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This  paper  r e p o r t s  on t h e  experimental performances of f l a t  p l a t e  s o l a r  

c o l l e c t o r s  t e s t e d  with a  s o l a r  s imulator  under s t eady- s t a t e  condi t ions  

i n  terms of c o l l e c t o r  e f f i c i e n c y ,  rl , and r a t i o  of  temperature 

d i f f e r e n c e  and s o l a r  r a d i a t i o n , ( r f i  - Te) /IT. Te was t h e  e f f e c t i v e  

h e a t  - s i n k  temperature of t h e  t e s t e d  c o l l e c t o r  ar,d could b e  evaluated 

from temperatures  of c o l l e c t o r f s  cover,  ambient and l i g h t  source panel  

( o r  i n f r a r e d  f i l t e r ) .  Techniques f o r c o n v e r t i n g  v a l u e s  of t h e  

c o l l e c t o r t  s  parameters,  FRULe and F ~ (  ~ a ) ~ ,  obtained from t h e  indoor 

t e s t s  t o  match outdoor r e s u l t s  were demonstrated. The adjus ted  

r e s u l t s  agreed we l l  wi th  those  of t h e  outdoor d a t a  i n  t h e  c a s e  of a  

c o l l e c t o r  having a  k l a t  g l a s s  cover. For a  c o l l e c t o r  having a 

convex p l a s t i c  cover ,  t h e  est imated o p t i c a l  e f f i c i e n c y  was lower than  

t h a t  of t h e  outdoor r e s u l t .  

-\ 
IHTRODUCTIOEI 

The s t eady- s t a t e  approach t o  t e s t  s o l a r  c o l l e c t o r  ~ e r f o r m a n c e  h a s  been 

widely used, However, i t  i s  r e a l i s e d  t h a t  t h e  procedure i s  

time-consuming due t o  v a r i a t i o n  of s o l a r  r a d i a t i c n  flux. Clear  sky 

pe r iods  f  o r  experiments a r e  r a r e l y  ava i l ab le ,  e s p e c i a l l y  i n  t r o p i c a l  

reg ions .  Thus t o  o b t a i n  a  f u l l  s e t  of d a t a  sdmetimes s e v e r a l  weeks 

f o r  t e s t i n g  a r e  needed. A s o l a r  s imula tor  is  a  l i g h t  source  from which 

t h e  s p e c t r a 1  ou tpu t  i s  c l o s e  t o  r e a l  s o l a r  r a d i a t i o n  and t h e  

r a d i a t i o n  f l u x  can be adjus ted  a t  d i f f e r e n t  l eve l s .  S o l a r  equipment 



can be t e s t e d  indoor continuously and a  whole s e t  of experimental d a t a  

can  be  achieved i n  a much s h o r t e r  period when compared wi th  t h a t  of 

outdoor t e s t i n g .  

A s o l a r  s imula tor  has  been cons t ruc ted  a t  King Mongkut's I n s t i t u t e  of 

Technology Thonburi (KMITT) i n  Thailand and operated s i n c e  1988. The 

system as shown i n  Fig. 1 cons is t s  of an air-cooled lamp a r r a y  of 

2 x 2 m2,  a n  i n f r a r e d  f i l t e r  and a c o l l e c t o r  t e s t  r i g .  The lamp a r ray  

mounts 115 OSRAM HQT-R 250 W/DL lamps which can gene ra t e  r a d i a t i o n  
2  over 810 W/m on t e s t e d  c o l l e c t o r  plane. The i n f r a r e d  f i l t e r  c o n s i s t s  

2  of double 1.95 x 1.95 m c l e a r  g l a s s  panes each of 6 mm th ickness  and 

3  rr.m apa r t .  Clean wa te r  i s  f e d  through t h e  gap t o  c o n t r o l  t h e  f i l t e r  

temperature t o  b e  c l o s e  t o  t h a t  of  t h e  surrounding ambient. Thus t h e  

e f f e c t  of longwave r a d i a t i o n  emit ted frcm t h e  f i l t e r  t o  t h e  t e s t e d  

c o l l e c t o r s  i s  a l l e v i a t e d .  

Under s t eady  s t a t e  cond i t ions ,  psrameters  of f l a t  p l a t e  c o l l e c t o r s  a r e  - 
always p l o t t e d  i n  te rms of  e f f i c i e c y ,  q, with  r a t i o  o f  temperature 

d i f f e r e n c e  over inc idence  r a d i a t i o n ,  ( T ~ ~  - Ta) /IT. I n t e r c e p t  on t h e  
\ 

a x i s  and s lope  of t h e  curve a r e  F  ( ~ u )  and F U which show o p t i c a l  
R R L  

performance and thermal  l o s s  of  each c o l l e c t o r ,  respec t ive1  y. 

Sone f l a t  p l a t e  c o l l e c t o r s  were t e s t e d  wi th  t h e  KMITT s o l a r  s imula tor  

[I]. I t  was found th.\t t h e  r a d i a t i o n  obtained was h igh ly  d i f f u s e d ,  . 

and t h e r e  i s  an  e f f e c t  of thermal r a d i a t i o n  exchange between t h e  I R  

f i l t e r  and t h e  t e s t e d  c o l l e c t o r ,  thus s o r e  dev ia t ions  from outdoor 

t e s t  r e a u l t s  were obtained.  These observat ions were a l s o  found i n  

some s o l a r  s iumla to r  l a b o r a t o r i e s  which used a  s e t  of lamps a s  a  

l i g h t  source  [2,31. 

The exrperiment descr ibed  i n  t h i s  paper introduced an e f f e c t i v e  

temperature, Te, which i s  t h e  heat-sink temperature of t he  t e s t e d  

c o l l e c t o r  i n  t h e  KMITT s o l a r  s imula to r .  laboratoroy. This ,  va lue  i s  



averaged from the co l lec tor ' s  surrounding temperature and the 

temperature of the IR f i l t e r .  A technique t o  convert the indoor 

t e s t  results  t o  be comparable with those of the outdoor t e s t  was also  

demonstrated. 

3 - SOLAR COLLECTOR 

Fig.? The KMITT Solar Simulator. 



y o u  COLECTOR EFFECTIVE EEAT-SINK TEWERB- 

A t  the KHITT s o l a r  s imula tor  labora tory ,  en  I R  f i l l t e r  i s  placed 

be tween ,.ha ~ a p  a r r a y  and t h e  t e s t e d  c o l l e c t o r  a s  descr ibed  i n  the  

previous sef clan. Therefore,  t he re  a .  e thermal l o s s e s  from the  

collector to t he  surrounding ambient by convection and r a d i a t i o n ,  

including r a d i a t i o n  l o s s  t o  t h e  I R  f i l t e r .  A diagram of 

thermal los8ea under s teady s t a l e  condit ion of a  t e s t e d  c o l l e c t o r  i s  

Rate o f  t h e r m l  losses 

'from upper p a r t  of = h  C ,  P-c ( T ~ - T ~ )  + h r ,p -c (Tp  ‘ Tc)  

c o l l e c t o r  per un i t  area 

h 
C,C-a (Tc‘Ta) + hr ,  (T~-T, )  

(T -T 
+ h r , c - f i l t  c  f i ~ , t ) *  (1) 

where 

= 2.8 + 3 V  ; V i s  wind speed i n  m / s .  
hc ,c-a  

Ra te  of thermal lossyes 

from back of the = Ub,p-a (T  p -Ta). 

c o l l e c t o r  p e r  u n i t  a r e a  

From eqns. (1) and (21 ,  r a t e  of  t o t a l  h e a t  l o s s e s  pe r  u n i t  a r e a ,  qloss 

c a n  b e  w r i t t e n  a B  ' 

(h + h  
C,P-c r ,P-c  ) (T  p -Tc) + U (T -Ta). q l o s s  b;p-a p . ( 4 )  

S u b s t i t u t e  T, from eqn- ( 2 )  i n t o  eqn.. 141, 



Therefore,  t h e  r a t e  of u s e f u l  heat-gain per  u n i t  a r ea ,  
qu, can be 

w r i t t e n  a s '  : 

qU = ( 'deIT - u La (T P - T ~ )  - U $ T ~ - T ~  i l t ) ,  ( 6  

where 

then  

F i s  t h e  r a t i o  of a c t u a l  usefu l  h e a t  t o  use fu l  hea t  when t h e  
R 

temperature of  t h e  whole absorber was a t  t k e  i n l e t  f l u i d  temperature, 

C o l l e c t o r  e f f i c i e n c y ,  0, then can be w r i t t e n  a s  : 

It can be  seen  t h a t ,  t h e  e f f i c i ency  now depends n o t  only on T and Ta f i 
b u t  a l s o  Tfilt. The re fo re ,  a r e l a t i o n  of s wi th  (Tfi- Ta ) / I  a s  t h e  

outdoor  r e s u l t  s e e c s h t o  k e  imperfect. Eqn. (8)  may then be  developed 

i n  a form a s  : 

T i s  c a l l e d  e f f e c t i v e  heat-sink temperature of  the  c o l l e c t o r ,  and 
e 

' ~ e  
i s  e f f e c t i v e  h e a t  l o s s  from the  c o l l e c t o r  t o  ambient a t  t h e  

temperature,  . 
Te 



Comparing eqns. (8 )  and (91, we g e t  : 

F ~ u ~ e ,  
- + F U  - F ~ U ~ a  R Lf'  

acd 

e = (FRuLaf FRuLa)Ta + (FRULf/ FRuLe)Tfilt 

When t h e  ambient temperature Ta and t h e  i n f r a r e d  f i l t e r  temperature 

Tf ilt  
a r e  measured, t h e  e f f e c t i v e  t e q e r a t u r e  T could be evaluated e 

frcm eqn. (11). I n  c a s e  o f  t he  indoor t e s t ,  frcm eqn (91, experimental 

curve  could be drawn i n  a form of  rl v.s. -T ) / I ~  diagram ins tead  
( T f i  e 

of rl v.s.(Tfi- T a ) / ~ T .  The i n t e r c e p t  on t h e  q - a x i s  i s  F ~ ( T ~ ) ~  

and i t s  s lope  i s  - FRUle. 

f l u i d  - ////// I / / / / / I / / /  
Z f l u i d  

i n l e t  o u t l e t  

Fig. 2 Direc t ions  of energy flow of indoor t e s t e d  c o l l e c t o r .  



STEPS FOR CORVEBTIRG INDOOR P- TO OUTDOOR RESULTS 

Performance parameters of c o l l e c t o r s  t e s t e d  wi th  t h e  KMITT s o l a r  

s imula tor  might be  d i f f e r e n t  from those of t h e  outdoor t e s t s .  There 

a r e  two main f a c t o r s  a s  fol lows : 

a. The l i g h t  source  c o n s i s t s  of a  s e t  of lamps and thus  most of t h e  

energy emi t ted  i s  d i f f u s e  rad ia t ion .  

b. There i s  thermal radiat . ion exchange between t h e  c o l l e c t o r  t e s t e d  

and t h e  i n f r a r e d  f i l t e r .  I n  case  of t h e  outdoor t e s t s ,  r a d i a t i o n  
r 
1~ l o s s  from t h e  c o l l e c t o r  i s  t r ans fe r r ed  t o  t h e  surrounding ambient. 

With these  problems, t h e  two parameters, ~ ~ ( r a ) ~  and FRULe w i l l  d e v i a t e  

from those  obta ined  frcm t h e  outdoor experiments. Thus i t  i s  

necessary t o  develop a  technique t o  convert t h e  indoor r e s u l t s  t o  

match those  of outdoor t e s t s .  The e s s e n t i a l  f e a t u r e s  of  t h e  method 

can be summarized as fol lows : 
\ 

! 

a. The optical parameter 

Outdoor t e s t s  a r e  u s u a l l y  dcne i n  the  mid-day hours ,  on c l e a r  days, .- 

C w i t h  t h e  beam s o l a q r a d i a t i o n  near ly  normal t o  t h e  c o l l e c t o r .  The 

transmittance-absorptance term f o r  the t e s t  ccndi t ions  i s  approxim'etely 

t h e  normal incidence va lue ,  and i s  w r i t t e n  a s  ( ~ a ) ~ .  I n  t h e  case  of 

indoor cond i t ions ,  s i n c e  t h e  r a d i a t i o n  obtained from t h e  l i g h t  source  

pane l  i s  h ighly  d i f f u s e d ,  t h e  e f f e c t i v e  angle  of incidence a t  t h e  same 

t r ansmi t t ance  a s  t h a t  o f  a  beam r a d i a t i o n  he  evaluated by C41 

B i s  a  s l o ~ e  of t h e  c o l l e c t o r .  With t h e  KMITT indoor t e s t ,  t h e  t e s t e d  

c o l l e c t o r  i s  o r i e n t e d  p a r a l l e l  t o  the I R  f i l t e r  and t h e  l i g h t  source 



panel .  Thus B = 0 and ge becomes 59.68'- 60'. 

With t h e  va lue  of  ee = 60°, a  r e l a t i o n  between the  indoor t ransmit tance-  

absorp tance  product ( r a )  and t h a t  of t h e  normal incidence a s  the.outdoor 
e 

c o n d i t i o n  could b e  es t imated  frcm Fig. 3  E51. I n  t t e  c a s e  of s i n g l e  

g l a s s  cove r ,  we g e t  ( r d e / ( r d n  = 0.83 o r  F ~ ( T ~ ) ~ / F ~ ( T ~ ) ~  = 0.83. 

With t h i s  technique,  a s  t h e  ~ ~ ( r a ) ~  from t h e  indoor experiment i s  

e s t ima ted ,  t h e  r e s u l t  can  b e  converted t o  match t h a t  of t h e  outdoors  by : 

I n  c a s e  of t h e  s i n g l e  g l a s s  cove r ,  

b. The loss parameter 

The l o s s  parameter F U which i s  obtained from t h e  indoor r e s u l t  can  
\ R Le 

be  converted t o  match Yha t  of t h e  outdoors  by : 

F R U ~ / F R U ~ e  = UL/ULe 
- * 

-1 (T - Ta) l / [q  loss - - [qloss  p / ( T  - T 11 * P e 
)C(T - Te)/(TP- Ta)I.  = ( q l o s s ~ q  l o s s  p (14) 

FRUL i s  t h e  l o s s  parameter obtained a s  i f  t h e  c o l l e c t o r  i s  t e s t e d  

under  outdoor  condi t ions  a t  t h e  temperature Ta. The terms qloss and 
* 

q l o s s  a r e  t h e  r a t e s  of h e a t  l o s s  from t h e  c o l l e c t o r  under outdoor 

and indoor  cond i t i ons ,  r e s p e c t i v e l y ,  which can b e  eva lua ted  a s  fol lows : 

4 
%OSS = . c 4 ( ~ c  + ~ 7 3 ) ~  - ( T ~  + 273) I + hc,c-a ( T ~  -Ta) 

+ 'back (15) 

- and 
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Fig. 3 'Typical (TU)~/(TQ)~ curves for glass covers, 



* 
l o s s  = (Ebc- J,)/[(1- c ) I (  cl  c hc,c-a (Tc- Ta) 

* 
+ back 

Ebc and Jc a r e  r a d i a t i o n  emissive power of blackbody and r a d i o s i f y  a t  
* 

t he  cover temperature. With the  values of T c '  * f i l t *  Ta and T ~ ,  l o s s  
and F U can be evaluated. 

R L 

l"no types of f l a t  p l a t e  c o l l e c t o r s  having water  a s  a working f l u i d  

were t e s t ed .  The f i r s t  one cons is ted  of black . copper absorber of 
2 1.318 x 1.09 m and a s i n g l e  g la s s  cover. The second one had a block 

rubber  absorber  wi th  a convex p l a s t i c  cover. I t s  ape r tu re  a rea  was 

2 1.015 x 0.615 m . 

The outdoor d a t a  of both c o l l e c t o r s  a t  wind speed of 3 m / s  were a s  

fo l lows : 

Black copper collector: 

.- 

Black rubber collector : 

Fig .  4 shows t h e  performance curves of t h e  c o l l e c t o r s  undrr outdoor 

condi t ions .  



From t h e  indoor experiments : 

a )  The indoor condi t ions  f o r  t h e  black copper c o l l e c t o r  were a s  

fo l lows : 

= 39.50C, T~ = 35Oc, wind speeed 3 m l s ,  
T f i l t  

Thermal emi t tances  o f  t h e  i n f r a r e d  f i l t e r  and t h e  cover  of  t h e  

c o l l e c t o r  = 0.85, 

Configurat ion f a c t o r  of t h e  c o l l e c t o r  - I R  f i t t e r  = 0.89 

The e f f e c t i v e  temperature was ca l cu la t ed ,  with t h e  d e t a i l s  given i n  

appendix a ,  t o  be 36.3'~ while t h e  average cover temperature during t h e  

experiment was 43.9'~. The r e l a t i o n  between t h e  c o l l e c t o r  e f f i c i e n c y  

and t h e  va lue  ( T ~ ~  - Te) /IT was : 

11 = 51.04 - 788.4 (Tfi - Te) / IT,  (%I 

F ~ ( T Q ) .  = 0.51 and FRULe 2 = 7.88 Wlm K. 

\ 

From appendix b ,  t h e i r a t e  of h e a t  l o s s  frcm t h e  c o l l e c t a r  under  both  

indoor and outdoor condit ions were estimated t o  be : 

* 2 
- = 160.22 ~ / m  and qloes 

2 
l o s s  = 199.62 Wlm . 

. .'4 

The absorber  temperature, 
TP ' normally, was higher  than t h a t  of t h e  

working f l u i d  by about 3-5'~. While t h e  average temperature of t h e  

water  dur ing  the  experiment w a s  58.7'~, by assuming 5 ' ~  h ighe r ,  t h e  

average absorber  temp,erature, T then became 63.7'~. With t h e  va lues  
* P ' 

q l o s s '  l o s s  and T the  hea t  l o s s  parameter of t h e  indoor 
P' ' 

experiment,  FRULe, could be converted t o  be t h a t  of t h e  outdoor 

r e s n l t  a t  t h e  ambient temperature of 3 4 ' ~  by : 

* 
F ~ U ~ / F ~ U ~ e  " (qlosslg l o s s  I [ (%-  Te ) / (%-  



2 2 For FRULe = 7.88 W/m then  FRUL = 1.149 x 7.88 = 9.06 W/m K. 

The o p t i c a l  parameter obtained frcm t h e  indoor experiment could be 

converted t o  match t h a t  of t h e  outdoor by us ing  eqn (131, thus  : 

Therefore ,  t h e  eva lua ted  outdoor performance of t h e  copper c o l l e c t o r  

cou ld  be  : 

which agreed  w e l l  w i th  t h e  a c t u a l  outdoor da ta .  Camparisons of t h e  

indoor t e s t  r e s u l t s  with t h e  outdoor d a t a  a r e  shown i n  Fig. 5. 

b )  The indoor cond i t i ons  f o r  t h e  rubber c o l l e c t o r  were a s  fo l lows  : 

Tf ilt 39.4'~, Ta = 3 4 O ~ ,  wind speed 3 m / s  

The c o l l e c t o r  equa t i ah  a t  indoor cond i t i ons  was : 

11 = 50.4 - 1O45(Tfi- T , ) / ( I ~ ,  (Yo) 
2 F ~ ( T ~  ), = 0.504 and FRULe = 10.45 W/m K 

With t h e  methcd a s  descr ibed  before ,  t h e  performance curve  could be  

a d j a s t e d  t o  match t h a t  of t h e  outdoor condi t ions  a s  : 



Fig. ,4 Outdoor c o l l e c t o r  performance curves, 

Fig. 5 Comparison of indoor and outdoor r e s u l t s  of 

the  copper absorber co l l ec to r .  
. . 



Conpared wi th  t h e  a c t u a l  d a t a ,  t h e  hear l o s s  term agreed well  with t h a t  

of t h e  a c t u a l  outdoor experiment,  whereas t h e  o p t i c a l  term was lower 

s i n c e  t h e  p l a s t i c  cover was convex and no t  f l a t t ened .  The r e s l l t s  a r e  

shown i n  Fig, 6. 

CONCLUSIONS 

The fo l lowing conclusions can he  drawn he drawn from t h e  present  
\ 

i n v e s t i g a t i o n s  : . 
\ 

a >  For indoor c o l l e c t o r  t e s t i n g ,  t h e  parameter curve of t h e  

t e s t e d  c o l l e c t o r s  a r e  proposed t o  he expressed i n  a  f o ~ m  of rl 

and ( T ~ ~ -  T ) / I  where Te i s  t h e  e f f e c t i v e  heat-s ink temperature e  T 
of  t h e  c o l l e c t o r s .  

b) This  paper desc r ibes  techniques t o  convert t h e  c o l l e c t o r  

parameters  obta ined  from t h e  indoor r e s u l t s  t o  match those  of 

outdoor condi t ions .  It was found t h a t  the  r e s u l t s  i n  t h e  case  

of t h e  c o l l e c t e r  having f l a t  cover agreed wel l  wi th  those  of t h e  
\ 

a c t u a l  outdoor .iexperiments. 

5. C o l l e c t o r  a rqa ,  m 
2 

I n f r a r e d  f i l t e r  a r e a ,  m 
2  

*2 

Ebc yEbl 
Emissive power of blackboby a t  t h e  c o l l e c t o r t s  cover 

temperature,  W/m 
2 

Eb2 
Emissive power of blackboby a t  t h e  in f r a red  f i l t e r  

9 

temperature,  w/mL 

Eb3 
Emissive power of -blackboby a t  t h e  surrounding 

temperature,  W/m 
2 

5 - 2  Shape f a c t o r  1-2 

5 - 3  
Shape f a c t o r  1-3 



2 - I (OC-III /W) (Tf i  
\ 

Fig. 6 .  Cornpariso< of indoor and outdoor resul t s  of 

the rubber absorber collector. 



R 
Heat removal f a c t o r  

2  
hc Convective h e a t  t r a n s f e r  c o e f f i c i e n t ,  W/m K 

2  
hr  Radia t ive  h e a t  t r a n s f e r  c o e f f i c i e n t ,  W/m K 

Solar  r a d i a t i o n  incidence on the  c o l l e c t o r  plane,  W/m 2. 
IT 

J c ,  J1 R a t i o s i t y  of t h e  c o l l e c t o r t s  cover, W/m 2 

J2 
Radios i ty  of t h e  in f r a red  f i l t e r ,  W/m2 

Rate of  h e a t  l o s s  from t h e  c o l l e c t o r  under outdoor q10ss 
cond i t ions ,  W/m2 

* 
l o s s  Rate of h e a t  l o s s  from .the co l l ec to r  under indoor 

cond i t ions ,  W/m2 
0 

T3 Ambient temperature C 

0 - 
Tc' T1 Col l ec to r t  s  cover  temperature, C 

0 

Te Ef fec t ive  heat-s ink temperature of t h e  c o l l e c t o r ,  C 

0 

Tf i 
Water i n l e t  temperature, C 

0 

Tf i1 t9T2 In f ra red  f i l t e r  temperature, C 

0 

T~ 
Absorber temperature, C 

2  
ub Back l o s s  c o e f f i c i e n t  of t he  c o l l e c t o r ,  W/m K 

2  
' ~ e  

E f f e c t i v e  h e a t  l o s s  c o e f f i c i e n t ,  W/m K 

B , S l o ~ e  o f  t h e  c o l l e c t o r ,  degree 

Ec y E 1  
Emittance of 'khe c o l l e c t o r 1  s cover 

Emittance of t h e  i n f r a r e d  f i l t e r  
E2 

Co l l ec to r  ef f  ic-ienoy 

( sr.1 Transmittance-absorptance product of t h e  c o l l e c t o r  under 

indoor conditions 

( ~ a > ,  Transmittance-absorptance product of t he  c o l l e c t o r  under 

outdoor condi t ions  

Suffices 

I 

c  -a c  over-surrounding amb i e n t  

c - f i l t  cover- infrared f i l t e r  
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Appendix A : Evaluation of the co l l ec to r t s  e f fec t ive  temperature, Te 
f o r  the  copper collector.  

.- 

. -\ 

Te = ( F ~ U ~ ~ / F ~ U ~ ~ ) T ~  + ( F ~ u ~ ~  / F ~ u ~ ~ ) T ~ ~ ~ ~  

FRULA/FRULe = (h  c,c-a + h  r ,c-a ) / ( h  c ,  c-a + h  r ,c-a  + h r , c - f i l t  1 
) / ( h  F ~ " ~ f  lFIlUI,e = ( h r , c - f i l t  c,c-a + h  r ,c-a  + h r , c - f i l t  1 

h = 2.8 + SV ; V = 3 m/s ; h 
2 

c,c-a 
= 11.8 W/m K 

c , c-a 

An enclosure fo r  rad ia t ion  exchange consis ts  of 3 surfaces : 

l - c o l l e c t o r ~ s  cover, 2-infrared f i l t e r  and 3-surrounding ambient which 

i s  assumed t o  be blackbody. 



The r a d i a t i o n  exchanges a t  t h e  c o l l e c t o r ' s  cover and t h e  i n f r a r e d  f i l t e r  

c a n  be  w r i t t e n  a s  : 

F2-1 = 0.34, F2-3 = 0.66 

= 43.g0c = 5.67 x + ~ 7 3 ) ~  = 571.84 W/m 2 T1 E b l  
= 39.1 '~ = 5.67 x ~ o - ~ ( T ~  + 27314 = 538.12 W / m  2 T2 Eb2 
= 35Oc = 5.67 x ~ O - ~ ( T ~  + 27314 = 510.25 W/m 2 3 

2 
Eb3 

= 567.32 W/m J2 = 537.09 W/m 2 

- - 2 
hr, 1-2 J ) / [ ( A ~ ( T ~ - T ~ ) I  = 5.605 W/m K h r , c - f i l t  = A1F1-2(J1-2- 2 

hr,  1-3 = h  r , c-a = A1F1-3( J1-Eb3) / [ A ~ ( T ~ - T ~ )  1 = 0 i705 w/m% 

F ~ U ~ a /  F ~ U ~ e  
= (11.8 + 0.705)/(11.8 + 0.705 + 5.605) = 0.69 

APPENDIX B Evaluat ion of  thermal l o s s  from t h e  copper c o l l e c t o r  
.- 

Indoor condi t ions  : T: = 43.g0c, Ta = 3s0c, Te = 36.3 '~ 

- - 
l o s s ,  t op  

* - - 
back 

* - - 
l o s s ,  

~ ( T ~ - T ~ ) / X  ; x = i n s u l a t i o n  thickness = 0.0508 m 

k = i n s u l a t i o n  thermal conduc t iv i ty  



When t h e  surrounding ambient i s  blackbody a t  3 4 ' ~ ,  

= 0.039(63. 7 - 34110.0508 = 22.8 Wlm 2 'back 9 

= 176.82 + 22.8 = 1991.62 W/m L 

' loss 


