atmosphere since thermal radiation from the atmosphere
orginatés chiefly from these two components. The higher the ambient air

" temperature, Ta, the greater amount of water vapor usually contained in the

air and hence the greater the return atmospheric radiation.

In a recent paper!?/ it is shown that experimental data for clear days -

can be fit well in several different localities from Alaska to Arizona by
the following expression for the apparent emissivity of the atmosphere:

€, = 1-0.261 exp [-7.77 x 107* (273 - T )] (32)

where T is the ambient air temperature in °K. Hence the net rad1at1on
loss from the top p]ate at temperature T can be written as:

q, = eéoA(T“ - eaTa“) . ' (33)

where T and T are in °R as before. In the temperature range from 60° to
110°F .the apparent atmospheric emissivity can be well represented by:

= 0.574 + 0.0035 Ia (°F) ' (34)

We are now ready to solve for the total upward heat loss Qup from the
system. From the water at temperature T to the first glass plate at
temperature T, (°R): ‘ *

o (T,* - T,%)

= : “y1,28
Qup = € (T, - Tl) MR T .1 (35)
' € €

¢ g

12)5, 8. Idso and R. D. Jackson, Jour. of Geophysical Research 74, #23,
p. 5397, 1969.
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. From 1st glass plate to 2nd glass plate:
| o (T,* - T,

ey = e (T - T (36)
o 2/e_ -1 '
‘ . » - & -
and from 2nd glass plate to sky: . e
Qup = hyqp (T, -T) toeg (T,* - g,T,") o (37)

‘This is a system of three equations in three unknowns; Qyp? Ty, and T,

“'T':wfth*the'p1ate:§ﬁaCTng;"T°,'Ta, and the emissivities of the water, €., and o
'”g1aSS;&eé;lﬁfimyTVEﬁT”*Tabﬁf’*}*pbfnts'out"that one should use the "~ =~ "~

'A-hemispherical-va%ueSEforgeg andgeé*raiher%than?thé‘values for -normal - - ==V AT
- =. -emittance-as~used by-Hottel:and Woertz’/. Hence for glass, H and W used -~ == ... .t 2Z

€g = 0.96 whereas, according to Tabor, the hemispherical value is 0.90131.

The above equations can be solved relatively quickly by trial and
error. For example, let £o = 185°F, ¢ = ¢, = 0.90, and plate_spacing
= 2". Also assume a 10 mph wind giving hop = 2.4. From Eq. (26) we
obtain ¢ = 0.18. After a couple of trials one obtains:

z, = 185°F = water temperature

‘ (38)
4, = 150°F, q = 17.05 + 48.62 = 65.7
%, = 110.5°F, ¢ _ = 19.90 + 45,68 = 65.6 . (39)
) 2 . up s
ty = 95.5°F, q = 36.00 + 29.81 = 65.8 (40)

The upward heat loss coefficient, Uup, is now obtained* from:

U s (- ) - 851 . .
Yup T G/ (o™ %) T goig = 073 | .

[rp—

139, 1. Yellott (Solar Energy, 7, #4, p. 167 (1963) quotes a value of
hemispherical emittance for "ardinary" glass of 0.84, based on spectral
emittance data. -

*For no wind this value of Uup decreases from 0.73 to 0.63 (about 15%).
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(The s1mp11f1ed approximate expression for q p? given as Eq. (13) in

- Hottel and Woertz”/, gives essentially the same result providing we use our
values of ¢, ¢, €gs and h top and that we replace T,* in their Eq. (13) by

€ala . )
To obtain the overall heat coefficient, !J, we must add the heat loss
from the bottom of the water into the earth. With about a 2" layer of good

insulation such as.a plastic foam, this can easily be reduced to 10% or
less of the upward heat loss. Hence we can write

U= 1".1 Qp! (£o = 2,) = 0.80

e TN e e

-The -addition of.-a-third.glass.plate will-reduce Uﬁp_to 0.49 and .U to about . - -
0.54. However the-incident_solar transmission will also be reduced so the

net percentage gain in collection efficiency may be only about half the
percentage reduct1on in U.

If plastic g1az1ngs are used over the pond rather than g]ass, the
calculation of heat loss through the plastic is more difficult because of

‘ the'partial transparency of plastic to heat radiation. One must have

measured values of monochromatic spectral absorptivity, reflectivity, and
transm1ssiv1ty for the particular plastic. These values must then be
integrated over the entire wavelength range.

Hodges®/ has treated this case in general and made numerical
evaluations of heat loss for Tedlar. For a water' temperature of tc = 185°F

~ and with one Tedlar glazing on the water surface and two above the surface

he obtains Uup = 0.91 BTU/ft? hr °F. Adding a third glazing above the
surface reduces Uup to 0.65. Both of these values are for a 10 mph wind.

Experimental measurements of heat loss through 1; 2, and 3 Tedlar
glazings have recently been made!*/, For 2 glazings above the water they
obtain (at t, = 185°F) U = 1.03 and for 3 glazings, Uup = 0.78.
Whilljer?/ ca]cu]ates U for 2 Tedlar glazings (at t, = 190°F) to be 0.87.

From.the above data we can use an average of Uup = 0.93 for 2 TéHlar
glazings above the water.. This is to be compared with our value of .
Uup = 0.73 for 2 glass glazings. Whillier states®’ that the increased

1“JW,. H. Gopffarth, et al., Solar Energy 12, 183, 1968.
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. upward heat loss for Tedlar covered collectors isi"more or less fully
".compensated by the improved solar transmittance of the Tedlar". Let us

- check -his 'statement by considering a 2 glass glazing covering with T = 0.75
‘'versus a 2 Tedlar glazing cover with T = 0.85. (Both at normal incidence.)
For a solar insolation of 750 watts/m? = 238 BTU/ft? hr, and assuming

a = 0.96, t, = 185°F,.ta = 90°F, we have for the collection efficiencies:

073 x95_ .72 - 0.29

2 G]ass: ng = 0.72 = ==5p—== = 0.43
.. _0.93 x 95 _ ) )
2 Tedlar: n_ = 0.82 35 - 0.82 - 0.37 = 0.45
and we see that Whillier's sstatement seemé_to be justified.muorwwim oo cie 7 cate i

As seen in Hottel and Woertz’/.,. the heat loss -coefficient is a -
function of both té“and'té;~hHenée; if Eqs. (35), (36), and (37) are solved— - -
to find a value of U .for a particular set of values for tc and ta, it would
be convenient to be able to calculate U for any other values of tc and tar
Using the U curves in Figure 16 of Hottel and-Woertz we thain‘the-‘
following experssion relating a value of U=U_att =t andt =t to

o ¢ co a ao
avalueUat t and t : '
4 c a
- 1+ .00512'tc-+ .00219 t.
Uu=1u_-: - .
- %1+ .00512t  + .00219 t_-
cOo ao

[temperature in °F] (41)

and

1+ .00746 T + .00320 T
(o] a

[temperature in °C] (a2)

<
[}

u
©1+ .00746 T+ .00320 T
co ] . a0

These expréssions are quite accurate for one, two, or three glass plates

and for collection temperatures equal to or greater than about 110°F (43°C).
They also give fairly good agreement with the heat loss vs. collector
temperatures calculated by Hodges®/ for Tedlar (see his Figure 16). ®

—

-



-covers (0.004") -at two colléction temperatures, T = 140°F (60°C) and 185°F
v(859C). Note that at 140°F there is little improvement in using a third
<" Tayer of Tedlar whereas at the“Figher €61Vector température 6f 185°F 1t = = ==
‘makes a large improvement, particularly in winter. This.is because the . .
..heat losses are greater at the higher temperature and the additional .

24;

© VII. Computer Program and Sample Results

’

" We include in this section the computer prgram "Solar", which was

~ written to calculate averagé hourly values of.collected heat and average
 daily values of collection efficiency - the averages taken over each month

of the year. Also included is the print- -out of a sample problem: A solar
pond in Phoenix, Arizona with two 0.125" glass plates, average water
temperature = 60°C.

.In Figure 7 is shown the collection efficiency for 2 and 3 Tedlar

optical loss of the third layer is more than compensated by the decreased

- heat loss. = = -

In Figure 8 are shown similar curves for-glass. (Sample problem gives ™ =~

. top curve.) Note that at 140°F, two layers of glass are better than three

for all except the months of January and February. Also, except for the 2
layer, 185°F case, Tedlar always results in a higher collection efficiency
for equivalent collector temperatures and number of: layers.
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+ID 228MLP SOLAR POMD MEIFERT BOXH20
PRIMT REDNM
CONTROLLEE 8.,S0OLAR :
LUMP OCT DEC C .
CERDS DBUG : ' o '
LCD SUMSYM®
LISTS
FORTRAM .
PROGRAM SOLAR(OUTIT. TAPE3=0UTIT. TAPE2. TAPES3)

I R P VR
7??\'3‘:77'7:7:7‘

Kook ook ok ok ot ok TDENTIFICATIONs: sk sk 3k ok sk ok ok ok o ok sk K

PROGRAM MAME: SOLAR
ORIGINATED: DECEMBER 1973 S
VERSTON/DATE : 1724 JAHUARY 1374
PROGRAMMER : R. MEIFERT

KOK O 3K ok sk e sk CODE DESCRIPTION sk 3k i sk ok # sk 3k sk ok

THIS CODE CALCULATES THE LONMG TERM COLLECTIOM EFFICIENCY

OF A HORIZOWTRL PLATE SOLAR EMERGY COLLECTOR. THE QSSUHPTIDNS
AND APPROXIMATIOMS USED CLOSELY PARALLEL THE METHOD

DESCRIEED BY HOTTEL AMND WHILLIER. "TRANSACTIONS OF THE
CONFEREMCE OM THZ USE OF SO0LAR ENERGY: THE SCIENTIFIC

BASIS." II. PART I. SECTION A. 1935. PRGES 74-184 AND

LIYU AHD JORDAM. SOLAR ENERGY. “0OL. 7. NO. 2. 1983,

RO oK oKk sk ok ko k VARITIAFLE DEFIMITICGMS sk sk Kk sk sk o s 3k

THETR=ANGLE OF INCIDEWCE(ZENITH ANGLEZ) RADIANS :
LAT=LATITUDE DEGREES ‘ . i

DELTF=%0LAR DECLIMATIOM DEGREES
OMEGE

SOLAR HOUR ANGLE FROM SOLARE NOJN  DEGREES *

OMEGFS=SUNSET HOUR ANGLE RADIANS .

OMEGRH=SUMSET HOUR ANGLE HOURS

ISC=S0LAR CONSTANT . .

RATIO=SQUARE OF RATIO OF MZAN DISTANCE TO ACTUAL DISTANCE p
BETLEEM EARTH AMD SUN :

HOURS =24
F1=3.14153 : | . |
CONY1=3.153 LI /M#k2 PER BTU/HR-FTHok2 - i
CONYZ=. 1314 LI Mik2 PER BTU/DAY-F T2 . o
HZERO=AVERAGE DAILY REDIATION ON HORIZOWTAL SURFACE i
OUTSIDE ATMOSPHERE ‘. :

" HBRAR=MONTHLY AYERAGE DAILY TOTAL PQDIRTIDN ON R
HORIZONTAL SURFACE
KTBAR =HBAR/HZERD .
DEAR=MIMTHLY AYERAGE. DHILY DIFFUSE RADIATION OM A
HORIZOMTAL SURFACE :
KDEAR =DBAR/HZERD o
IEARTH=RYERAGE HOURLY TOTAL RADIATICH GH A HORIZONTAL
SURFACE :
IBARTIH=AERAGE HOURLY DIFFUSE RADIATION OM A HORIZONTAL
SLRFACE .
RTUT IBARTH/HEAR
RDIF=1EARDH-DEAR
[C=CEITICAL INTEHSITY OF RADIATION

\
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*C=IC~IBARTH CRITICAL INTENSITY RATID '
R=REFLECTIVITY OF £ SINGLE SURFACE USING FRESNEL EQUQTIONS
KAU1=EXTINCTION COEFFICIENT OF THE REFLECTIMG SURFACE
L1=THICKMESS OF PEFLELTING SURFACE

M=MUMEER OF REFLECTIMG SURFAZES

CTH=COSINE OF THE FHGLE 0OF INCIDEMCE

TAU=TRANSMITTAKCE CF REFLECTING SURFACE
ALPHA=ARBSORPTIVITY OF THE COLLECTOR

TREAR =BYERAGE “YALUE OF TAUALFHA

HFRIME=IWDEx OF REFRACTIOHW OF FEFLEITINb SURFACE
TC=COLLECTOR TEMPERATURE DEGREES CEMTIGRADE

- TO=AMEIENT AIR TEMFERATURE DEGEEES FAHREMHEIT
-DCEFF=DAILY COLLECTIOM EFFICIENCY

U=0VERALL HEART LOSS -COEFFICIEMT LW TRkE2-DEGREE C
UB=HEFT LOSS CIEFFICIENT AT IMITIAL CINDITIONS
OF TC AND T2 Li/Mk2-TEGREE C

CLICKE SET

REAL ISC.KTEBAR.KDBAR.LAT.KTEBARK.KDBARY. IBARDH. IBARTH
REAL H.MFRIME.LI1.E1.IC .

COMMaN ISC.HOURS.PI.CONY1.CONVZ.LAT. ID(2) .FADIAN.
ITAUD . ALPHAD .M. HPFRIME.L1.K1.TC.UA

COMMOM RATIOC:23 . DELTACIZ) L HZERDOCI2Y L HBAR(12)
IKTEARKC12) KDBARY L 12) L DEBAR (122 ;OMEGAS (12) . DCEFF(12) .,
SOMEGAH(L2) JKDBRRC D22 JKTRARCIZ2) L MOMTHC12) . TBC12.UC12)
COMHON RDIFC12.7) ., RTOT(12,7) . IBARDH(12.7) .
IIEHFTHKIQ 73 IC12.7) . 80C12.7) )
2FHIC1Z U(l LTI THETAC1Z. 7). THU(IE,?),QLPHQEIE,?),
JFHEHPLI LPYLCTHC12.7)

CarH3N UMEbH(’ HPqu) KOLLDLPHIYO11.7) -RT(9.7)
EMDCLICHE

USE SET

ISC=1408,

HUIIF‘ =24,

FI=3.14159

CDHV:-o 153

COMYz=0.1314

FHDIHH h.26319/366.

CALL TABLE

CALL DATAIN

CALL CALCH

CHLL CALLC2

CALL CALC3

CALL TRUALF

CALL CALC4

CALL QUTPUT

 CALL QUIT

END ‘ \
SUBROUTINE TGELE . \

0. ’ \

ST N R LDDE DFFPRIPTIHH S * ok oK R K sk K K

THIS SUB\HUTIHE SETS UP THE VARIOUS TABLES THAT ARE USED
IN THE EFFICIENCY CALCULATIOMN.

USE SET .
DATA RATIO/L.A315.1,8235, 1. 80163, . 9913, .3757.
1.95680, . 9688, 97597, 9898,1.@D9?,1 B238.1.0318/
DATA DELTA ~21.27.-12.93,-2 ,9.59,1” 68,

FRRRUSY M

"2
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» v
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- e i e
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123.28.21.65.14.30,3.33, -8,
DRTA KTEARX-.3. .4,
DATA EDEARY/. 1 3,
DATA OMEGA/7.5.22.

N A ) I S K L

=3O LN fx LW \\Zl —

_p‘p”_p‘p.Hcﬂcw

3.-18.30.-23.23~
.75. 1.8/
74..149,.125,.126/
.67.5.82.5.97.5/
L14,.15,,16.7

. 187,
.1p2.
.@s%2.
.@rn,
.B=3.
L8358,
LB18)
1.8.2.87

rn...‘.

Q.

= O

S0 u»—l_ﬂ»—n
e

. Lnl:tn'\l

DATA HRSAZ, ,5 . 1a.

DHTQR'LPT[I,J) I=

.. 179..165.
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A aF&/B. LB .
Ha-fPHI.(I J) I=1.11).J=1.7)=
.tSC,.%1U,.JBB,.296,.287,.14@,.@98,.855,.025,

L4608, .350. .235. . 145, ,080. .048. ,815, .668,
.455,.395,.lau LPE5. . 025, .005,. .00, 660,
427, .267..137..049. 060, 000, . 000, . 600,
L4688, 217, 878, 008, .88, .800. . 803, 0P8,
L 4E@. .2 14, 653, .000, 000, . 000, .00, .668,
LLdae, 200, .A60. . 6680, 088, (A8, (068, . BE0)

._.
f_

B33
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LB,
MHNTHfl) ”HIHH
MOWTH(2) =3HFEB
FIZHNTH(Z) =3HMAR
FIOMTH () =3HAFPR

CTMONMTHCS) =3HMRY

#

MOMTH(E) =3HJUN
MONTHC(R ) =3HJUL
MONTH(E)Y =3HAUG
MOHTH (S ) =ZHSEP
MOMTHC1@) =3HOCT
MCHTR (1 1) =3HMDY !
FIQHTE €123 =3HDEC
FETURN

END

SUBROUTINE DATAIN

# o % Kk ¢ CODE DESCRIPTION 3k sk 3 sk R o #3k K K

THIS 15 THE IMPUT SUBROUTINE FOR SOLAR. A DISK FILE NAMED
SOLARIN ASSIGNED TO LOGICAL UMIT 2 IS REGUIRED AS THE
INPUT DATA FILE. :

USE SET
CHLL ASSIGH(2.8.7RSOLARIN.G)
RIT 2.1.CIDCI).1=1.2)

RIT 2.3.LAT

RIT 2.3.H.4PRIME. - 1.K1 \

RIT 2.3.TC.UB ] \

RIT 2.3. (HEARC(D). Ivl,ld) \

RIT 2,3, (Ta(1l),.I=1.12) |
DD g I=1.12 -

CONVERT INPDT AMBIENT TEMPERHTURE TO DEGREEQ CENTIGRADE

CTECI={TAC])-32.80%5.8-9.8

00— [s

COMVERT IMRUT AVYERAGE DAILY TOTAL FADIATION TO WATTS M2
HDﬁrlIl—HEHEII)ILUHV_
CINTIHUE
FORMATCZA1E)
FaRMaT(EEYS. 3

‘62




OO0

IO CICIm

OoO0aao

*

* .

«
*

RETURN
EHD
SUERDUTIME CRLC1

* sk ok % *x CODE DESCRIPTION sk sk s sk 3k 3k % k sk

THIS SUBROUTIME CALCULATES HZERD. THE AYERAGE DAILY
RADIATION ON A HORIZONTAL SURFRACE OUTSIDE THE ARTMOSPHERE.
. \ i

USE SET

Dol I1=1.12

COMEGRS (1) =ACOS f—LTﬂHfLRTAPRDIﬁH)KTHH'DELTQ(IJPPRDIHNJ))

A=RATIGCIRISCAPI
B=COS (LATHRADIANY #COS (DELTA (D) *RAD TAN) S IN(OMEGAS (1))
C=0MzGAS (TS INLATHRAD TANI S INCDEL A C T #RAD IAN

- HZERICT) =k (B+C)

COMTIHUE

RETUREN

EMD

SLER HUTIHE CALC2

H oW Sk K e K m * CODE DESCRIPTION ®k sk skt sk sk sk ok K % XK

THIS SUEBROUTIME CAACULATES THE YALWES OF KTBAR, KDBAR
AND DEAR. IMTERPOLATED WALUES OF KDBAR ARE CALCULATED
FROM Aid INPLT DATA GRRAY IN SUBROUTINE TABLE.

USE SET

DO 1 I=1.12

KTEBEROTI =HBAR (1) ~HZERD (1)

CALL TERP(KTBARX-KDEARY.7.KTBAR (1) .KDBAR(I).@)
LERR (1) =KDBAR (1) #HZ EPDL[)

CONTIMUE

RETLEN

END .

SUERDUTINE CALC3

Stk sk ok ok ok ok CODE DESCRIPTION sk sk 3k ok sk 3k o KK

(SN N A

THIS SUBROUTIME CALCULATES THE VALUES OF RDIF, IBARDH AND
RTOT. IBARTH. RDIF IS5 CALCULATED FROM AN ANALYTIC .
E/FRE SION GIVER IM THE PREYIOUS REFEREMCES. INTERPOLATED
YALUES OF RTOT RRE CALCULATED FROM IHMPUT DATA ARRAYS

IM SUBROUTIME TAEBLZ.

USE SET

DD i J=1.12

po 1 1=1.7

A=COS(OMEGA(I)*RADIAN) -COS (OMEGAS (X)) |
B=SIMN{OMEGAS(J)) - DMEuHB(J;*IDb(DNECQ LJ?)
iFipnz.z. ’
RDIFJ. I)—[Pliﬂ]’kE*HUUPJJ i
G0 70 = )
RUIF(I. 1) =0,
DQMEGHHCT) =0MEGAS (T #HOURS /P

CALL TERP(HRS.RT(1. 13, 9.0MEGAHC T .ETATCI, 1).9)
IBARDHCT, 1) =RDIF(J. [ #DEAR CI) KHALURS

IBAETHOT, 1) =RTOT (J. [J:HBAR (J)+HIURS

COMTIHUE

RETURH

v
0:

Cor

B



TR e T AT

END -
SUBROUTIME CALCY

C
Ok 3k sk sk 3k 3k ok sk CODS DESCRIPTION %k 3 sk X % % 3K sk sk %k
C
C THIb SUBFRQUTINE CRALCULATES THE \RLUEo OF U.IC.XC.PHI
C "MND DCEFF.
C
UsE bLT \

[

CALCU_ATE PHI UTILIZHEILITY
DO AL I=1.12
SUM=3.
Do 1 JI=1.7
[F(TAEAR(TI.J)Y. . 4
ICCL.. D) =XCCLL ) =PHICI, ) =R{1.J)=8.
GO TO 1
4 TCA=85.0
TQB=35.D
Fi=(1.0+.0807464TCH+. A032TACL[))
E=(1.0+.00740%TCE+, BE32:%TAD)
JOD) =@ ([a-B
ICCI. Ty =UC ) R(CTC-TAI(TY ) A TABARCT . 1)
®CCILJ)=ICCI. D) Z1BARTHCT. J)
Do 2 K=1.7
Jia=K
IFI}TEQK(I)—VTEQR (K323,
COMTINUE f
K=JA-1
CALL TERFP(HCK.PHIM(1.K) 11 XCCT. ). PHIL.B)
CALL TERP(XCH.PHIY(1.K+1). . 11.XC(I.DD,.PHIZ.8) .
FHICI.J)=PHI1+({(PHIZ-PHI 1) 7 {KTBARX(K+13-KTBARX(K) ) ) *
LKTEARCT) =KTEARX (KDY D) .
QCT.J)y=PHICI.J)KTABARCL, JIKIBARTHCI, J)
SUM=SUrHCCT . I
1 COMTZHUE '
DCEFFCI)=SUM/ (12 . &#HEBARCI))
Al COMTIMUE
RETLURM . -
EHD : . . o
SUBROUTINE TRUALF ' _ . !

Mok sk ok s o o CODE DESCRIPTION K s kR .o3K o sk 3k 3k K K

[SA RN

THIS SUBROUTINE CALCULATES THE AYERAGE OF TAUXALPHA o ‘ P
USING DIRECT AND DIFFUSE SOLAR RADIATION : .

ISE SET » ‘

DIFFJSE RADIATION ASSUMING EFFECTIVE ANGLE OF : '
INCIDEMCE IS 58 DEGREES . -

THETLD =53, &RAD AN . ] .
CALL FRESHL ( THETATeHKFR IME.RD) | )
A= E‘r'—lIPHle/CDS (THETADY) . !
E—l EJD . . . B
C= 140 2= 1) R

TAUD =3 (B-TC)

ALPHAD =, 98+B

COOoOoo

LAY

\

(]

; DIRECT RADIATION
ARAD= lHWtFﬁDIHN
DO 1 I=1.1

"Le




wivlelivlnlelylelulelulwlyly]

po 1 J=1.7

CTH(I.J)=(COS (ARAD) *LDQ(DELTR(I)*RQDIQN)ﬂ

1|Uﬂ|rmErﬁ|IJ’RQDIHH))+(HIN (ARAD) x5 I4fDELTH(I)*RHDIﬂN))

IFCCTHOT. I

CTH(I.J) =1,
THETHCL. J) =ACOS (CTHOT . J))

CALL FRESHL(THETALI. D .HPRIME.R)
IFCCTHCTLL,J0) . . 4

R=0. : i
GO TOD S

4 A=EAP (KM 1 /CTHL L. I)).

[

)

N

KooK % SOk 3K

B=1~-P

C=1+02%M=- 1R

TR Z..J) =4k (B

ALFHACT . J) =, 95348

THBEA PLI.JJ-LLIBHRTH(I,l)—IEHPDH(I BODE S

ITAC T JdLPHACT. I ) +CIBARDH (1, JJ*TﬁUDiHLPHFD)

IFfIEHFTH(I Jﬁ),,

TRERRLI.J) =

GO TO 1
TABARCILJ)=TREBAR(I. I ZIBARTHCI,. )
COMTIHUE

RETLREN

END

SUEBRDUTIME FRESML(AMNGLLI,NFRIM.REFL)

/
oA A sk od sk CODE DESCRIPTIOM % # sk sk kK
THIS SUEROUTIHE CALCULATES THE REFLECTIVITY OF .A SURFACE

USING THE FRESHEL EQUATIOMS.

YARIABLE DEFINITIOHS sk %k o

- ANGL1=IMCIDENT AHGLE IN RADIANS
ANGLZ2=REFRACTED ANGLE IN RADIANS
REFL=REFLECTIVITY OF THE "SURFACE
MPRIM=IMDEX OF RzFRACTION OF THE

REAL HPRIM

IF(NGLI-1.57) 1.,

REFL=1.

GO TO 2
ANGLZ2=AS TN (STH(AHGL 1Y) ZNPRIM)
DIFA=ANGL I -ANGL2

SUMR=ANGL 1+ANGLZ

b S O 3

#ook KKK

SURFACE

RI=CCSTH (DIFA)Y)#k2)/C(SIN (SUMAY Yk
R2=CCTAN (DIFAT) #k2) ~CCTAN (SUMAD ) kkE) |

REFL=,5x(R1+R2)
FETUREN

END ’ ..
|UEFUUTINE nuTPUT
ks E SET
HM=
uDT
40T
LoT
LoT
0T
LIaT

"
,\

1.CIDCI) . I=1.2)
S2LLAT

11.H

SAZCHMPRIME
NN

LK1

[AS RESWRN RENE FXL OJ




- AZ FORMATCLZ

LIOT 3.AS.TC

LOT 3.A6.U8

WUoT 3.A7

WOT 3.3, (MOMTHCI) . HBARCI) . TA(I), I= 1 12)

WIT 3.

WOT 3.5 (MUHTHLI) DELTACI). RHTID(I) OMEGARSC(I),OMEGAH (),
IHZERD{ I) HEAR (1) .KTEBAR( 1) .KDBAR (1) .DBAR(I) . I=1,12)
LOT 3.6 )

WoT 3.7 o .

DD 28 J=1.12

IFCCT-1), 4E NHY GO TO Bl

LWIT 3.6

OT 5.7

MN=HN+2
Bl COMTINUE
OMEGES (J) =0MEGAS (J) ~RADIAN :
LIOT 2.8, MINTHC(J).OMEGAS(J), OMEGARH (J)
WOT 3.9, (RTOT(J.13.1=1.7) :
LOT 3.18. CIBARTH(I, 1) . I=1.
WOT 311, CRDIFCIL I, [=1.7]
WOT 2.12. CIBARDH(J. 1D 1
A3 (CTHOXL I . I = )]
,14.(THETH(J .
»15. (TABARRC(J .,
L. CICCT. 1) .
),
I

LIDOT
LT
0T
WoT
WoT
LIDT
LOT
LT c
DT Z.828,LDCEFF )
28 CDHTINuE
14aT 3.6
1 FORMATLE®. 26187
2 FORMAT(Z21X,. 9HLATITUDE=.F18.3.2%. 7HD=GREES)
R1 FORMART(Z1 ,qH”HPrﬂEEu—,FIU 3)
« 1 PHREFRACTIVE INDEX= FIB kD)
s 1BHTHICKNESS=,F18.3)
A4 FORMAT(FR.2IHEATINCTION COEFFICIENT=.F18.3)
RS FORMATOSXR. 2ZHCOLLECTOR TEMPERATURE=.F1R.3)
A6 FORFATOER. 22HHEAT Lan COEFFICIENT=.F18.3/77)
3 FORMATCIBX, A1G,.F18.3.6%X.F18.3)
A7 FORMAT (19X, SHMONTH. luk JHHERR. 5%, 12HAMEIENT TEMPERQTURE)
4 FHPHHTI///”V ﬁHMDHTH,?\ SHIELTA. S, SHREATIO. 5X. SHOMEGAS . 4X.,
1EHOMEGAH . 4K, qHHZEPH 6%, dHHBAR . 65, SFKTBAR . 5X. SHVDBQR,SX,4HDBQR//)
S FORMATC(RLIB.FIBD.3.F1A, 5,?F1@.3)
6 FORMAT(IHLY
7 OFORMAT(14%.3H1-2.5X.SH1 1/2.58X.5H2 1/2.5%.5H3 1/2.
S.aHd 172.5%.5HS I/Z,SX,SHr 172770
8 FOR-AT(1X. ALA-1X, 13HSUHSET AMGLE=,F1@.3.2X. 7HDEGREES .
11X 18HSUMRISE T0O 5UHSET=,FIE.3,EX,SHHDURS/E

L7 (XECT, T
18, (BHIC(J.
219.080J. D)
SEL1F 000

L'J I'_~J [ENRUNR SN ENR SN R Y] l'_rJ L»J "_rJ DJ l'_».l

A3 FORMATC

S FORMAT(3X. AHRTOT.8X.7F18.3)
18 FORMATOIX.GHIBARTH. “/,'Flu 3
11 FORMAT(3X. 4HREIF . 3% 7F1E

12 FORMATC 11X, BHIEARDH. 3

13 FORMATC4X., ZHCTH. 3%,

14 FORTIA A .

15 FORMATIZ

16 FORMAT(S

17 FORDAT(S

15 HFHHTI4/,JHFHI 3

"EE



3 FORMET(BX, 1HR. 3%, FF16.3) _
3 FORMET(/7/15%. 23HHEAT L0OSS COEFFICIENT =.F18.3)
4 FORMET (1@, 284HDAILY COLLECTION EFFICIEMCY=.F18.3.//)
RETLIRN
EMD
SUBRCUTINE TERF (X.Y.H.¥A. YH IT
DIMthIUN XK1,V (D

¥ ok ook ok ok ok sk ok CODE DESCRIPTION s s s sy sk 3k sk ok k.

THIS SUBROUTIME FERFORMS A STRAIGHT LINE INTERPOLATION .
IF THE IMPUT VALUE A IS QUTSIDE THE TABLE YALUES OF X THEN
A STRAIGHT LIME EXTRAPOLATION IS DOME TO OBTAIM THE
bHLUE OF &

) REVIQED 1 JAN 1974

[ N N T T W v e T T O N O s I o I O o O W

¥

kR

sk Sk ok ok VARTABLE DEFIMITIONS # sk # sk s >k ok ok

#=TABLE OF X *“ALUES
T=TRBLE CF ¥ *“ALUES -
H MUMBER OF (x.Y) VALUES
HA=IHPUT YALUE OF X
Y= IMTERPOLATED “ALUE OF
[T=TYPE OF IMTERPOLATION
8 X LINEAR.Y LIMEAR
1 X LO5. v LoG
2 X LI#EQRa YOLOG
3 X LO3. ¥ LIMEAR

IL
IE= !

Do 5 I[=2.H
IF(23-%(1)) 7.6.5
CONTINUE

I=1-1

IE=1

IFCIT-1)18. 14 18
YA = YD)

GO T 56

I =1

IFCIT-15 18.14.18
W= ¥R

aWa x(I-1)

RvE X1
IFCIT-2) 19,16, 14

'Tl n
[ax]

i = LOGF (¥R) ..
3R = LOGF (XCI=1))
¥WB = LOGF (XC1)) .
IF(IT-2) 16.1E.1¢
IF(Yi1-1)160.60. 17
IF(YED)) 66.68. 18
Y= @

60 T 5@

VYR = LOGFCYCT-13)

B = LOGF (Yol

IN TABLES
Y




IL =1
GO TC 28
19 %A = Y(I-1)
’ YYB o= Y(DD
Il IMTERFOLATION
COMTINUE
IF(IE.EQ.BY GO TO 2t
YHEYVERH (YVB-YVA) R CXVY-XVEB) 2 (XVB-XVA)
GO TO 23 ;
21 YA = VYA + (YWB-YYA) ok (XV-XVA)  (XVB - XVR)
23 IFCIL) 58.5R.22
22 YA = EXPF{YA)
S8 RETURN
END

™)
[xy)

YT



a0 1

CARD 2

' CARD 4

. CARD 3

CARD 5 '

CARD 6

CARD 7

CARD 8

O‘Q'QO\M.DGDM°*

'~ SAMPLE PROBLEM

.36,

- CARD INPUT FOR PROGRAM SOLAR  +

ID(1), ID(2) _
ID(1), ID(2) = IDENTIFICATION
wr

_LAT = LATITUDE IN DEGREES

N, NPRIME, L1, Kl
N = NUMBER OF COVER SURFACES

" NPRIME = INDEX OF REFRACTION

L1 = THICKNESS OF A SINGLE SURFACE
K1 = EXTINCTION COEFFICIENT

CoTC, U

TC = COLLECTOR TEMPERATURE IN DEGREES
"CENTIGRADE '

UP = HEAT LOSS COEFFICIENT AT INITIAL
‘CONDITIONS OF TC AND TP

HBAR(I), I =1, 6

HBAR = MONTHLY AVERAGE DAILY TOTAL RADIATION .

'ON A HORIZONTAL SURFACE
HBAR(I), I = 7, 12

™(I), 1=1,6

- T@ = AMBIENT AIR TEMPERATURE IN DEGREES

FAHRENHEIT
(1), 1 =7, 12

SAMPLE INPUT

PHOENIX, ARIZONA
33443
2e51¢52,4125,.200,
60es 40 54,

S C(ami0)
L mes

U (4E10.3)

(2€10.3)

(6€10.3)

(6£10.3)

j,ﬂ(sslo.a)

(6€10.3)

1126651514475 1967¢15238842,2709¢6,2781+5s
24506 552299¢652131¢3,1688¢9, 12900, 104095 .

$4e625 5885 64e¢ 75 T2:¢2580+8,894.2,
94065926558 Teds TSe8Bs 630 65560 7»



[ SRR

MONTH

JAN
- FEB
MAR
PR
Hith'e
JUH
JUL
aG
SEP
oY
MO
nEQ

PHOEMIX.ARIZOMA

EXTINCTION
COLLECTOR
HERT L0O5S

MOMTH

JAN
FEBE
FAR
APR

Ay

JUH
JuL
AUG
SEP
ocT
HOY

. DEC

= N 1N G ) G O G 1) s
OJIT P O P T Qe 000 D

[
[ AV
AP —

=S l::—l =

— PR —

200 Q) ) oo— GJ O DY

1

T3 —

i,

LATITUDE=
. SURFACES= -
REFRACTIVE INDEX=

THICKMESS=
COEFFICIENT=
TEMPERARTURE =
COEFFICIENT=

m
Iy
A

Tt 10 Py CRY O

T — P = LT O D 0 T
= P
€
L

SyLng
-J G ) OV
LT GIN D

RATID

B350
LB18:2e
.29138
LIFEYA

T D G e s s

Vb b ]
o s

AN
20D O PO

.82150 -

13 10

. 33.438
Nl
526

00—
T DN
&

w
ot

OMEGAS

_,
9
1

LN R RN

1= = [ e £

(&
— L O T

e

)

.
33

g889

= -

20
31,

347

=3z
fin ]

.
24,
17.

13.7

DEGREES

AMBIENT TEMPERATURE
12.
14.

13.

OMEGAH

16

815

19.838
11,786
2.846
13.719
14. 260
14.825
13.2392
2.294
11.269
19.319

a1

[ND WD O 00 TR G0
NP R s

LY —
€ 0300
Lo R e BN Eng RVa N ug|

51—

HBAR

148.
199,
298.
313,
- 356.

365.

20

<_IL1-
382,
288.

oile)
L

163,
136.

GO ) N O 10 00 T )
B NI =0

U T = 0D

-3

s

ERRETN ey et

ke

L]

" KDBAR
9. 160

. 151
. 134
L1235
.128
. 193
156
F149
. 149
. 132

i

T~

el

* DBAR

.910
213
. 960

). @80
.923

114
.694
.322
.39
.825

]




i
]

172 1 12 2 1.2
JAN

SUNSET AHGLE= ¢5.189 DEGREES

« HEAT LSS COEFFICIENT

DﬁIL“ COLLECTION EFFICIEHCY

SUMRISE T SUNSET= 19.915 HOURS
RTOT g.165 B, 145 a.110
12ARTH - 5B85.546 514,695  39@.7@9
ROiF @.153 A.13% g.112
[ERRTH 1321 .616 119,589 95.119
CTH [.571 8.513 B.ai7
THET#H - f.953 1.826 1.14R
TaBAR f.525 @.%91 @.5a9
IC 295,898 311.638  351.798
LN a.5n4 @.5a5 f.526
FHI 6.583 a. 497 a. 158
3 182,947 122.7383 29,561
HEAT LOSS COEFFICIENT =
DAILY COLLECTION EFFICIEMCY=
FEE
SUNSET ANGLE= 21.283 DEGREES.
SUNRISE TO SUMSET= 18,838 HOURS
RTOT A. 154 @.137 g, 1883
18RRTH 736.4432,  65G6.614 S17.44
RDIF B.142 8.131 g.14a
[BARDH 147 .419 135,568 112.65
CTH f.6583 g, 52 0.5z
THETA fa.819 @, a9z 1.4z
TREAR 8.677 8.655 @.59
IC 259,945 ZE7.937 295,44
wE fn.352 . 488 .57
PHI 0,548 0,592 6.43
a 323.138  254.574 132.25
HERT LOSS COEFFICIENT =
LATLY COLLECTION EFFICIENCY=
AR
SUNSET ANGLE= £8.395 DEGREES
SUMRISE TO SUMSET= 11.735 . HOURS
RTOT g.144 &.138 g.1a6
T IBARTH 894,167 S04.663 £359.345
~ RDIF @.132 B.123 f. 185
12AREH 158. 427 147,217 125.853
CTH £.803 @.747 a.635
THETA 6,638 8,727 . B.879
TABRR 8.711 ® 5,595 /. 660
IC 220,374 234.636 248,134
MO @.258-,  B.2I2 g.379
PH1 A.7dz2 g.7a8 a.621
¥ 471,308  3I97.885  258.777

— e e 51 f PN A

864
.737
.Av3
.04
e
L2944
L 365
L4816
.219

Y]
4]

[xat

n
=
EEAMNME@ -0 NNE

Z.366

v.196a
A7

337.726

w

)
=~

F o Il A s R N U RN AN
—
S
o]

s

1S —
TN E

2.8ee
8,299

13
466.151
. B.8v39
95.438
V8. 48
1L AR5
B.555
289.938
f.522
a.32308.
99,335

S0
wnen

[aagUit]
(28]
10—

172

NN
e () (D e (D

0
—
1 0 PO

Sl NN ) C

.020
.6739
026

[ =S s

e Yo'y
.@38
I e
.214
L9208
a1l

.B38
3.556
.939
.568
. 188

207

« 0L
.274
.2as

L4684

(RS RS Rl AN I

Ta 00 D

[ )

5 1.2

|

OENEXR—-O0EOoT®

604
.BB9

.n186
608.
.a14
16.8
.B83
.485
B.
874,
14,
g.

272
ar

18¢
29

SE5

OO~ TRODO

OO~ om

OO~ ®

6 172

.571

571

.971

‘8¢



12 3 172 4 12 3 172 6 172

12 1 1.2 2
"HPR
SUNSET ANGLE=. 96.342 DEGREES
SUNRTISE TO SUHSET= 12.846 HOURS
RTOT B, 134 7,122 g.182 a.avs8 a.6847 6.0183 8.083
[EARTH 1612, 142 9139, 448 771.693 585.126 353.371 133.757 18.187
RIDIF - 8,122 B.115 a.1ab 8,880 a.855 8.0827 - a.
IBARDH 165.459 155,129 138,175 193,955 75.352 36.843 6.
CTH n.aav B.5851, B.744 A.592 8. 486 8.198 a.
THETHA 7. 435 B.552 B.732 fB.927 1,153 1.371 1.571
TABAR 8.726 8.719 “B.E98 B.6358 8.494 8.2a81 . B,
IC 204.317 ZHE .37 1 213,225 233.313  3BB.59Z21 523.924 8.
A f.2e2 8. 225 B.275 B.392 8.85%2 3.354 8.
FHI f8.798 B.773 B.724 - B.661 B.1v6 é. 8.
Gl 586,853 S12. 447 389.655 224,323 368.789 4} a.
HERT LOSS CO=FFICIENT = 3.958
DAILY COLLECTION EFFICIENCYs= 8.463
MaY
SUMSET ANGLE= 182,896 [EGREES
SUMRISE TO SUNSET= 13,715 HIURS: .
ETOT 8.12? ToALLLE g.189 a.avs 8,051 0.024 a.6a7
TBARTH 1831. 151 236, 3838 853,143 &2 . 658 434,752 205,392 96.375
ROIF B.116 . 1839 a.a97 g.879 §.858 B.a834 8.an3
IBARDH 163,889 154,772 137 . 1683 112,254 81.749 47 .72 12.582
CTH B.3e0 7.987 a.8ad a.658 8.479 B.288 B.873
THETA . B.2323 B.435 B.637 A.853 1.8yl 1.287 1.497
TREAR 7.732 8,728 B.713 B.678 8.5c8 B.35 B.147
IC 179,238 188.341 182.266 195.718 234.398 367.651 ' 889.&30
AL a.1z8 8,182 B.216 B.291. @.539 1.vav 15.788
FPHI B.834 B.318 a.v784 a.7a3 A.451 a. 8.
] 6ud. 1BE 989.734 4v7.Zrd 313.75& 112,168 g. 0.
HEAT LOSS COEFFICIENT = 3,983
LRILY EULLEP 1M EFFICIEHCY = @.3503
JUN
SUMBET ANGLE= 196.5681 DEGREES
SUMRTSE TO SUNSET= 14,208  HOURS .
RTOT @.122 f.113 8,898 a.av9 B.853 8.m827v B.869 i
- TEARTH 1973, 656 983. 443 BE3. 137 631.212 463, 158 233.555 73.949
. wDIF a.112 A.1086 a.895 a.av9 @.0539 f.826 © 8.6814
TSARDH 163,355 166,853 142,475 113.89% 85.7ven 55.2686 26. 442 —
CTH ’ @.ava 0,226 g, 326 a.684 8.511 B.318 a.118
THETA @.211 8. 38% @.5593 a4.817 1.834 1.247 1.453
ThHEAR Ce.732 of. 723 B.716 A 526 8.525 - B. 482 8.197
ic 155,356 196,138 158,713 157,129 194,197 282,268 3¥E. 298
=L A.145 -, §.158 @, 1584 €. 242 G.419 1.186 7,200
FH: B.855 " @.842 a.816 a.758 G.5381 B804 a. :
0 &er1.9398 BHE . 728 584,563 356,581 157 .451 B.413 . i

HEAT LOSS COEFFICIENT
DATLY COLLECTION EFFICIEMCY

IRV TEPE

"6¢
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172 1 172 2 172

JHL
SUMSET AMGLE= 185,131 DEGREES .
SUMRISE TO SUMSET= 14.825 HOURS

RTOT 8,124 B.114 @.892
IBARTH - . 956.€88 B79.882 754.472
RDIF - 8.113 #.187 @.036
IEARDH 287.719 196.3523 . 174.892
CTH B8.972 78.928 @.819
THETA - 6,236 . 463 g.612
TRERR -B.722 B.7183 L=
IC 141.543 142,320 144.724

xC _ B. 148 g.1e2 f.189

PHI B.852 B.838 ‘B.811

K 388,752 529.747 437.735

HERT LOSS COEFFICIENT =
DAILY COLLECTION EFFICIENMCY=

ALG
SLMSET AMELE= 93,687 DEGREES
SLHRISE TO SUMSET= 13.292  HOURS:
RTOT . 128 g.119 g.181
IEARTH 545,466  262.691 733,362
EDIF B.119 .11z 3.098
IEARDH 199.2m4  122.164  165.8675
CTH B.9352 B.253 [.773
THETA f.354 A, 438 B.680
TREAR n.721 @a.71e A. 785
IC 147 .316 149,327 152.533
W g, 1585 f3.173 f.2688
FHI @.844 G.827 B.792
] 575,352  S510.933 485,345
HEAT LOSS IDFFFIIIEHT =
DRILY COLLECTION EFFIIIENFY—
SER
SUMSET QHGLE— 92.201 DEGREES®
SUNRISE TO SUNSET= 12.294  HOURS
RTOT g.135 f. 126 a.tndg
BARTH 926.665 B45.5132 £32.815
- RDIF fa.127 A.119 a.183
I55RDH 155,771 155.4534 134.693
CTH @.858 9.882 §.693
THETH f.53239 A.641 71,285
TASHR 4.719 o. 710 B.e21
Ic 163.354  155.523 172.458
¥ B.174 >, B©.1396 f.246
FHI g.aze " g.8684 3,754
o 856, 1A7  483.293  359.7215

3

HEAT LOSZ COEFFICIENT =
DATLY COLLECTION EFFICIENCY=

B.879 4 asz
610.3067  482.636
8.679 5553
144.383 - 186.839

.67 B.500
@.529 1,647
B.671 B.573
152.284  176.551
B.250 n. 439
. B.751 B.565
367.385 131.64S
4.053
B.517
8.075 8.049"
S67.772  356.556
B.05D B.056
1332.872 ' 94.322
0.628 8. 446
A.891 1.199
B.653 8.53
163.511  193.795
B.268 B.558
B.713 B.443 .
264,041 5. 363
4,844
m.508
B.a77 B.543
514.762  289.361
M.BBO  0.@52
184,301 65.199
£.539 B.351
i.001 1.212
B 665 B. 448
194.872  266.921
B.307 8.922
B.623 B.124
194,114 15.786
4.620
9.4773
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172 1 12 2 1.2 3 12 4 1,2 5 12 & 1/2

oo /
SUNSET ANGLE= 84,52

1 DEGREES
1

SUMRISE TO SUNSET= 1.263 HOURS :
RTOT B. 143 @.134 . 8.107 B.a73 @.934 9.087 8.
IEARTH L795.216 712.869 S7B.914  389.222  183.354  35.243 8.
RDIF -~ B.137 9.127 g.1687 , ©.879 8. 844 8. aes 9.
1EARDH 155.564 144,111 121.484 ' £89.292  49.963 6.@97 8.
CTH B.746 f.634, B.576 @.424 ©  B.237 B.029 B.
THETA B.735 B.517 B.956 1.133 1.331 1.542 1.571
THEAR .65 B.G77 B.628 @.514 B.322 B.185 0. ‘
IC 203.641  2BS9.894  225.285  275.28@  435.747 1352.712 a.
M 8.256 B.293 B.395 g.7687 2,393 38.333 B,
FHI @.744 6 .787 d. 65 B.382 a. 8. B.
a 418.962  341.304  217.845  60.423 B. B. o.
HEGT LOSS CCEFFICIENT = 3.966
DAILY COLLECTION EFFICIENCY= B.357
NOV :
SUHSET AHGLE= 77.398 LEGREES
SUNRISE ~0 SUMSET= 18.219 HOURS -
RTOT B.161 .14z @.1069 B.867 8.024 0.062 B.
IEARTH 4.3232  573.214  444.383  2708.73. 96.919 6.462 9.
RDIF @.149 B.136 A.111 0.875 9.832 B. 8.
IEERDH .;,,4_ 121.630  59.175  &7.341 28.349 9. a.
CTH 613 B.553 B. 456 8. 33 B.132B 8. 8.
THE T B.911 0,373 1.658 1.256 1. 448 1.571 1.571
THEAR B.647 B.613 f.542 f.397 .22 D. a.
o 256.344  265.612  3@6.228  415.222 735.990 B. 8.
e .39z 9,455 B.655 1.545 7.604 8. 8.
FHI - ° B.e09 A.337 A.3232 Aa. a. a. 0.
¥ 257.927  191.775  77.9%5 @, 8. B. B.
HEAT LOSS COEFFICIENT = 3.910
DAILY COLLECTION EFFICIENCY= 9.259
DEL - :
SUNSET AMGLE=  73.548 DEGREES
SUNRISE TO SUMSET= 9,865 HOURS -+
RTOT B. 168 §.147 - B.118 8.662 B.a16 a. ]
- IBARTH 550.579  432.363  359.806  #@3.958  52.575 @. B
. RDIF f.156 B. 141 B.112 B.672 8.022 8. - B
TBARDH 126.391 114,331 31.833  SE.835 17.732 B, 9
CTH B.543 B.491 9.391 g. 2580 B.076 8. 8.
THETH B.397 1,057 1.169  1.319 1.495 1.571 1.571
THEAR B.603 oL572 M. 455 8,341 8.215 9. 8.
IC 295.333  312.961 369.824. S526.664  835.967 B @
R 8.537 -, B.6501 . 1.@28 2.591 15.21@ B @
FHI B.473 %7 @.363 .03z B. B. B ]
C 1S5.281  181.847 15,5981 @. 8. B B

T —d

HEAT LOZS COEFFICIEMT =
DRILY COLLECTION EFFICIEMCY=

A
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NOTICE

“This report was prepared as an account of work sponsored by
‘the United States Government. Neither the United States nor
.the United States Atomic Energy Commission, nor any of their
.employees, nor any of their contractors, subcontriactors, or their
:employees, makes any warranty, express or implied, or assurnes
iany legal liability or responsibitity for the accuracy, completeness

or usefulness of any informuation, apparatus, product or process

‘disclosed, or represents that its use would not infringe privately-

owned rights."”
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