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- I. Introduction 

. The collection efficiency, qc, of a solar  co l lec tor  system i s  defined 

,. 

' 

as .the useful ' heat collected divided by the so la r  radiation incident on the ! 
1 

I . top surface. For a par t icular  col lector  geometry i t  will  be dependent on !I i 
. . 

the gosi t ion of the sun .  duri'ng the' day, the amount of cloudiness, the I 
ambient a i r  temperature, as well as the cleanliness of the top surface. 

There a re  several methods described in the l i t e r a t u r e  fo r  the 
calculation of qc. One method i s  t o  calculate  qc f o r  a c lear  equinoxial 
day and so l s t i ce  day1). Another method is to  make the calculation f o r  a 
set of selected c lear  days each month2'. We have followed the method of 

Hottel and ~ h i l  li-er3J and Liu and ~ordan')  . [Hereafter referred to  as HW - 

and LJI respectively.] They present a method of calculating the hourly 
ra te  of energy collection b u t  a l so ,  more importantly, the long term monthly 
average col lection efficiency based upon monthly average dai ly  so la r  
insolation data and day-time temperatures obtained from Weather Bureau 

data. T h i s  data is appended to LJI f o r  some eighty loca l i t i e s  ' i n  the U.S. 
and Canada. We feel tha t  t h i s  method provides the most r e a l i s t i c  values of 
collection efficiency which can be obtained fo r  a given col lector  system in 

a given location. Not only i s  the monthly variation taken into account b u t  

also the s t a t i s t i c a l  e f fec t  of bad weather. The description presented . 
below i s  necessarily concise and one is  referred t o  the references f o r  

. . additional discussion. 

' JH.  Tabor, Transactions of the Conference on the use of Solar Energy - The 
Scient i f ic  Basis, 11, Part I ,  Section A ,  1955, pp. 1-23. 

2 J ~ .  R .  G. Eckert, e t  a l . ,  Semi-Annual Progress Report prepared by 
University of Minnesota and Honeywell, supported by NSF (RANN).. July 31, 
1973. Report: .NSF/RANN/SE/GI-34871 /PR/23/2. 

'JH. C. Hottel and A.  Whil l i e r ,  Transactions of the Conference on the Use 
of Solar Energy -The Scient i f ic  Basis, 11, P a r t . 1 ,  Section A ,  1955, 
pp. 74-104. 

e 
4 J ~ .  Y.  H .  L i u  and R .  C. Jordan, Solar Energy 7 ( 2 ) ,  53 (1962). Also see 

a r t i c l e  by same authors in Low Temperature ~Fgineering Application of . : 

Solar Energy, pub1 ished by American Society of Heating, Refrigerating and 
Air-Conditioning Engineers, Inc., New York, N. Y . ,  1967 



- 11. Solar  Geometry 

'If 8 i s  the  so l a r  angle o f  inc idence (a l so  ca l l ed  the  zen i th  angle), 6 

the s o l a r  dec l inat ion,  w the  s o l a r  hour angle from s o l a r  noon (15" per 

i hour), and L the  1 a t i  tude, then i t  can be shown by spher ica l  t r i g  

that,  

cos 8 = cos L cos 6 cos w + sitn L s i n  6 xi.) 

. . . . . . . . . . . . . .  The sunset angle, us, i s  obtained by. s e t t i n g c o s  9 = 0 i n E q .  (1):  - 
- .  - . .  . . . . . . . .  ... .. . ...I , - - ,.. ,-.* __ : . . . . . . . .  . . . . . .  .- . .  .. .-:.: . .  . . . . . 

*y+=- . .  .. - -,=- : cos w. . .=... -.. tan-L. tan  ...6 . . . . . . .  . . . . . . . . . . . . .  . . . .  
-. 

.- " L  . i.rr.; Tr-. -:: .... .,...+. :--y :-:.. . . . . . .  - .  . ...... -;... . . - %.1'.:. 7. ..,-:.-=7:.. 
. . .  S '  : . 

- . - 

The number o f  hours between s u n r i s e  and sunset i s  2 us0 (24/360) = 0.1333 

I n .  the method of .  L J I  the d i r e c t  and d i f f u s e  s o l a r  r a d i a t i o n  on the  

ear th  ' s surface a re  expressed as f r a c t i o n s  o f  the ' r a d i a t i o n  on' a ho r i zon ta l  

sur face ou ts ide  the ear th ' s  atmosphere. I f  I i s  the s o l a r  constant; 
SC 

i .e. ,  the  i n t e n s i t y  on a u n i t  area normal t o  t he  sun's rays and a t  mean 
' .  d is tance o f  t he  ear th  from the sun, then the i n t e n s i t y  on a hor i zon ta l  ! 

surface outs ide the atmosphere i s  

I = r ISc 
0 

cos 9 

where r i s  t he  square o f  the r a t i o  o f  the mean distance t o  the ac tua l  

d istance between ear th  and sun. The bes t  present  value o f  Is= i s  1353 - 
w/m2. Values o f  r and 6 f o r  the 15th o f  each month are  g iven i n  Table I. 

The average d a i l y  rad ia t ion*  on a hor i zon ta l  sur face outs ide the 

ea r t h ' s '  atmosphere i s  obtained by i n t e g r a t i n g  Eq. ( 3 ) ,  using the expression 

f o r  cos 8 f rom Eq. (1 ) :  

, . 
*For a l l  r a d i a t i o n  values; instantaneous, average hour ly,  average daily,"' 

etc., we w i l l  use u n i t s  o f  watts/m2. L J I  and most others use u n i t s  o f  
~ ~ ~ / h r - f t ~  and ~ T ~ l d a y - f t ~ .  1 BTU/hr-ft2 = 3.153 w/m2, 1 BTU/day-ft2 = 

.0.1314 w/m2. 



. . . . i;j 
W I . ;. 
s: 

1 :.; 

(c0s.L  cos 6  cos u + s i n  L  s i n  6)dw I L ;! 

i 
. 1 I 4 ;  

1 .  
. . - - -  IsC (cos L cos6 sin.-us + us s i n  L s i n  6) (4) ! .  

n !I 

Table.1. Values o f  r and 6  f o r  the 15th o f  ea 
I 

JANUARY 

"FEBRUARY 

MARCH I . .  1.01!10.- 

APRIL 
- .  

MAY 

I JUNE 0.9691. 

JULY. -- - .  . 

AUGUST 

SEPTEMBER 

OCTOBER 

NOVEMBER 

DECEMBER 

a. From the 1974 Nautical Almanac. 

111. Performance Equation (Co l lec to r  Output) 

I f  the t o t a l  so l a r  i nso la t i on  ( d i r e c t  and d i f f u s e )  per u n i t  hor izonta l  

area i s  IT then the instantaneous, r a t e  o f  useful  heat c o l l e c t i o n  per  u n i t  

area o f  pond i s * :  .. 
- -_ 

*There 'should be an add i t i ona l  m u l t i p l i c a t i v e  term, F , which i s  the heat 
, ex t rac t ion  e f f i c i e n c y  f o r  the p a r t i c u l a r  co l l ec to r .  R ~ c c o r d i n g  t o  L J I  , 
when water i s  used t o  remove t h ~  heat f rom the co l l ec to r ,  Fp = 0.9, and 
when a i r  i s  used, i t  i s  = 0.8. We are p a r t i c u l a r l y  i n t e res ted  i n  the case 
o f  a .  shallow so la r  pond c o l l e c t o r  module where the water i t s e l f  serves as 
the c o l l e c t o r  and FR = 1. 



. . 
where i s  the t ransmiss iv i  t y -absorp t i v i  t y  product ( f r ac t i on  o f  IT 

absorbed by pond water),  su i t ab l y  averaged fo r  d i r e c t  and d i f f u s e  r a d i a t i o n  

components, U i s  the ove ra l l  heat loss c o e f f i c i e n t  ( i n  w/m20c) which w i l l  
$ 

. depend weakly o n b o t h  Tc and Ta where Tc i s  the average water temperature 

o f  the pond and Ta i s  the . . .  ambient a i r  temperature (OC) .' Evaluat ion o f  

and u w i l l  be discussed below. . . 

From Eq. ( 5 ) ,  the instantaneous value o f  the c o l l e c t i o n  e f f i c i e n c y  i s  

. . - u (Tc - Ta) 
,nci = Ta - 

- .  . 
(6) 

-L IT . 
If the .solar  i nso la t i on  i s  so weak t h a t  i t  can j u s t  make up f o r  the 

heat losses, then the c o l l e c t o r  pumping system w i l l  be turned o f f  and there 
, . 

w i l l  be no heat co l lec t ion .  This c r i t i c a l  i n t ens i t y ,  Ic, i s  obtained by 

s e t t i n g  q = o i n  Eq. (5 ) :  

The c r i t i c a l  i n t e n s i t y  r a t i o  i s  def ined f o r  l a t e r  use as, 

where fT i s  the average hour ly  t o t a l  rad ia t ion* .  Eq. ( 5 )  can now be 

w r i t t e n  as . -.. 

Clear ly,  when IT f a l l s  t o  Ic o r  below, no useful heat output  i s  ava i lab le .  

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

hour ly  values o f  K, IT, I=, and Ta. Then we can ca lcu la te  the avera3e 

hour ly  usefu l  heat co l lec t ion ,  q, f o r  any hour o f  any month. Weather : ' 5 

-- 

* In  the s t a t i s t i c a l  method described here, average values are usual l y  
understood t o  bc " 1 ong- term", t h a t  i s  , averages taken over 3 t o  5 years. 



Bureau data i s  normally presented as monthly average daily total radiation 
on a horizontal surface, ST. From values of i t  i s  poss.ible t o  obtain, as 

. . . discussed below, values o f  IT, the average hourly total radiation, for any 

. .  . - .  hour of the day from solar noon. Hence'we take 6n.e month as a period 
: during which the mean a i r  temperature and mean position of the sun, a t  a 

par t icular  hour of day, do not vary excessively. Hence (3 and Ic can be 
assumed to have the same average value during the same hour throughout the 

month.  Then the value of [for a particular hour of day from solar noon 
i n  a given month]  i s  given by I 

where n i s  the total number of mornings and afternoons in the m o n t h  and the- 
+ sign indicates that only positive values are used. in the sumnation. (The 

two hours symmetrical with solar noon are assumed to be identical.) 

Hottel and Whi 11 ier3J, f i r s t  introduced this. approach. . They named the 
bracketed term "uti l izabil i ty",  $. Hence, A 

If measured values of Ta, IT (and hence fT) are avai 1 able for every hour of 
a particular month, than' a value of. Ic can be Calculated for each .hour .and 
hence values of 4 can be determined for each hour. 'Note that 4 i s . j u s t  the 
fraction of the total month's incidence on a horizontal surface, for  one 
particular hour from solar noon, which arrives with sufficient intensity to 
justify col.lection. The average hourly heat collection .can now be written 

Note that the quantity ';;;' i s  a characteristic of the collector geometry- and  

materials whereas the other two quantities are characteristics of the 
"solar weather". 



6. 1 

I f  a  graph o f  4 vs. ~ ~ / f ~  can be obtained f o r  a  p a r t i c u l a r  month a t  a  

p a r t i c u l a r  locat ion,  then f o r  every hour a  value o f  Ic can tp ca lcu la ted 

and, if TT i s  known, then I$ can be determined. For example, i f  we - 
- hypothesize a month o f  i d e n t i c a l  days, then IT a IT and the 4 vs. Ic/TT i s  

a  s t r a i g h t  l i n e  as shown below i n  Figure 1. For a  month o f  va r i ab le  

,. weather the curve would lie above the s t r a i g h t  . l ine, '  as i l l u s t r a t e d  i n  the 

same f igure.  

Thus, f o r  a  month of i d e n t i c a l  days, i f  Ic = IT = TT, then 4 = 0. 

However, f o r  an actual  month o f  va r iab le  weather, i f  Ic/fT = 1  , there w i l l  
be some days .where the -summation o f  Eq. ( 1  1  ) f o r  the p a r t i c u l a r  hour has a  

- p o s i t i v e  value as we l l  as some days where i t  has a  negative value (and 

? . -  hence' no t  counted).. - So there w i  11 be a  ne t  p o s i t i v e  value o f  4. The more . =. - -. . .-.& 

constant the weather is ' ,  the c loser  the curve w i l l  'approach the s t r a i g h t  

1 l i n e  l i m i t .  - 

F iqure 1. Examples o f  shape o f  4 funct ion.  I s 



7. 
6- 
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IV. Construction of 4 Curves . ,  . . . . 

Weather Bureau data generally consist  of daily to ta l  radiation values - 

only as  well as' average daily temperatures*. HW and LJI give a procedure 
for constructing generalized $ vs. I=/? curves which a re  applicable t o  any 

- --- 
loca l i ty  where -monthly average daily to ta l  radiation data a re  avai 1 able. 
T h i s  procedure wil l  be br ie f ly  outlined here. For more detai l  one i s  
referred t o  the above l i s t e d  papers plus a paper on so la r  weather b y l i u  
and JordanS). lLJ2) 

- -  
. ,l;d2...show -that .a ~we-l.1.-d-efi:ned -empi r i  cal rel'ati-onship ex is t s  between the - 

- . -;:average -dai ly:.diffuse:.-.rad.i.ation-,--n,.- -and-sthe-average.. to ta l  radiation ,' H. .- . .- -- - - - -- - . -- ..-.-2--. . .. -- - - ,., ~ ~ f j ~ i . ~ b  = H / H  and-.Kd q. . . D + H ~ - , . - ~ ~ - ~ ~ l ~ t f ~ ~ ~ b ~ t ~ & ~ ~ l ( . : : ~ ~ d .  K-' is-'g-i.\ien , . 
. 

0 0 T d 
i n  Table 11. The value:of$-is a s o r t  of "cloudiness index". A . l o c a l i t y -  

- may be considered to  beextremely cloudy i f  $ = 0.30. On the other hand, 
i t  is a very sunny loca l i ty  tha t  has i(, - > 0.70. 

Tab1 e I I .  Re1 a ti on between Krn and RJ 

Hence i f  we are  given values of the monthly average daily to ta l  - 
radiation, K, we can calculate KT = H/H and from Table I1 we can then - 0 

determine Fd = D / H o  From th i s  we can determine r. (This will be required 
l a t e r  i n  the calculation of z.) 

Next, i t  is  necessary to  obtain relationships between hourly to ta l  and 
dai ly  total  radiation and between hourly diffuse and daily diffuse , 

radiation. These have been established, on the b-asis of long-term weather 

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

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



. data by LJ2 and HW. LJ2 assume tha t ,  j u s t  as so a l s 0 . 7 ~  = KdIo. - - 
Therefore rd = Id/D = I,/Ho. The expression fo r  Ho i s  giventin Eq. (4) and 

. .. 
. :  by a similar integration we can -obtain . , . . - .  

! . . 
! . , , . -  . . . . 

I =- rlsc (COS L coS 6 cos w + Sin L s in  6 )  
' 

(13). . . '- 24 . . 

which  gives 

Td I cos w - cos ws 
0 - r n  = = - - -  

rd b H 0 2 4 s i n w S - w S c o s w s  

. - ..where cos w i.s ..gi..yen by . . 2 . .  . . . . . . . ,- .-.....__-...- ---...-... ... . . :. - = .~ - - 
S , - . . 

- ... - .  - . . 
- -  -.. - In Figure 2 . f ram LJ2 ' t h e .  sol id-curves are- Eqi..=.[T'4) and . t h e  .-.. - I-' '  ?-. -----,-- -.. 

.. 

experimental data p o i n t s  are from the two weather s tat ions l i s t ed .  
, . . .  . .  . . Agreement i s  seen to  be good so tha t  e i the r  Eq.' (14) or  Figure 2 can be 

used. . . . - 

- - 
Unfortunately, Eq. (14) is not a good representation of rT = IT/H. HW 

obtained experimental values of rT from several widely separated loca l i t i e s  
and the mean curves shown in Figure 3 are  a. good representation of the 
experimental data (deviation < + 5%). 

To summarize the procedure, up  t o  this point: 

1) For a given la t i tude ,  calculate Ho fo r  the 15th day 
of each month, using E q .  (4)  and Table I .  

2) For the given location, look in tables a t  back of 
LJ1 fo r  values of fo r  each month. _.- - *- - 

3)  Calculala values of v/llo = KT for  each month. 

4)  Use Table I1 to determine rd = E / H ~ .  From this 

determine n. 
5) Use Eq. (14) or  Figure 2 to  determine rd (and hence 

Td) for  the middle of each hour from solar  noon. 
This must be done for  each month. Sunset hour 
angle given in Eq. ( 2 ) .  rn 

., 
6) Use Figure 3 to  determine rT (and hence T') fo r  the 

middle of each hour from solar  noon and each month. 
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Figure 2 .  Theoretical and experimental ratio of the hourly diffuse 
radiation to the daily diffuse radiation. (Figure 1 %  
from our reference 5 )  ' .= 
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' 60 . 75 90 105 120 ' 

SUNSET HOUR ANGLE, w S  , DEGREES 

Figure 3. Experimental ratio of the hourly total radiation to .the 
daily total radiation. (Figure 16 from our reference. 5) 

I). 

" 

Now to proceed with determining the utilizability function, 9,  LJ2 
show that for widely different localities with about the same cloudiness - 
index, K,, the statistical distribution over a month of daily total 
radiation, H s  is very similar. From extensjve experimental data of 27 



. l o c a l i t i e s ,  LJ2 construct  a se t  of general ized r a d i a t i o n  d i s t r i b u t i o n  

curves shown i n  Figure 4. For each curve, represent ing a given value o f  - 
: the cloudiness fac tor  t$, the ord inate  gives H/T and the abscissae gives 

- .  . .- 
. - the f r a c t i o n a l  time f dur ing the month f o r  ~ h i - c h  the d a i l y  rad ia t i 'on  i s  

; less  t han  H. LJ2 f i n d  that ,  independent o f  the l o c a l i t y ,  as long as has . . .-  . . .-. .... . . . . . . . .  -. ... -. . . . . . . . . . .  , . :, . T- .: -'* .- 

a given value, the appropriate curve from Figure 4 i s  an exce l len t  

representat ion o f  the s t a t i s t i c a l  d i s t r i b u t i o n  o f  d a i l y . r a d i a t i o n .  

It has been shown by HW t h a t  the d i s t r i b u t i o n  curves f o r  hour ly  

r ad ia t i on  are c lose ly  s i m i l a r  t o  those f o r  d a i l y  data. Hence i n  Figure 4 - 
_ _ > . . . . . - .  _ , _ _ _ .  . C - _ _  . .  . . .  ... ._ i . .- -. . .. -. ., - -  -. , 

. &. . .> -- . . 

. . . . .  . . . . . .  . -- . -. ... ~ t h e ~ ~ o r d ~ i ~ ~ a ~ e - ~ c a n n n n a l s o  -stand:fb.r': 1,1Trn and--the abscissae -for f rac t iona l  s m e  
. 1 - - 

'.-f dur ing the month f o r  which- t h e  h ~ u r l ~ r a d i a t i o n i s  less than'-I;. - . - .  - : .  

i 0 0.2 0.4 0.6, 0.8 1.0 i 
! FRACTIONAL TIME. 1 ,  DURING WHICH RAU4TlON I: H I:;.. . - - . -. . .  

i r, 

F igure 4. The general ized r a d i a t i o n  d i s t r i b u t i o n  curves 

fo r  a hor i zon ta l  surface. (Figure 11 from 

our reference 4).  



I . . 

Defining f, as the fractional time during the month f-r which 'the 
hourly radiation is less  than I=, the c r i t i c a l  radiation in tens i ty  defined 

: i n  Eq.. (7), then we have . ,, 

. 
and hence4 vs. Xc curves can be constructed fo r  various value of using 
the dis t r ibut ion curves of Figure 4. These generalized u t i  1.izabi.l i t y  

. . . - . . . . . . 
curves--are shown- i n - f  igure'S- for.val:ues of i$ froiiiiiiO;3 ' through 0.7.  - . - . . 

. .. ,- :--...* - . . .  " ~ - -  .. .. 
' - -  . - -  _: ,- ..... _ . - e .- . . 

I t  must be.emphasized tha t  this use of generalized t$ curves will  give 
only the long-term average performance of the so lar  pond fo r  a given month 

- a t  a .given location. - l d 2  claim -that--the resu l t s  o f  this technique will  be - -- 

. . ... . - - quite  re l iab le  fo r  l o c a l i t i e s  where-KT is  high ( s a y  0.6 t o  0.,7). These are  
' . . -- .- 

very sunny loca l i t i e s  where the divergence of the 4 curve from the s t r a igh t  
. .- .. 

l i ne  f o r  a climate of identical days i s  small. I t  i s  in such loca l i t i e s  
-. . 

where so lar  systems will  be situated. 1n loca l i t i e s  with extremely cloudy-. 
weather (low ) the fluctuations from year to  year about the generalized t$ 

curve w i  11 be 1 arger, hence introducing 1 arger errors .  However, these 
loca l i t i e s  a r e  of much 1.ess in t e res t  t o .  us. 

. .., . . . . . . - . .. 

V. Calculation of 7E 

Assump t h a t  there a re  n layers of p l a s t i c  o r  glass consti tuting- ' the 
thermal blanket over the pond.. The layers may he of d i f fe rent  thickness 

. but they must a l l  have the same index of refraction'. Then the . -, . - 

transmittance of the cover is  given by6) : 
. . 

where K i s  the extinction coeff ic ient  of the material f o r  the so lar  
spectrum, L is  the to ta l  thickness of the p las t lc  or glass layers and a ' i s  -- 

6JA.  Whill i e r ,  Low Temperature Engineering Appl Scation of Solar Energy. 
See reference 4 ) .  
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the reflectivity of a single plastic or glass surface. The expression for 

JC i s  derived from the Fresnel equations6' : 

where 8 and 8' are the incident and refracted angles, respectively, and 

, sin 8' = sin9/nt ,  where nt  i s  the index of refraction of the plastic or 

glass.   or normal incidence, 8 = 0% Eq.  (17) does not apply b u t  rather 

. - 

(of course for latitude greater than 23%' N or S we never have normal solar 
incidence. ) - 

-To obtain the absorptivity- of -the--water-bl-ack -bottom coll ector , - -- 

consider a l ight  beam incident on the water a t  angle 8. A fraction, tr, of . 

the beam will be reflected from the top surface. ( I f  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. Me can 
neglect any reflection from the layer-water interface since the indices of 
refraction are not very different.) 

The fraction, (1 - t r ) ,  will pass into the water. Since water i s  

almost completely opaque to the imfrared and since about half of the energy 
in solar radiati,on l'ies in the infrared (> - 0.7 p), only .about half of the 

beam reaches.the black bottom. A typical emissivity for a black surface i s  
0,.96. Hence ahout 98% of the beam entering the waterwill be absorbed as 

heat in the water. We can then write for a: 

Finally, the Ta product has to be suitably weighted for the dire-ct and 

'diffuse s o l a r  components. We follow the general ly accepted conventi&'). of 
' '. 

assuming the diffuse radiation has an  average angle of incidence for a 
-.. 

- 
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h o r i z o n t a l  c o l l e c t o r  o f  58". For  the  middle o f  each hour from s o l a r  noon, 

'the' f o l l o w i n g  expression must be evaluated: # .  

V I .  ~ a l c ' u l a t i o n  o f  U 

.- . 

For a g iven c o l l e c t o r  geometry and g iven m a t e r i a l s  i t - i s  poss ib le  t o  

c a l c u l a t e  the  o v e r a l l  heat  l o s s  c o e f f i c i e n t ,  U, de f ined i n  Eq. (5).  . . . . - -- . - . - .. -. . - - .... - . . . . . . . . .  - . .  - . .  . . 
. . .  s- . _ 

Comparison between c a l c u l  ated a n d  measured- values o f  U- d u a l  ly show , 
.-. , - .  . . - 

agreement7 9') w i t h i n  about 10%. 
- .  ---- ................... . . . . .  .... 

. - - - - - - - 

L There i s  a -vast  1 i ' t e r a t u r e  i n  'heat trans?& and Eng l ish  u n i t s  a re  used 
-. . . . .  . . .  - . . . . . .  . - 

almost e x c l u s i v e l y  i n  Engl'ijh language pub l i ca t i ons .   heref fore we have . 

found i t  more convenient here t o  use Eng l ish  u n i t s ;  BTU, hour, ' f e e t ,  OF and 

O R .  Hence ou r  ca l cu la ted  values o f  U w i l l  be i n  B T U / ~ ~ ~  h r .  O F .  They can 

be converted t o - m e t r i c  u n i t s  f o r  use i n  Eq. (5) by: 

1 wa t t s  BTU =5 .678-  
ft2 h r  OF m2 O.C 

Although we are  concerned w i t h  t h e  case o f  a l a y e r  o f  water covered by 

two, o r  p o s s i b l y  three,  p l a s t i c  g laz ings,  i t  i s  s impler  t o  f i r s t  consider  

the  case of two o r  th ree  g lass g laz ings .  (This i s  because g lass  i s  t o t a l l y  

opaque t o  thermal r a d i a t i o n  whereas p l a s t i c s  are  not.)  The d i f f e r e n c e  i n  U 

f o r  t he  two cases tu rns  o u t  t o  be 20% o r  l essg ) .  

The theory  o f  heat  convect ion and conduct ion through a gas ( a i r  i n  our  
case) ' invo lves  several  dimensionless tiumbers which we d e f i n e  below1 '1 : 

.. . . . . 
'JH. C. HOttel  and B. B. Woertr, ASME Trans., V.  64, p. 91-104, 1912.' . 

' : 
')car1 N. Hodges, e t  a1 . , Solar  D i s t i  1 l a t i o n  U t i l i z i n g  Mu1 t i p l e - E f f e c t  

Humid i f i ca t i on ,  F i n a l  Report. The U n i v e r s i t y  o f  Arizona So lar  Energy 
Laboratory o f  t he  I n s t i t u t e  of Atmospheric Physics. 31 Jan., 1966. 

' J ~ . , ~ h i l l i e r ,  So la r  Energy - 7, #3, p. 148, 1963. 

' O J A ~  excel 1 en t o v e r a l l  re ference i s  : W. H. NcAdams , Heat Transmi ss ion  , 
WcGraw-Hi 11 , 3rd e d i t i o n ,  1954. 
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- - . _ . -_ ._...-.A,---- -- --.------.-.--.-- ..... ----------------+-.. .- . . . .  / 1 - . -  . 
Prandt l  number: Pk =- c. p/h 1 ,  

I . . .  . ..-. 
- P , . 

Grashof number: DL = ( ~ ~ ~ ~ g / p ~ )  (8 M )  . . * 

Nusselt  number: Nu = hL/k . - 

Stanton number: S t  = h/c v i  ! ; .  
. . .  P i 1 

~ e y n o i d s  number: Re = LVp/p . . .  I : .  . .. 
-. .-,--.----J----. -L -. -- -I - - ' . - - = 

. -- - .  . . .  . . 
. . -. ., ~. 

1't i s  a lso convenient t o  def ine a dimensional -parameter, a: 
t. 

. . 
a = p2 g 6. cp/pk = .. (Gt Pk)IL3. 6L [ft-! OF-l] . . , .  . - . c 2 - )  - . ;. . ;  

. . . . 

The defini-t- ions o f  t h e  quanti t ies i n  the above expression are: 

c = spec i f ic  heat o f  a i r  [BTU/.l..b OF] ' . - - P 
-- 

p = v i s c o s i t y ~ o f  a i r  [ l b /h r  ft} 
. . . .  .....-.. . . . .  k =.thermal cbnduc t i v i t y  o f  a i r - - [ ~ ~ ~ / h r  ft O F ]  

. ., 

L = cha rac te r i s t i c  dimension [ft] 

p = dens i ty  o f  a i r  [ l b / f t 3 ]  

g. = acce lera t ion o f  g r a v i t y  = 4.17 x 10' f t / h r 2  

B = coe f f i c i en t .  o f  volumetr ic  expansion o f  a i r  
- -- [OF- ' ]  

. . . .  --. . . .  
- --.-.:--.. ---._ 

A t  = temperature-di f ference between two .layers o r  

- between 1 ayer and ad jo in ing  a i r  [OF] 

h = convection heat t r ans fe r  c o e f f i c i e n t  

[ B T U ; ~ ~  f t2 OF] 

V = wind ve loc i t y  [ft hr- '  o r  mph] 

Q c = r a t e  o f  convection heat t ransfer  [BTU/hr f t2]  

& - *  P k  = ~ L ' M  (dimensionless) 

-.. 

Some useful  values o f  these quan t i t i e s  f o r  a i r  a t  temperatures o f  
' 

in te . res t  t o  us are l i s t e d  i n  Table I11 helow; 



. . 
Table 111. 'Some usefu l  physical  quan t i t i e s  f o r . a i r .  

. . 
Mean Temp OF 80° 10O0 . 150' 2oO0 

. . I 
, - - .  . . . . 

8 .  . .- - - -. . . . - .- - . -. - - " - 
c .240 .240 .241 - .241 j . . 

P 
,0446 .0459 - . .0484 P .0519 

k .015.1 ' .0157 .03 67 .0181 

.0735 P .0710 .0649 .0602 

8 .00200 .00200 .00200 .00200 

a 1.605 .I -400- ..-. -1.. 047 -- 0.775 

L &a .537 .540 .534 .537 

- .0.71 . . '. 0.70 
. . . . . - - - -- - . . - . - 

'. P& - . 3.70 ' 0.69 

For two hor i zon ta l  p la tes  separated by distance L ( f t )  , the heat 

t r ans fe r  c o e f f i c i e n t  ( i n c l ud i ng  convection and conduction bu t  no t  

r ad i a t i on )  i s  def ined by: 

where AX i s  the OF temperature d i f fe rence between the p la tes .  From 
considerat ions of dimensional ana l ys i s lOJ ,  i t  i s  customary t o  w r i t e  hc i n  

the form: 
,/-- / 

where experimental data i s  needed t o  determine C and n. McAdams gives the 
expressions 

NU = 0.192 hl/" f o r  l o 4  < @L < 3.2 x l o 5  

Nu = 0.967 &'I3 f o r  3.2 x l o 5  < 01 < 10' 
'\ 

.L ' 



which f i t s  one s e t  of experiments qui te  well. Tabor1') has made a ca;dul 

survey of a number . . of experiments and concludes tha t  work done by NBS give 

resu l t s  which are  probably most re l iab le ,  par t icular ly when applied to  . . .  

^ la.rge plates as i n  our case.. He gives: i 

which  can be written as ,  

-- . - .  In -Figure 6 we;show both- the Tabor and ~ c ~ d a m s  val ues of hc plotted .- 
against . . plate  spacing L f o r  a M = 50°F and an averape-temperature between -. 

plates of 125OF. These ... va1.ue.s of hc will  be qui te  insensit ive to  average - .  

temperature (notice i n  Table I11 tha t  ha1" i s  essent ial ly  independent of 
temperature.) Also a 20% change i n  AX will  only change hc by about 5%. 
For L = 1" the conduction heat loss i s  about half the .convectibn 'heat loss 
and f o r  smaller L ,  conduction increases, inversely with L ,  explaining the 
r i s e  i n  hc. 

Convection heat loss from the top glass plate  in the absence of any 
wind will  be characterized by a Grr P& = 3 x 101° which i s  i n  the 
turbulent range. McAdams lo '  gives f o r  this case: 

where now A t  i s  the temperature -dlfPerer~ce between the top p la te  and 

ambient a i r .  In our case, bt = 15 to. 25OF, so tha t  hc = 0.6. 

I f  there i s  a wind the convect.ion heat loss will  be increased. . For a 
10 mph wind the Reynolds number in our case i s  about lo6 .  Mc~darns' O )  

recommends the Col burn re1 ation: 

S.t ( p f i ) 2 l 3  = 0.036 

(Re) 

''H. Tabor, Bull. Res. Counc. of I s r ae l ,  Vol. 6C, pp. 155-176, 1958. 



Wgure 6. Convection heat t ransfer  coef f i c fen t  ' 

vs. -plate  spacing, 

From Eq. (28) we can derive the fo l lowing expression fo r  the wind 

coeff ic ient:  

Eqs. (27) and (29) can be closely approximated by: 

The other form o f  heat loss between the plates and from the top p la te  
I s  from radiation. I n  fact, f o r  the case of two plates over the water, the 

rad ia t ion  loss between water and f i r s t  p la te  and between f i r s t  and second 

p la te  i s  about a fac tor  o f  2 t o  3 greater than the respective convectf in 

losses f o r  our temperature domain. For the top p la te  i n  a 10 mph wind t h d  
rad ia t ion  and convection losses w i  11 be comparable. 



For two 3n f in i t e  para l l e l  p la tes  w i t h  emiss iv i t i es  and c2  and 
absolute temperatures . T I  and T2 ( i n  O R  = OF + 460), ~ c ~ d a m s ' p )  shows t h a t  . . 

: . t h e , n e t  radia t ion heat  loss  from the  ho t te r  t o  the colder  p l a t e  is: 
., . 

I 
I 

where the Stefan-Bol tzmann constant is 0.1716 x lo-' BTU/hr f t 2  O R " .  

The ne t  radia t ion loss  from the top p l a t e  t o  the  atmosphere depends 

not only on the  temperature T of the  top p l a t e  b u t  a l so  on the  water and 
C02 content of the atmosphere s ince  thermal radia t ion from the  atmosphere 

o r g i E t e s  ch ie f ly  from these two components. The higher the  ambient a i r  
temperature, Ta, the  g rea te r  amount of water vapor usually contained i n  the - - -  

a i r  and hence the  g rea te r  the  return atmospheric radia t ion.  

In a recent paperl2' i t  is shown t h a t  experimental. data f o r  c l e a r  days 
can be f i t  well i n  several d i f f e r en t  l o c a l i t i e s  from Alaska t o  Arizona by 
the following expression f o r  t he  apparent emissivi t y  of the  atmosphere: 

. - -  . 
- %  . 

€a 
= 1-0 .261  exp [-7.77 x.10-* (273 - T ) 2 ]  ' . 

a (32) 

where Ta i s  the  ambient a i r  temperature -- i n  O K .  Hence the net  rad ia t ion  . . 

loss  from the  top p l a t e  a t  temperature T can be wr i t t en  as:  

q, = € 'a '  (T* - c T " )  
g a a 

where T and T a r e  in O R  as before. In the  temperature range from 60' to  
A 

llO°F . the apparent atmospheric emissivi t y  can be we1 1' represented by: 

€a ' =  0.574 + 0.0035 t (OF) a (34 

We a r e  now ready t o  solve f o r  the  t o t a l  upward heat  loss  Q,, from the  
system. From the  water a t  temperature To t o  the  f i r s t  g lass  p l a t e  a$ .. 
temperature T I  (OR): 

' 5 

12's: B. Idso and R. D. Jackson, Jour. of Geophysical Research - 74, #23, 
p. 5397, 1969. 



. From 1 s t  g lass p l a t e  t o  2nd g lass p l a t e :  ... 

u (T,' - T,") 
t 

Qw = c (T, - T , ) ' *~ '  + 
2 / e g - 1  . 

f and f rom 2nd glass . p l a t e  t o  sky: \I ' - 
. - . . - . - 

. . 

. . Th i s  i s  a system of  th ree  equations i n  th ree  unknowns; qUp , TI, and T, 
- - . - . . , . . - - - - , - 

' "l"th'th.e- p-l : J-pa ti.,, , - To , . . .  . - 
T i ,  and t h e  emiss i v ' i t i es  o f  t he  water,  tzC, and 

., . . - - - . 
. . . .  

.. .- . *.gl-asr, :-€ ::,'sl.q-.-g~v-en..- -?.- ~ ~ - b ; a ~ " " ) " - ~ ~ j . ~ t ~  - ow t - . t h3 t  o"e sh'oul d '.us'g '.tJj@* ., . . . . . .  - . . . . .  ' - 7 .  

Q 
- - hem4spheri:ca-l -v:azliuesl~for..~ and.: B-.:::ra:ther+thsnZ: t h e -  va l  ues f o r  -normal - - . _ . . : _ .  . ... .. -.-.- . . . .  . - .  -. . .  - -.  

. .- ..-~ - 
Q 

... .......... . .  . . . . .  .--emi ttance.. as-:-used:~by-~ottel : :  and..: woe.rtz7! . Hence f o r  glass, H and. W used .I - - - -  ...- : i -  -I:; - 

- . : . .'8 . .- -. 
= 0.96 whereas, according t o  Tabor, t h e  hemispherical va lue  i s  0 .901~) .  

The above equations can be solved r e l a t i v e l y  q u i c k l y  by t r i a l  and 

e r r o r .  For example, l e t  6 = 185OF, c,  = cg = 0.90, and p la te .spac ing 
= 2". Also assume a 10 mph wind g i v i n g  hop = 2.4. From Eq. ( 2 6 )  we 

o b t a i n  c = 0.18. A f te r  a couple o f  t r i a l s  one obta ins :  \ 

t =' 185OF = water  temperature 
0 

ti = 150°F, qUp = 17.05 + 48.62 = 65.7 

The upward heat  l oss  c o e f f i c i e n t ,  U i s  now obtained* from: 
UP' 

"'J. I. Y e l l o t t  (So lar  Energy, 7, #4, p. 167 (1963) quotes a va lue of 
hemispherical emi t tance f o r  "Krdinary"  g lass o f  0.84, based on spec t ra l  
emi t t ance  data. 

*For no wind t h i s  value o f  U . decreases f rom 0.73 t o  0.63 (about 15%). 
UP 



(The s i m p l i f i e d  approximate exp re s s ion  f o r  q , given  a s  Eq. (13). i n  
UP 

Hot te l  and woer tz7) ,  gives .  e s s e n t i a l l y .  t h e  same r e s u l t  p rovid ing  we use ou r  

. . 
v a l u e s  o f  c ,  E,, E and h and t h a t  we r e p l a c e  Tab i n  t h e i r  Eq. (1  3)  by . .  

- .  . . ... g ' top 
c*Ta4. 

To o b t a i n  t h e  o v e r a l l  h e a t  c o e f f i c i e n t ,  U, we must add the h e a t  l o s s  

f r o m  t h e  bottom o f  t h e  wa te r  i n t o  t h e  e a r t h .  With about  a 2" l a y e r  of good 
i n s u l a t i o n  such a s  a p l a s t i c  foam, t h i s  can e a s i l y  be r educed . to  10% o r  
less o f  t h e  upward h e a t  l o s s .  Hence we can write 

U = 1-.1 Q /(-t - 5) = 0.80 
- 

UP' ... 0 
- . .  - ... . , . ... - . . . . - - . . -. . - . 

. - .. - - -  - -The - a d d i t i o n  of.-a-th-ird - gla-s5 :p l a - t e  _wjj-J-:reduae U - .  t o  0.49 and t o  about  - . -.- - -. - - .  
. . 

- .  
UP 

0.54. However. t h e  - . i nc iden t_  s o l  a.r transmission w i  11 a l s o  be reduced s o  t h e  . . .. . 

n e t  percentage  ga in  i n  c o l l e c t i o n  e f f i c i e n c y  may be  on1.y about' h a l f  t h e  
percentage r educ t ion  i n  U.  

.. - . . -  . 

~ f ' p l a s t i c  g l az ings  a r e  used over  t h e  pond r a t h e r  than g l a s s ,  the, 
c a l c u l a t i o n  of h e a t  l o s s  through the p l a s t i c  is  more d i f f i c u l t  because o f  
t h e  p a r t i a l  t r anspa rency  of  p l a s t i c ' t o  h e a t  r a d i a t i o n .  One must have 
measured va l  ues o f  monochromatic s p e c t r a l  a b s o r p t i v i  t y ,  r e f 1  e c t i v i  t y  , and 

t r a n s m i s s f v i t y  f o r  t h e  p a r t i c u l a r  p l a s t i c .  These va lues  must t h e n . b e  

i n t e g r a t e d  ove r  t h e  e n t i r e  wavelength range. 

~ o d g e s ' )  has t r e a t e d  this c a s e  i n  genera l  and made numerical - 
e v a l u a t i o n s  o f  h e a t  l o s s  f o r  Tedlar .  For a water' t empera ture  o f  tc = 185OF 
and wi th  one Tedlar  g l a z i n g  on the w a t e r  s u r f a c e  and two above t h e  s u r f a c e  
he o b t a i n s  U = 0.91 BTU/ft2 h r  OF. Adding a t h i r d  g l a z i n g  above t h e  

UP 
s u r f a c e  reduces U t o  0.65. Both o f  t h e s e  va lues  a r e  f o r  a 1 0  mph wind. 

UP 

~ x ~ e r i m e n t a l  measurements of  h e a t  l o s s  through 1 ,  2 ,  and 3 Ted la r  

g l az ings  have r e c e n t l y  been made1"). For 2 g l a z i n g s  above t h e  wa te r  they  
o b t a i n  ( a t  t = 185OF) U = 1.03 and f o r  3 g l a z i n g s ,  U = 0.78. 

C UP UP 

Whi l l i e rgJ  c a l c u l a t e s  U f o r  2 Ted la r  g l az ings  ( a t  tc = 190°F) t o  be 0.87. 
UP 

From the above d a t a  we can use an average o f  U = 0.93 f o r  2 ~ ~ d l a r  
UP 3 .  

g l a z ings  a b ~ v e  the water . .  This  i s  t o  be compared wi th  ou r  va lue  o f  
U = 0.73 f o r  2 g l a s s  glazings.". W h i l l i e r  s t a t e s g )  t h a t  t h e  i nc reased  
UP 

14Jw. H .  Gopffar th ,  e t  a l . ,  S o l a r  Energy - 12,  183, 1968. 



. upward heat l o s s  f o r  ~ e d l a r  covered co l lec to rs  i s  "more o r  l e s s  f u l l y  . :. 

. 1 .  

compensated by the improved s o l a r  transmittance of the  Tedlar". Let us 
& 

- -  - 
check his s ta tehen t  by considering a 2 g lass  glazing .covering w i t h  T = 0.75 

'versus a 2 Tedlar glazing cover w i t h  T = 0.85. (Both a t  normal jncidence.) 
For a s o l a r  insola t ion of 750 watts/m2 = 238 B T U / ~ ~ ~  hr, and assuming 

a = 0.96,. t = 185OF,.t = 90°F, we have f o r  the  col lect ion e f f i c i enc i e s :  c a 

2 Tedlar: nc = 0.82 - O m g 3  238 95 = 0.82 - 0.37 = 0.45 

. -. . .  
; and-we s-ee t h a t  Whi 1 l i e r ' s  ,statement seems .to be j u~ t i t i ed . .~ -~~- : : - - . - k . - . . - .~ . ;  . . - ,  -7.  ha‘. -.>: ..,, . . 

As seen i n  Hottel and ~oer tz ' . J , - -  the  heat l o s s  ..coeff-i-cient i s  a - ' 

function of both tc and t,.- Hence., i f  Eqs. (353, (36) ,  a; id - ( 3 7 )  a r e  solved-- 

t o  f ind  a value of U f o r  a p a r t i c u l a c  s e t  of values f o r  tc and ta, i t  would 

be convenient t o  be able  t o  ca lcu la te  U f o r  any o ther  values of tc and t,. 
Using the  U curves i n  Figure 16 of Hottel and-Woertz we obtain '  the  - - -- 

following experssion r e l a t i ng  a value of  U = Ub a t  t c  =' tco and ta = tao t o  

a value U a t  tc and ta: 

. . . .  . 

. .. - 1 + .00512 t . +  .00219 t 
U = U  ' 

c a [temperature i n  O F ]  

O 1 + .00512't + .00219 t - 
(41 ) 

c 0 a0 

and 

. . 
. I  + .00746 T + ,00320 T c a -U = U [temperature i n  O C ]  

O 1 + .00746 T + .00320 T 
(42) 

c o . ao 

These expressions a re  q u i t e  accurate f o r  one, two, o r  three  glass  p la tes  

and f o r  col lect ion temperatures equal t o  o r  g r ea t e r  than about llO°F (43OC). . . 

They a l so  give f a i r l y  good agreement w i t h  the heat  loss  vs. c o l l e c t o ~  
8 

temperatures calculated by Hodges8J f o r  Tedlar ( see  his Figure 16).  
' 5  

YL 
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VII. Computer Proqram and Sample Results 

- - - .  . 
, We include-'in t h i s  section the computer prgram "So la t ' ,  which was' . 

' . 
. . - . . . written .to calculate  average hourly values of.  col.l.ected. 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 i n  Phoenix, Arizona w i t h  two 0.125" glass plates;  average wate'r 
tempe,rature = 60°C .' 

In Fjgure 7 is shown the collection efficiency f o r  2 and 3 Tedlar 
:covers (0..004") a t  two collection temperatures, TE = 140°F (60.6) and 185OF . 

% 

(,85?C). Note tha t  a t  140°F there i s  l i t t l e  improvement in using a th i rd  
... -<-.----: ----- .-"----5- z.-.Fq-*T:,z ; ~-,.: 

' F~ layer. of a-r.'-whereas ~t-'.th&-:T:~-gtier?~~l'lec~~'~?~empgratu~e:~~f 1 8 5 0 ~ ' -  it. - . - - 

. makes a .large improvement, ,pa.rt_i.cCu1arly. i n -  win:t.er. This -.is-.:because the .:. -- 

..--.heat. losses a r e  greater a t  the higher temperature and the additional . . -  

optical loss of the th i rd  layer i s  more than compensated by the decreased 
.. . -- heat loss. -. 

-. b ... . . 
In Figure 8.- a re  shown similar  curves for-glass'.  " ('Sample problem gives--- " 

.- - 

- .  

top curve.) Note tha t  a t  140'F,-.two layers df'  glass a re  be t t e r  than three 

fo r  a l l  except the months of January and February. Also, except for  the 2 
layer,  185OF case, Tedlar always resu l t s  i n  a higher collection efficiency 

fo r  equivalent col lec tor  temperatures and number of 1 ayers. 
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1 :+:ID 2 3 o i . l ~ ~  SOLAR POKD NE IFERT EOXH20 1 ;f: PRINT RDN 
: rt: COt4l"ROLLEE O r  SOLAR 

:I: Dljl'lP OCT DEC 
:I: CFRDS DEIJG 
:t: L Ci D S CI 1.1 S '.j'l1-1. 
:I: L 1 ST% 
:t: Fi1RTRAI.I . 

PROGRAM SOLAR (OUTIT.. TAPE3=OUTIT, TAPE2, TAPE631 
1: 
C 

.C:K :t: ?K :N x: :t:  IDENTIFICATION:^: x: * tc :t: :L' *: #.,:I: 8: * a * 
C 
1- 

PROGRAM NAEIE : SOLAR 
OR I G  INATED : DECEMBER 1973 . 

VERS ION/DATE : 1 / 2 4  JANUARY 1974  
PROGRAMPIER : R . NE lFERT 

1: . 

1: 
C:t: u :I: :k 2: H: :t: CODE DESCRIPTICIN :t: :I: :c # X: :l: :t: :t: u * 
.. 

I* . - 
1, TH IS  CODE CALCULATES THE LClNG TERM COLLECTION EFFICIENCY . 
C OF A HORIZONTAL PLATE SOLAR ENERGY COLLECTOR. THE .RSSUFIPTIONS 
C AND APPRIIXIMHTIONS USED CLOSELY PARRLLEL THE METHOD 

a C 
4 

DESCR IEED EY HOTTEL AND WH I L L  IER.. "TRANSACTIUNS OF THE 
I: CONFEREI.ICE ilk1 TIi: USE OF SOLAR ENERGY: THE SCIENTIF IC  
12 GAS IS.. " I I, PART I .. SECTION A, 1955.- PRGES 74-  104  AND 
C L I U  AND JORDAN, SOLAR ENERG'Y', '~i'OL. 7 ,  NO. 2.. 1963. 
0- 

: I, 

C THETE=APIGLE OF 11413 IDENCE I'ZEbI I T H  ANGL5) RAD I?NS 
. C LUT=LATITlJDE DEGREES 

I3 DELTF.=SOLAR DELL I I IPTION DEGREES . -. 
I-. . -. 

CIl7EI;F =SOLAR HOl-IR i9NGLE FROM SOLAR NO3t.I DEGREES 
I, O~-IEI~FS=SUNSET I-IOUR RLIGLE HAD IANS 
C OHEGkH=SUIISET HOUR RNC;LE HOURS 
C ISC=SOLAR CONSTANT 
C RPITIO=SQUARE OF RATIO OF MZHN DISTHNCE TO ACTUAL DISTANCE 
C GETWEEN EART'II At4D SLI:.I 
C HOlJI'-:'=24 
C P 1 = 3 . 1 4 1 5 9  
C CUb{':)].=3. 153 lJJ/,'M:kw2 PER BTlJ/HR-FT:i::I:z 

: I: COt.IV2 = . 13 1 4  l,.l,+1::t:2 PEE. BTlJ/IlQ'{-FT:k:i2 
, . C . HPEF:O=k1.i'ERAGE DA IL': RRU IFiTI13N 014 HOliIZCIkITAL SURFACE ' 

4 -  . I, OlJTS I DE ATPlOSPIiERE 
, C ' HGAR=I-IONTHLYY AVERAGE DAILY  Tl1TA.L RADIATION ON A . .. 
, I-. HUR IZONTAL SURFACE \ 

' C I<TEAF:=HE:AR/'tiZEF:O \ 

. C DBFiR=I'lOHTI-IL'I A'.'ERAIX. TIA I L Y  D IFFUSE RRD IATIO~; UN A 
L: HOE IZONTAL SURFACE 
1: KDEAE'=UBAR/I-IZERU 
C IGARTH=irlVEF:RGE li'0ilR~'i TOTAL RAD IATICkl  014 A HOR IZONTAL 

: rI: SIJFFACE 
C IBARDI~=I<!.;'ERAGEERAI kII1IJRLY DIFFUSE RADI'ATIl jN ON (I HORIZnNTkL 
1: Sl-iRFAlIE 
C RTOT= I fiARTIi/'H6AR 

r rm IF = 1 B;:II~DI-I,,.DB~R 
4 L. IC=CF I T I C R L  IhITEtIS IT'I OF RFbD IRTIOH 



C XC=IC;IEARTH CE I T I C A L  INTENSITY RATIO 
R=REFLECTIVITY OF F SINGLE SURFACE IJSING FRESIqEL EOUATIONS I-. 

T .  

1- K l=EXTINCTION CISEFFICIENT DF THE REFLECTING SURFRCE 
C L 1=TH ICtCNESS OF REFLECTING SURFACE . - - - - 

L ~=l.Il-lPlZER OF REFLECTING SIJF:FA:ES 
C CTH-COSINE OF THE FNGLE OF IqCIDEblCE 
C TAU=TRRNSMITTAI.;CE CF REFLECTILJG SURFACE 
C ALPHiri-ABSORPT I',;'I T'i' OF THE CIILLECTOR 

I= bIPRIP'lE=INDE!< 11F REFRACTI1Sb.i OF REFLEIITING .SIJE:FQCE 
C TI;=COLLECTOR TEPIPEFATIJRE fiEGREES CENTIGRADE 
1, - TO=AMU IENT A I R  TEMFERATCIEE DEGREES FQHREkiHE I T  

. 1 . DCEFF=BA I L Y  COLLECTION EFF I!', IENCY 
1; U=ljl/EF;-ALL HEAT LIIISS .ClIlEFF IC IENT W/EI;q: Q-DEGEEE C 
C UB=HEFT LOSS CCIEFF I C  IENT AT I N I T I A L  C]ND ITIOblS 
C lIlF TC AND T3 I...l/l-l:+:;i.'2-DEGRE C 
a- 
L .  

C 
IZL I Ck.E SET 
REAI- ISC, KTECIR.. ICDCCIR.. LAT,. KTBAEX, #DEAl'i, IEAEDH.. IBARTH - - . . . . . 

REAL t.I.kIPRiPlE.Ll..Isl. I C  
COP11101.I ISC.. HOljRS.. F" I .. CONV1 .. ClSkIV2.. LAT,. I'D ( 2 )  .. FlQD IAN. 

1ThUD.-ALF'tlnD. N. t4PR :PIE. L 1 ,K 1.. TC.UO 
COMMOkl R H T I I S ( ~ ~ ~ . . D E I - T A ( ~ ~ ~ , H Z E R O C ~ ~ ) , H B C ~ E C ~ ~ ) ~  

lI<Ttii>RX( 123 .. t<DEARYr 121 .. UEGR ( 121 ;OPlEGF1S ( 121, UCEFF ( 12). 

2PW I r 12,. i j  .. Q C  12.. 7.j , THETAI: 1 i J i j  , T A I J ~  1 2 ~ 7 1  , G L P H ~ (  1 2 > 7 ) ,  . 
3THUAP(12..7),CTH(12,7) 

C111Pll-1Bt.I ~ I M E G A ( Z ) . . - ~ - ~ E S ~ ~ ) . . X C : . ; ~ ~ ~ ) . . P H I Y ( ~ ~ . . ~ ) . F : T ( ~ . ~ )  . . 
Ek4DC:L ICHE 
LlSE SET 

CUk/'\.'i = 3  . 153 
CI~II'.!~ =o . 13 1 4  
RAbIHt.t=6.28318/368. 
IZHLL -TABLE 
CALL DATAIN 
CALL lZALC1 , CALL CF-ILC2 
CALL CALC3 

.. . CALL TAUALF 
CALL CALCJ 

, CALL L!UIT 
El iD 

I SUERDUTI NE TAELE 
C .* . 
C -, 

, c THIS S L I B ~ ~ ~ I T " I ~ , I E  SETS UP .THE VARIOUS TABLES THAT ARE USED 
' C I N  THE EFFICIENCY CRLCULATION. 
; C 

IJSE SET 
DATA RATI0/1.8315,1.0235,.  1.6103.. .9913,.9757, 

1.368Ci.. .9680.. .9757.. .=, 1.0687, i . G123I3, 1 - 6 2  18/ 
[)ATA fiELTQ/-2 1.27, - 12.93,  -2.43.9.513.. 18.68, 



123 .29 ,21 .65 ,14 .30p3 .33 , -8 .23 , -18 .30 , -23 .2  . '  
DATA l<TRARX/. 3 ,  .4, .5.. .6, .7, .75> 1 .El/' 
DHTA KDBARY/.179~.183,.188~.1?4~.143~.125~. 1201 
DATA ICIMEGA;~. 5,22.5,37.5,. 52.5-  67.5,82.5,37.5/ ' 

DATA HRS'8. ,9., 10. .  11.. 12., 13., 14. .. 15., 16./ . 
DATAit: iRTiI,J).  1=1.9),J=1,7)= 

1 . 1 9 8 ~ . 1 7 9 ~ . 1 6 5 ~ . 1 5 2 . ~ . 1 4 2 ~ . 1 3 3 ~ . 1 2 4 4 ~ 4  116, -107, 
2.164.. . 155.. . 145.. 1315.. . 125,. . 121,. 114.. . 1r38>. 102.. 
3.183, . 108.. . 11W.. . 168,. 165,. 102, .099> ?F96.. .092.. 
4.033,.853,.06s, . .  073 ... 076 ,..87S...B7'3'3.E78,.B??, 
5.808, .8813, .820., .03?.. .841.. .0~18.. .B52.. . E56, .U58.. 
6.008, .0Q8.. .060.. .085, . 0  11, .W, .026.. . E32, . 838> 
7.  000,. 0013, . 800.. .003.. . 800, .BU3: . 0U8, . E 13? . 8 18) 

DATA XCX/W.. .2.. .4, .6.. .8 .  1. E, 1 .2 .  1.4.. 1.. 6.. 1.8.. 2. Q /  
DA..rA<(,PtiI'..<CI...J).. I= l . .  l l j , J = ! , ? j =  

1 1 . Q.. .8 15.. .655, .5 10, .39a, .230.- .207.. . 148,. .I398.- -055, -025, - 7 1.0, .365.- .635.. .480.- .35B,. .235.. . 145.- . BE~OO0 040, - 0  15, .B00* 
3 1.9.. .300.. .6 15, .455,. .385,. . 188, .085.. . E125,. .005.. .0BB,. . OB0, 
41. a,. .3B8, .685,  .427.. .267, . 127.. .849.. . E1E10,. . 800r3 . 08B0 . E100, 
5 1 . u p .  300,. .680.. .40Q,. -217,. 880,. .El@@, .@l38,. . 000.. . !?iEil3> :08@, 
6 1.0.. .860,.. 680.. .48Q.. .2  14, .058.. .000. .BOO,. . 000. . OUB. . OBB, 
7 1 .a,. .800.. .6813, .480? .2138.. . 0WU8 .BOO,. 00U, . 000.. . l38B.. . 080) 

I-IONTH C 1) =3H.JAl-I 
PIOEdTH (2 )  =3HFEB 
I-ION7'H i 3 j =3HP19R 
Plol,ITH (4)  =31iA~E 

";1'1lUkITH (5)  =31i~IAY 
I'll:lI.{TH 161 =3kIJUI.I 
MOkITH (7  j =3H JIUL 
pI1:lkITH (8)  =3HAlJG 
PII]I.{TH ( 9 j  =3HSEP 
i*11:1bITk ( 101 =3HljCT 
MCkiTk ( 1 1 )  =3Hbi3V 
P1Ut.ITk , 12) =3tIDEC 
RET1URI.I 
END 
SUBEOUT I bIE DATH IN 

x: ?I: :I:: :K :t: :i: CODE DESCRIPTION :I: 4: a: * t: a: *.a * :i: 
1, 

. - 
1, THIS IS THE INPUT SUBROUTINE FUR SOLFIR. A D I S K  FILE NAMED 
C - SOLARIN ASSIGNED TO LOGICAL UNIT 2 IS REQUIRED AS THE 
C; INPUT DATA FILE. 
C 

. .. . 
USE SET 
CALL ASSIGN (2,. 0, ~RSOLI~R Ibl..B) 

, '  
R [T  2,l.. ( I D ( I ) . .  I =1 ,2 j  
RIT 2,3,LAT 
RIT 2..3,l.1,.NPRIME.. -1..Kl 1 

R!T 2,.3,TC,.lJO \ 

R IT  2,.3.. CH6RRII!..'Iwl, 12) 
R IT  2,3, (TBCI), I=1,12) 

3 I=1..12 -, 

C COIJb'ERT I ~ ~ P U T  APIB I ENT TEMPERATURE TO OEGREES CENTIGRADE 
TO ( I :I = i TO ( 1 ) -32.03 :t:5.0/9. EJ 

C CObI!jERT INPUT AVERAGE DAILY TU'AL RADIATION TO WATTS/'MW~ 
HSAE ( 1 ) =HE;AR ( 1 ) ;l:C~jb](,f' 

4 C3NTIilJE 



L 
C THIS SUBROUTINE CALCULATES HZEEO, THE AVERAGE DAILY  

' .  C RAD IfiT1Ot.I ON A HOE IZONTAL SURFFEE OUTS l DE THE ATMOSPHERE. 
17 

DO 1 I = 1 , 1 2  
OI"lEGRS I 1) =ACDS ( -  ITHl l  ILAT?I:RCID IAN)  :kTAN (DELTA ( I) :CRRD IAN) 1 ) 
H=RI iTIO( 1 ):I:ISC/PI 
B=CCIS ILAT:I:F:AD IAN) .~~.CI:I!;IDELTA I I) :~RADIC~H :+:s I r r ionEGRs(  I 1 )  
C=[II.iIGAS( I j:I:S I N  (LQT:+:HAD IR~+:I:+:SIN(DEL-Q ( 1):I:RiJD IAN]  

END 
SlJBROtJTIblE CALL2 

C 
C*  s * :+: ;I: :f: :I: a Clj.fiE DESCRIPTION :K :k :I: :I: ?I: 8 t:N * ?I: * 
.C 
C THIS  SUE:ROUTIbIE CAACIJLATES THE 'JALUES OF KTBAR,' KDBAR ' 

C .  AND DBHR. INTER?OLATED ?AL-UES DF KDBAR ARE CALCULATED - 
. . 12 FROM Atj INPCT DATA AERA'Y' I N  SUEROUTINE TABLE. 

12 1 
USE SET 
DO 1 I=1 ,12  
I<TBFR I I) =HEAR ( 1) iHZERUI  I) 
CALL TERP i KTEAR:!.. KDBARY.. 7. KTBAR ( I ) .  gDBAR ( I). .  0 )  
L:E@E I I j =)(fiEA% ;II I) :l:IiZERO ( [ )  

1 COt.TINUE 
RETL kt4 
END. 
SUBEOUTINE CALC3 

1-1 
C*: :I: * :C :c :t: :K :t: CilfiE UESCRIPTIFJN :k ?I: :1. :tc I :k :C :t: :t: * , . 
I-. . - I, TH IS  SLIBROU-INE CALCULATES THE VALUES OF RDIF, IGARDH AND 

RTOT, IBARTH. RD I F  I S  CALCULATED FROM f iN ANALYTIC . 
E>::PRESS IOrI G I\)EbI I N  THE PREV!OIJS REFERENCES. INTERPOLATED 
VALUES OF RTOT CRE CALCULATE? FROM IIIPUT DRTA ARRAYS 
Ill SUBROUT1 HE TABLE. 

Id . . 
USE SET 

' 
no : .r=i,12 

. DO t I=1 ,7  
A=CDS(UMEGA(I)*RADIAN)-COSIOMEGHS(J)) ' 

B=S I t 4  (OMEGAS I J )  -IIPIEGA~ ( J) *IXS (OFIEGAS ( j . 1  ) 
. ; f-- 1 1:j :I  2 .. 2 ,* . . 

I RI) IF(  J.. I) =(P1:cA).~'.iE::t~~lOlJR!;j 
GO Tij 3 8.. , 

I' . 
2 RbIF(J . .  I)=@. - 
.?I OMEGAII I:.]) =OPlEGA!3~(.1) :I:HllURC/P I 

I LALL 'TERF IHRS.. R T I  1. I ; .9..13I"IEGAH I J >  . ETOT I J. I) . O) 
IBGRFt-I!J,. I 1  =RDIFI.J.. I34~:DEFiF:IJ) :~:I- l~I~JES 
IElrrkTH ( J ,  I ) =RTl jTiJ.  I :l:I:HEAR ( J )  ,CH.JIJRS 

1 001.1T1 1.ltlE 
RE 'TIJ F< 1.1 

.. - 
wl 



i 
END ! 

17. 

SUGRUUTINE CFILC4 

C TH IS  SlJBROlJTI<E CQLCULFITES THE VALUES OF U. IC,XC,PHI 
C AbID DCEFF. 
C 

USE SET I 

C CALCULATE PH I =UTIL  IZAB I L  I T Y  
Dl1 A1 I=1,. 12 
SIJ;"I=3. 
DU 1 J=1,.7 
I F i T A S Q E i I , J ) ! ~ , 4  
I C i I  ... J)=XCiI,J)=PHI(I,-J)=QrI..J)=O. 

IJ ( I ) =UB:k(A/'B) 
I C i I  ...I )=UiI)sCTC-T0iI)j/THE~EiI;J) 
., I _ 
::.L~I,..J) =IC(I,J)/IBAETHII..J~ 
I r l j  2 t<=1..7 
Ti4 -.K 

CALL TERP~:<cx . .PHI~ (~ . .K ) ,  1 l,XC(I, J ) , P - I I l c 0 )  
CCiLL TERPr;XCX..PHIwl l..lc+1) ,. 1 l..XC( II J).,PHI2,O) 
P H I r l .  J ) = F H I l + ( I i P H I 2 - P H I  l ) / (KTBAR><i I<+ l ) -KTBf iRX( l< ) ) ) *  

1 I:KTF;hR i I) -I:<TE;AEXiK) 1 )  
Q(I,.JS=PHI(!,J)*TRE;ARcI,J)~t:IBQRTH(I,J) 
SIJI-I=SLI~l+Q ( I.. J )  

1 CON-1 t.IUE 
DCEFF i I 3  =SUM/ ( 12.  I:HE;AF.: ( I ) ) 

A 1 CObiTiNUE 

C, 
I',:{: :;: :K ili x: ;I: x :I: CODE Dl:SCR:PTION a ;I: x . : ~  x :1: a :I: a * 
C 
I: TH I S  SUBROUT I \ iE  CHLCLILATES THE, FIVERAGE OF TAU:NALPHA 
C USING DIRECT 2ND DIFFUSE SOLQR  ADI IF IT ION 
I-. c. 

IJSE SET 
. DIFFJSE UADIATION'ASSUMING EFFECTIVE ANGLE OF 

C INCIDEl.iCE I S  58 DEGREES 
TiEl->D=58.0;tcRAD IAN 

\ 

CALL FRES~IL i THETQTWMPW IME:. ED) \ 
A=E>Q I:-)( l;t.:bl:t:L 1 /C~IS TAETQD j ) 
B= l -ED 
C=1+(2 : , . : , ] -1 j ; , :~Dn~ '  ' ' . , 

TiALlD=Aj:iE/C) 
C)LPHi:]D = . 9sS:B 

C 
I-: DIRECT RADIATION 

1 ~RQD=I..~~~-:~F:FID I AN 
DO 1 I=1..12 



1COSI:CPiEC;kIJ):I:RADICibl) ) + ( S I N  (ARAD):k!51'4IDELTF(( I )*RADIAN) 
IF(C:TI-IC I,.J:I j ,. ..z 
CTH! I . .J I=O.  

2 THETir; I I. J)  =%COS (C-tl i I.. ..I ) 1 
CriLL FF:ESbIL (THETA < I .. .J l  .. HPF: IkIE,. R) 
I F i C T H ( I , J 1 ) , . . 4  
A 
GO fir 5 

I 

4 A=E><Pi-Kl:t:N:I:Ll/CTH( 1,J)). 
5 B=l-F? 

C=1+12%bI-l):eR 
TAIJ r :,. -1) =A:t:(E/C! 
ALPHfi ( I, J) = .98:+:B 
TCiBAR.iI ..I ) = i i I B A H T H ( I .  ..I)-IBARDH(I...J))* . 

1TAU l i ,  JI:l<ALPHA ( I, J j  i +( IBARrlHi  I Ji *TF!UD:i:ALPHRD) 
IF I IBARTH( I , J ! ) , . . 3  
TQEAE( I, J )  = Q .  
G 13 TO 1 

3 TiiE:AE(I,J)=TF,BAR(I,Jj,~'IB1?HTHiI,J) . . 
1 IZOPIT 1 LILIE 

RETURPI 
END 
SUBROILlTIt,IE FRESNL i ANGL 1, NPR IM,REFL) 

C I 
C ,)c >x :I: :i.: :c :I: ;I< ;1: I; 0 DE D: 5 C R [ p T I (114 :c #i :t: a: :t: 4: :t: :t: ?1: d 
C 

THIS SCIEROUTII.IE CALCULATES THE REFLECTIVITY OF .A SURFACE 
US IbIG THE FRESNEL EQURTIOPIS. 

11 . At4GI.. 1= I N C  IDER.IT Ht.IGLE I N  HAD IANS 
AkiGL2=REFRFIC'TErj ANGLE I t 4  RAT, IANS 
REFL =REFLECTIVIT'?' OF THE 'SClRFACE 
14PRIM=IkIDEX OF RfFRACTlON OF THE SURFACE 



LJO T 3 ,. A 5 .. TC 
WOT 3..A6..UB ' 

WOT 3,A7 
(JOT 3 , 3 ,  i P lONTH( I ) .H f iC IR ( I ) .TB I I ) ,  I = 1 ,  12) 
MOT 3.- 4 . 
[JOT 3.5.. (MObITHi I) ,DELTA( I) .RATID( I.) .UMEGAS( I) .OFlEGAH( I). 
~ H Z E R I ~ I I ) , H B H R I I ~ , . K T E A R ( I ~ ~ ~ < D E A R ~ I ) , D B ~ R ~ I ) ~  I = l n  12) 
MIST 3.,6 
W01' 3, 7 
Dl] 2 0  J=1, 12 
IF i ( J - I  . NETN~I )  GO TO 6.1 
ILIO T 3 ,. 6 
MIST 3,. 7 
I.I H = 1.1 1.1 +3 

E: 1 CO;JTII-IUE 
PIE I-. Ji., .-. ,= IJ) .' =OMEGAS i J )  /RADIAN 

WOT 3,8,MllNTHiJ),OMEGASIJ),OMEGAH(J) 
/JOT 3,.9, iRTOT(J.. I).. I=1. .7 )  
WIIIT 3.. 1B.. ( IEARTH(J ,  I ) , .  I =1 ,7 )  
WDT 3.. 11,!RDIFiJ.. I), I=1,7)  
MOT 3.. 12.. i IBAHDHiJ, I), I=1 ,7 )  
1!OT 3.. 13*  iCTH(J ,  111, I=1 .71  
LJOT 3,14. (THETHIJ, I), I=1 ,71  
MOT 3,15,. (TABHR(J, I), 1=1..7) 
WOT 3.16. i I C ( J ,  I), I=1 ,7 )  
LICIT 3,17,. (XCIJ ,  I), I=1 ,71  
MOT 3,18.. i c H I i J . .  I).. I=1 ,7 )  
ILIOT 3, 19.. IQ, iJ , .  I), I = 1 . 7 )  
I,JO 1- 3 .. f 1  1 3 .. U I ,I 1 
WDT 3.  Q28, DCEFF ( J j  

2 6  COIdTINUE 

A3 FORI-lriT(2BX.. 10HTH ICI:bIESS=, F 1 B . 3 )  
A 4  FOBI"IRT(TX,. 23HEXTI1.llITIObi COEFF I C  IENT=, F 1B. 3 )  
H5 FORI-IRT(SX.. 22HCOLLECTOR TEP.lPERATLlRE=> F 10.3)  
A6 FORI;IRT(8il,. E ~ H H E A T  LOSS CCIEFF I T ,  IENT=. F 16.3/ / / )  

3 FI~lRI-~IATIlBi:,A1B,F18.3..6><..F18.31 
Fi7 FIIRHRTC 18X.. 51iPIilbITH.. 18X ,  4tltlBAR. 5X, ISHAME IEbIT TEMPERATURE) 

4 FORl~lAT~///2>1.. SHMOHTH.. 7 % .  5HDELTA.. 511, SHRATIU. 5X, 6HOMEGAS,4X, 
16tiOt'lEGAH.. 4X.. StlHZERO. 6X.. 4HHBiiR. 6X, StKTEFiR. 5 X .  5HKPEAR. 5X, 4HDBAR//) 

5 FijF:I-IRTIHlO.FlB.3..F10.5.7F18.3) 

1 111.. 18HSLIt~IR ISE  TO SUbISET=.. F 10.3.. ZX.. SHHOI~RS/b 
3 FilT;:?lkTI3X.. 4HRTiIT.. ax.. 7F 18.3)  i 



13 FOEPIFT1'6X, lHQ..3X, iFlM.3) 
A 13 FORI-IFTI//lSX.. 23HHEHT LOSS COEFFICIENT =, F 16.3)  . ' 

8 2  FURPIFTi 10X .  2WDA I L Y  COLLECTION EFF I C  IENCY=. F 10.3/ / )  
RETUG bl 
EPID 
SUERII;UTIbIE TEF:P O<, Y, Pi,. Xd.. YA.. I T )  . 
D1I'IEt;SIISbI X ! l ! , Y ( i )  

rJ 

C. 
C - Tt l  I S  SUEROCIT IblE PERFORP~S k STRA IGHT L INE INTERPOLATION 
C: I F  THE IbIF'UT VALUE. XA IS' OUTSIDE THE TQELE {IALUES OF X THEN 
c A STRAII;H'T LII'.IE E:<T'RRPOLATIO~.I IS DOPIE TD OETAIN THE 
C L'ALIJE OF ',-'A 
C 
C '  REVISED 1 JAN 1974  -. - 
1- 
1: 
Ca ?1.: :I: w A: :I: ?I: * 'v1ARIQBkE fiEFIHI.TIOHS :tc st: :t: st: d: :t: :t: d: 
C: 
C >,<=TFifiLE OF >( './kLUES 
C Y=TAELE ICF Y './GLUES 
C t.l=NlJMEER OF 'v'AtCIES I N  TRELES 
C Xk=IPIFUT ;!ALl.JE OF :< 
C YA=INTERPlIlLATED b'ALllE OF Y 
1: - I T=T'tPE ,BF IbITERFOLQT ION 
I; 0 >: L 1HEAR.Y L:blEAR 

1 X LO*:.. Y LOG 
2 % L I '.IEdR>. 'i' L O G  
3 X LO;.. Y LIPlEfiR 

I E = 1  
IF ( I-r-,I I ia.14.. 18 

6 '(61 = Y ( I) 
GO Ti3 50 

7 I = I 
I F I  I T - 1 )  16.. 14,10 

. I.?,! = 
><'.,)Q = % ( I - 1 ) 
XVfi = X ( I )  

42 I F !  I T - 2 )  19,15,14 

14 XV = l-OGF(><Hj . 
XVR = LOGF(X(1-1) )  
XYE = LOGF IXC' I I;? , 

1 5  I F i  IT -21  16,. 16, 15 
16 I F i Y I  1-11 168,-60,. 17 
17 I F C ' { ( I l j  &B..@i.. 1E: -. - -,u yfi = - El 

GO TO 5 0  1 ,:, './< ! .-. 
a-L I,.H = L I I I G F ( Y ( I - I j j  

',.''.,,'ti = L 11 G F ( '( c I j ) I .  



\,".,.'B = '(' ( 1 ) 
, -. 

1- IfO Ik.?TERPOLAT ION 
2C-1 CONTII4CIE 



. . . . . .  . . 
. . . . .  . . . . .- . . . 

. . . .  . . . .  . . . . . . 
. . .: . . '  ( 

: . .  36. . 
. . . . L .  . . . '  . . . . . , . . . . .' , .. . . 

. . 
:.I-.:.: i i --.,, 

. . .  . . . . .  , , '  . . .  
. . . I 

, . .  . ' 

I .  . , . 
. . . .  

. . .  . . .  . - . . :. . i . , I ;,.::, - 
. . . : _  . . ' . .  SAMPLE PROBLEM 

. . . . . . , . 1 ;:. .:'?. 

. . . . . .  . . . . . .  I .... . . , ,  
. . .  , .  . . . . . 

1.": ; 
: .. . . .  . . . . . . .  . . . .  I .  

: . . . . . . .  
& 8. :.'" : . CARD INPUT FOR PROGRAM SOLAR . . . .  ,. . . . ' .  . . .;: . . . .  

x . .  . . . . . . . . . . . . . . . . .  
- .  

. ... . . .  . . .  . . 8 , ..: 
. . .  .' . . . . . . 

. 
.!. ...,; 

. . . . .  .,CARD 1 : I D ( 1 ) s  , , 

% .  . - . . 
. . (aloj' . . I ' 

. . . .  . . 
, . I D ( 1 )  ,. I D ( 2 )  = IDENTIF ICATION : . .  . . . . .  i . . . . . .  i .  . . . . . . I CARD 2 LAT . . . . . . .. - (E10.3) . . 

.LAT = LATITUDE I N  DEGREES 

i . . 
' .  CARD3 1 .  ' N s  NPRIMES L1, K1 . '(4E1.0.3) 

. . 
. . 

i N = .NUMBER OF COVER SURFACES . . .  
! . . .  . . 
j .  

. . NPRIME = INDEX OF REFRACTION . . 
. . . .  

r I . .  . . . LI = THICKNESS OF A SINGLE SURFACE 
. . 

. . i . . K1 .= EXTINCTION COEFFICIENT 
: . . . .  

. . 
, . 

CARD 4 . TCs U@ . . (2E10.3) 
TC = COLLECTOR TEMPERATURE I N  DEGREES 

CENTIGRADE . . 
. . 

. . Ufl = HEAT LOSS COEFFICIENT AT I N I T I A L  
.'CONDITIONS OF TC AND Tjll 

CARD 5 HBAR(I) ,  I = 1, 6 (6ElO.  3) 

HBAR = MONTHLY AVERAGE DAILY TOTAL RADIATION 
ON A HORIZONTAL SURFACE 

CARD 7 T$ ( I ) ,  I = 1 , 6 _ .(6E10.3) 

Tfl = AMBIENT A I R  TEMPERATURE I N  DEGREES - - 
FAHRENHEIT 

CARD 8 TP(I). . I = 7 , 1 2  ( 6 ~ 1 0 . 3 )  

SAMPLE INPUT 



33.430 DEGREES 
2 .060  
1.520 REFRACTIVE INDEX= 

TI-1 I CI<I.IESS= 
E%TIPICTIOb.I COEFF IC  IEPIT= 

C.OLLECTOR TEMPERHTUEE= 
HEAT LOSS COEFF IC  TENT= 

PIOPITH HEAR. 
JRkl 143.635 
FEE 199.032 

HMB IENT TEMPERATURE 
12.333 
14.5E:9 

PlAE 
APE 
l.lA'/ 
J LIkI 

AIJG 
SEP 
111 C T 
1.1 I:I <,! 169 ..%a6 
DEC , 136 -774 i ., , 

I ' 
I I 
:: 

KTBAR 
. . 

I 

KDBAR DEAR 
i 

MUNTH DELBR RFITIO UMEGAH . HZERO HBAH 

: .JUL 
fiI.JC; 
SEP 



- .  .. . 
SUNSET At4GLE= 75.109 DEGREES 
.SIJIIH !SE TO SUNSET= 10. 0 15 HOURS 

RTOT 0.165 0 .  id5 0.110 0.964 

Ri?lF. 0.153 8 .139 0 . 1 1 2 ,  0.073 
I&&RTII-I 131.616 119.509 96.119 63.040 

C: TI-1 0.571 0 .  5 19 0 . ~ 1 7  0.274 

HEAT LOSS COEFFICIENT = 3.866 
DO I L Y  CIILLECT1OI.I EFF I C  IEIICY= 0.198 

!:;UNSET filHGI..E= 81 . 383 + DEGREES. 
SUb{R 1SE TO SUI.{SET= 10.338 HOURS 

I? TO T 0.154 8.137 0 .  108' 0.07 1 - ~ 

7 -  

I BARTI-I 736 ..443. 6sc.  614 5 17.448 337.726 
RDIF  0 .  142 0 .  131 0.189 0.077 

IBARIlH . 147.419 135.560 112.650 80.250 
CTH 0.683 0.522 0.372 0 .  C;38 ' - - 

THETA 8.819 1.022 1.190 8 893 
.-a- 

TC\BAR 0.677 0 .655 0 .594 8 .453 
I C 259 045 267.5137 295.440 378.709 
:.::c 0.352 0 .408 0.571 . 1.121 

P H I  . 0.648 0.592 0 .43  1 0.831 
GI 323.130 254.574 132.251 4.865 

HERT LOSS COEFFICIENT = 3.888 
DA I L Y  COLLECTION EFF I C  IENCY= 0.299 

KHR 
!?IJI.ISET ftl{GLE= 88. 395 DEGREES ' 

SIJI.IR ISE  T l j  !SI_IPISE.T= 11.786 HULIRS . 
RTOT 0.144 0 .  1313 8 .  106 0.075 

. ISFIRTH 894.167 804.663 655.345 466.151 
. ED I F  0.132 0 .  123 0 .  165 , 0.879 

I3qRL.H 158.427 147.317 125.853 35.498 
C TH 0 .  803 0.747 0.538 $,u. 484 

, - 

THETA 0.638 0 . 7 2 7 .  0.879 . I .  665 
TiiEi;R 0.711 a 8 . 6 9 8  a .  660 ..-ha 5 .- - 

I C  . 238.374 23~1.636 248.134 2F;9.938 
>:: c 0 .  ~ s a ~ ?  . El- 292 a.37g 0.522 

Pl i  I 8.742 0.708 0.621 0.380 
12 471.308 397.S85 268.777 99.935 

El. El08 
0.259 
0 .  
0 .  
0. 
1.571 
0 .  
0 .  
0 .  
0 .  
0 .  

.' HEAT LOSS CI]EFFICIEb~IT' = 3.9113 
-,- - Dfi  IL ' t  COLLECTIQI.1 EFP IC  IEbIC:',I"= 0 .  sy>J 



I ~ P R  
SUt9SET RNGLE= 96.342 DEGREES 
SI.IbIP I S E  TO SIJb]SET= 12 846 HUIJR!; 

R TO T' 0. 134 0.122 8.102 0.078 
I BAK!TH ' .1012.142 919.440 771.693 585.126 

RDIF  . 8.122 0. 115 0.108 , 0.080 

C TH 0.987 0.851. 8.744 8.592 
THETA 8.435 8.552 0.732 8.937 
TAECiR 8.726 0.719 . 0.698 0.638 

I C 284.917 206.871 213.2'25 233.318 

HEQT LOSS COFFF ICIEt4T = 3.950 
DR 1L.Y COLLECTIObI EFF I C  IEbICY= 0 .463 

SiJt IR I SE 
R TO T 

IBQRTH 
F1.i I F  

IBQHrjH 
C TH 

TtlETR 
TQ ERR 

I C 
.. , - ., .. C 

PH I - 
I,! 

HEAT LOSS COEFFICIENT = 
BBII -Y COLLEC-Ii31.I EFF Ir3 I&iIC:'= 

.I I.J r/ 
SUbISET RljGLE= 186.50 1 DEGREES 
SUI,IR ISE TO SUNSET= 14.200 HOURS 

R TO T 8.122 8.113 0.898' 

HEAT LOSS CIIIEFF I C  IEM'T = 
I~FI  IL'Y ClILLECTTOti EFF I C  IEt?ca~r'= 



I 

-i 11 L 
SIJPISET Rt.IGLE= 105. 1.31 DEGREES . 

. SiJl.IE ISE  TO SUbISET= 14.025 HOURS 
F:TOT 8.124 6.114 0.099 

IBARTH . . 956. E88 879.802 764.472 
RDIF  . 0 .  113 8.107 0.096 , 

I E.fiRI:~tl ? ,Jw7 - ' - . t 19 196.523 174.892 
CTkl 8 .  572 0.928 0.819 

THETA 0.236 0.483 0.612 
TR E A R 0 722 8.718 . 0.706 

I C 141.543 142.328 144.724 
XC 0. 148 6.162 0.189 

HEAT LOSS COEFFICIENT = 
DHILY COLLECTIOPI EFFICIENCY- 

AL !> 
SI-NSET REIGLE = 99.687 DEGREES 
SI-~.I;T-:ISE TI] SUI.ISET= 13.292 ~ I ~ I J R S .  

R T O  T 0.130 0.119 0.101 
I E tX'T'H 945.4&6 362.691 733.362 

RDIF  0 .  1.19 0.112 8.098 
IEARDH 199.804 188.164 165.675 

C: TH 0.938 0.883 0.778 
THETH 0.354 8.488 0.6B0 

HEAT LOSS COEFFICIENT = 
Ilk I L Y  COLLECTION EFF I C  IENCY= 

SEP 
51-IPISET ANGLE= 9 2 . 2 0  1 DEGREES ' 

. S~ll4R ISE  TO !;UkI!3ET= 12.294 Hl lUR!~ 
RTOT 0.139 0. 126 0.104' 

HEAT LOSS COEFFICIENT = 
DO IL'r' COLLECTIQFi EFF I C IEbICI'= 



1 
1 f'2 1 1/2 2 1 ./2 

UCT / ' 

!;lJbI!;ET At-IGLE= 84.52 1 IlEGREES 
SUNEISE TU SUNSET= 1 1.269 HOURS 

R TlIl T 0.143 0.134 . . 8.187 
I EliRTH - - e . /yd.216 712.P"? -4b- 570.914 

R E I F . .  0.137 0.127 0.167 
1E:ARDH 155.864 144.111 121.404 

C PH 
THETA 
TAB AR 

HEAT LOSS COEFFICIENT = 
DAILY  COLLECTIUN EFF I C  IELIC'i'= 

NO '4 
SUNSET AHGLE= 77.390 IEGKEES 
SUb.IR ISE  -0 SUbISET= 10.219 HOUHS. 

HTOT 0.161 0 .. 142 0.109 
IEARTH 654.392 578.214 444.903 

0.024 
96.9 19 

0.032 
n L o .  349 
0.130 
1 .440 
0.225 

7 7  .- ah. 980 
7.604 
0 .  
0 .  

IBC.Fi.DH 133.342 121.690 99. 178 
C TI-I ~ . & 1 3  0.559 0.456 

THETA 0.911 8.97Y 1.098 - - - -  

TCiGAR 0.647 0 .  613 0.542 - e .- I C l Jb .344  268.612 306.220 
,. L 7 

n ~ .  0.392 0 .465 0.688 
F H J  . ', 0.689 8 . 5 3 7  0 . 3 2 3  

Q 257.927 19 1.775 7 -  / / -995 

HEAT LO% COEFFICIENT = 
DAILY  COLLEC-IUN EFFICIENCY= 

D E C  
SUt.!SET AlqGLE= 73.540 DEGREES 
SUbIR ISE TO SUbISET= 9.865 HnIJR!; . 1 

RTilT 0.168 0 . 1 4 7 .  0.110 
1E:ARTH 550.570 482.363 359.806 

F'D I F  a. 156 0.141 0.112 - - - -  

'IGCiRDH 126.391 114.331 91.033 
11 TI-I 0 .543 0.491 0.39 1 

THETA 8 997 1.857. , 1. 169 
TfiGAf; rJ. 688 &. 572 0.485 

I i. 295. ~ " ~ 1 3  3 1.3 .'96 1 369.824 .. , - 
.A C 0 5 3 7  . .- - . .  0 .651 . 1.023 

HEAT LO'S COEFFICIENT = 
DPILY COLLECTION F'FFIC:!ENCY= 
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