
D OE/ET/20279-93 
Distribution Category UC-63d 

ANALYTICAL PREDICT1 OF THE PERFORMANCE 

OF AN A I R  MA1 FIAT-PLATE COLLECTOR 

30 April 1980 

MASTER' 
# h s m c h m  Institute of Technology 

Lincoln kborertq 
Lclcingbm, h d u s s h  02173 

Prepclred For 
THE U .S . DEPARTMENT OF ENERGY 

UNMR CONTRACT NO. M>mT/20279 



DISCLAIMER 

This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights. Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof. The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 

Portions of this document may be illegible in 
electronic image products. Images are produced 
from the best available original document. 



This book *as prepared as an acamt  of w& by an agency of the 
United S t a b  Govmment. Neitber the United Wes Govemamt nor my 
agency thereof, nor any of their m~loyeerc, d e o  any warranty, e v e  tl 
implied, or essumea my legal liabihty or respoasibility for tbe accuracy, 
completeness, or usefulness of aoy informath, apparabos, pdact, or pmcess 
disefoaed,or represeats teat i ts use w d d  wt iafrinm privatefy m e d  rights. 
Reference berein to any specific commercial &ct, process, or mice by 
trade name, tredaraadr, manufactmet, or otherwise, does not necagsariIy ccm 
stitute m imply its endorsement, recornmeadation, or favoring by the United 
States Government or any agency Ulereab. The views and opinicms of authors 
expresd berein do not necessarily state or mfletct &ow of the Uaited States 
Goverament ar aay agency themof. 

Additional copies available from the N a t i d  Technical 
Infomatian Service, U.S. Deportment o f ~ ~ e ,  
Springfield, V i a  22161. 

Rice: Paper Copy S4OO 
Yicrofidse $3.00 



ANALYTICAL PREDICTION OF  THE PERFORMANCE 

OF AN AIR PHOTOVOLTAIC/THERMAL FLAT-PLATE COLLECTOR 

. . 30  April 1980 

Massachusetts Institute of Technology 
Li,ncoln L,aboratory 

Lexington, Massachusetts 02173 

DISCLAIMER 

Neither tho United S l a t s  Government mr any a p e w  thereof. mr any of their employees. makerany 
wrranly. exprm or implied. or arpvmr any lwl liability or r=wntibililv lor !he srmracy. 
ComPletcoes. or uselulnerr o f  any informalion, apwralul. product. or - dialsed. M 
reprmnlr lhai its ure Wvld not infringe DriMlely owned rights. Reference herein to any specific 
mmmlciaf omdun. waen. or service by trade wme. trademark. manufacturer. or Otherwise. doer 
"01 n-rilv mnll i tule or imply it$ endorsement. remmmendalion. or favoring by tho uniied 
S L I B  Governmnt or anv a s c v  rhereol. The view and opinions of avlhorr exprpued herein do mi 

Prepared For 

THE U.S. DEPARTMENT OF ENERGY 
UNDER CONTRACT NO. DOE/ET/20279 



THIS PAGE 

WAS INTENTIONALLY 

LEFT BLANK 



Abstract 

A one-dimensional analysis developed by M.I.T. 
Lincoln Laboratory predicts the electrical and thermal 

performance of an air photovoltaic/thermal flat-plate 

collector. The analysis compares well with test mea- . 

surements, predicting the thermal efficiency to within 

2 percent. From the analysis, the poor thermal per- 
formance of the collector is attributable, in part, 

to the large undulations of the cell/silicone pottant 

.surface in contact with the flowing air that results 

in less effective convective heat-transfer areas 

between the cell and the aPr. 
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Fig .  1. Air photovoltaic/thelmal i u l l . e ~ t u r  cross section. 



.-- ANALYTICAL PREDICTION OF THE PERFORMANCE 

OF AN AIR PHOTOVOLTAIC/THERMAL 

FLAT- PLATE COLLECTOR 

Introduction' 

Combined photovoltaic/thermal (PV/T) flat-plate collectors 

provide an.attractive alternative to simple thermal or photovol- 

taic solar energy conversion. This report describes a numerical 

method to predict the thermal and electrical performance of one 

such collector, an air PV/T collector, currently under test at 

Lincoln Laboratory (Fig. 1). The collector consists of two glass 

covers with photovoltaic cells mounted on the underside of the 

inner glass cover. The cells, circular in shape are the primary 
absorber of the incident insolation. A black aluminum plate 

placed below the air-flow channel receives insolation passing 

between the cells. A sufficient amount of thermal insulation on 

the back of the plate keeps back-heat losses small. 

Test measurements on the PV/T collector have been obtained 

at both Sandia Laboratories by Biringer and smith1 and at Lincoln 

Laboratory by ~endrie. Analytical solutions to simple thermal 

collector performance are available from the classical analysis 

ofHottel and whillier3 and have since been extended to PV/T col- 
4 lectors by Florschuetz. In Florschuetzls analysis, the solar 

cells are tacitly assumed to have a 100-percent packing efficiency. 

Further, the cells and absorber plate are modeled as a uniform 

temperature composite. In the PV/T collector, the packing 
efficiency is 63 percent, and a 0.28-inch air gap separates the 

bottom of the cell from the collector plate. It is therefore not 

evident that Florschuetzls analysis is directly applicable to the 

air PV/T collector. In fact, Florschuetzls analysis, together 

with the use of Kleinls overall collector loss coefficient, 5 

overestimates the measured thermal efficiency by as much as 10 



percent. This report extends Florschuetz's analysis to the PV/T 

collector where the packing efficiency is less than 100 percent 

and the cells are at a different temperature .from the collector. 

The analysis developed has the added feature of being functions 

of the various collector component heat-transfer coefficients: 

radiation, conduction, and convection. Several of the radiative 

heat-transfer parameters were obtained by -direct measurements. 

This analysis can, therefore, be used in making a parametric 

'study of the collector constituents and its infl11enr.e nr? the 

~ullector performance. 

'l'he next Section describes the model and t .he  relevant 

equations used. The last Section compares the result of the 

analysis with teat measurements and infers some con.clusions on 
the design of the collector. 

Formulation and Assum~tion of Model 

Heat-transfer processes in the collector are represented 

pictorially in Fig. 1. The model used follows closely that of 
Hottel. It neglects edge losses and it consists of one-dimen- 

sional heat-transfer processes that are describ,ed in, the next 

two s u b s e c t i u ~ ~ s .  

1. Collector Overall Heat Transfer 

Insolation, I, is transmitted through the two glass covers 
(transmi~sivit~ = 'I absorptivity = O), part of which is absorbed 

g ' 
by circular cell surfaces (absorptivity-to-visible light - ac) 
while the fraction transmitted between the cells is absorbed by 

the thermal absorber plate. The cell diameter, 2s = 3 inches,, 

is large compared to spacing between them., 2S1 = 0.1 inch. The 

absorptance- to-visible 1,ight is large for the cell (0.89) and 

the thermal collector (aR = 0.88). Therefore, neglecting inter- 

reflectfon of insolation between the cell and glass covers and 

the cell and thermal absorber plate, the average insolation 



absorbed by the cells and thermal receiver per unit cell/glass 

area are IT a p and IT T a (1 - p), respectively. Here p is the 
g c g P R  

cell packing factor (based on cell envelope area) defined as 

ns2/(s + s ~ ) ~ ,  while r is the transmittance-to-visible light of 
g 

the pottant'filling the space between cells. 

If qe is the cell electrical efficiency, then Ii a q p is 
gee 

the electrical energy produced per unit area of the cell/glass 

interface, while the balance, IT a (1 - Te)p, is released by the 
g c 

cell as therma.1 energy. This energy is partly lost by conduction 
- 

to the top of the lower glass cover, Kg(Tc - T )/dg, where Tc, 
83 

T are the average temperatures of the cell/pottant composite 
83 

and top surface of lower glass plate while K d are the glass 
g' g . 

thermal conductivity a.nd thickness. The conducted thermal energy 

is transferred to the top glass cover by natural convection and/or 
- - - -4 conduction, hg3(Tg3 - Tg2), and by radiation, a E o ( ~ ~  - TgB). 

gI g g3 
Here T and T are the bottom (upper surface) and top glass 

83 82 
(lower-'surface) temperatures, h the. natural convection and/or 

83 
conduction coefficient between glass covers, and a. and E are 

gI g 
the infrared absorptance and emission of glass. Inter-reflection 

of infrared radiation between the glass covers is neglected as, 

is close to unity. The heat transfer in the air'gap is 
g.1 

purely conductive for small air-gap.thicknesses; with increasing 

air-gap thicknesses, natural convection in the air gap becomes 
5 the dominating heat- transfer mode. Fulluwi~~g Buchbei-g, et al. , -- 

the convective heat-transfer coefficient, 
hg3 

, is given as: 

= 1 for Rad < 1700 

Here, d and KA are the air-gap thickness and thermal conductivity, 

and Rad is the Rayleigh number based on d. 



Thermal energy i s  then  conducted through t o  t h e  t op  g l a s s  
- 

cover  s u r f a c e ,  K (T  - T ) /dgl ,  from where i t  i s  r a d i a t e d  o u t ,  
g  g l  

E CT T~ 
82 

g  g l '  
and convected away, h  (T - T ) .  Here, d  i s  t h e  t o p  

g  g l  81 
g l a s s  cover  t h i c k n e s s ,  t h e  . g l a s s  cover  t empera ture ,  Ta t h e  

ambient  t empera ture ,  and-h t h e  g l a s s  cover  convec t ive  h e a t -  
g  

t r a n s f e r  c o e f f i c i e n t .  Following S t u l t z  and h  i s  a v a i l a b l e  
g  

a s :  

0 
where h has t h e  u n l t s ,  watt/m2 OK; t h e  t empera tures  a r e  i n  C, 

g  
and t h e  wind v e l o c i t y ,  V, i s  i n  m/sec. 8 i s  t h e  module i n c l i n a -  

t i o n  t o  t h e  h o r i z o n t a l .  Kadia t ion  from t h e  sky t o  t h e  t op  g l a s s  
4 cover  i s  g iven  by a o(Ta - 3) where Ta - 3 i s  assumed t o  be t h e  

s k y  temperarure. 
g I  

The ba l ance  of t h e  t h e r m a l  energy r e l e a s e d  by t h e  c e l l  i s  
convected away by t h e  f lowing a i r ,  Q c ,  and p a r t l y  r a d i a t e d  t o  

4 t h e  thermal  c o l l e c t o r  p l a t e ,  arRIccoTc ; a c I  E K o~~ R ' -  whi le  t h e  

p l a t e ,  i n  t u r n ,  t r a n s f e r s  energy t o  t h e  f lowing a i r  by convec t ion ,  

QR. Here TR i s  t h e  average thermal  c o l l e c t o r  p l a t e  t empera ture ,  

and hc i s  t h e  convec t ive  h e a t - t r a n s f e r  frnn! t h e  c e l l / p o t t a n t  com- 
, . 

p o s i t e  t o  t h e  f lowing a i r ;  E ~ ,  a R I ,  and E ~ , ( Y ~ ~  a n r e  t h e  emi,. .ssi ,vity 

and i n f r a r e d  abso rp t ance  of  t h e  thermal c o l l e c t o r  and. r . e l . l / i o t t a n t ,  

r e s p e c t i v e l y .  Here, i n t e r - r e f l e c t i o n  of  i n f r a r e d  r a d i a t i o n  be-  

tween t h e  c e l l s  and .thermal c o l l e c t o r  has  been neg l ec t ed  s i n c e  

a and a a r e  c l o s e  t o  u n i t y .  Heat i s  l o s t  from t h e  thermal  R I  C I  
c o l l e c t o r  p l a t e  through t h e  back i n s u l a t i o n  t o  t h e  atmosphere.  

Th is  l o s s  i s  n e g l e c t e d  i n  t h i s  a n a l y s i s .  O n  t h e  b a s i s  o f  t h e  

r e s u l t s  t h u s  o b t a i n e d ,  i t  i s  es t i lnated t h a t  t h i s  would r e s u l t  i n  

o v e r e s t i m a t i n g  t h e  c o l l e c t o r  thermal  e f f i c i e n c y  by l e s s  t han  1 

p e r c e n t .  

' l ' r ans la t ing  t o  e q u a t i o n s :  
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dTf lacp a T -  = VJ (qc * qR) (6  1 

where x is the coordinate along the channel length and w is channel 
width. qc and qR can be expressed as: 

qc = hc (Tc - Tf) (7 

where hc and hR are the convective heat-transfer coefficients of 

the cell wall and the thermal collector plate. Here, the effect 

of axial heat conduction on the cell/glass and thcrmal collector 

plate (opposite to flow direction) is neglected. Following Kays 8 

where the value for the Nusselt number for fully developed 

laminar velocity and temperature profiles between parallel plates 

is tabulated, it is assumed that h, and h R  are given by: 

where KAA9dA are the thermal conductivity and h e i g h t  o f  the air in 
ehe 'channel, and a! is a constant whose v a l ~ ~ n  ran range from 0 to 1; 

It is used to incorporate the fact that the,cell surface has 

large undulations normal to the air flow that could have a detri- 

mental effect on the heat transferred to air by the cell surface. 

Substituting Eqs. (7) and (8) in Eq. (6) and integrating 

across the channel length, 2 ,  for the final air temperature, Tf-, 
yields: 

T,, = ITfi- 

where Tfi is the incoming air temperature. The average heat trans- 

fer per unit channel length to the air flow from the cell surface 



and the thermal collector plate, Qc, QR, to be used in Eqs. (1) 
and (2) can be evaluated as: . . 

to yield 

j = c , R  (11) 

The collector thermal and electrical efficiencies are then defined, 

respectively, as: 

and 

where AT = Overall module area 

N = Total number of cells in' the module. 

Equations (11) together with (1)-(5) constitute seven equations 

in seven unknowns and are solved on the computer. The approach 

used in solving these equations was to assume a value of Q c ' 
solve for various temperatures, and check to see i f  it yields 
the assumed val1.1n Qc. A Newton-Raphson iteration technique is 

used to yield the values of the seven unknowns. Typically, the 

solution converges in about six iterations.. 

The various parameters used in the calculations. are 

listed in Appendix A. Some have been obtained from tables, while 

s.ome, specifically the radiative coefficients, were measured. 

Results 

Figures 2 and 3 show the theoretical electric and thermal 

efficiency for the air PV/T mod.u.1.e. , Superimposed are the experi- 



2 mental results. Calculations were done for I = 1 kw/m , 

Ta = 295O~, a = 0.5, and varying values of Tfi. The analysis 

predicts both the electrical and thermal efficiency quite 
accurately. Thermal efficiencies were calculated both with and 

without electrical power and differ from test measurements by 

less than 2 percent. More importantly, the slope of the thermal 

efficiency curves, which is a measure of the collector overall 

loss coefficient, is simulated quite accurately by the analysis. 

Figuro 4 i3 again 'd cu~aptirison of calculated thermal 

efficiencies with test measurements for the same parameters as in 

Fig. 3, except that two values of a, 1,O and 0.5, are used. Thc 

thermal performance of the collector, can be increased by about 

10 percent by improving the heat transfer between the cell and 

air flow. A visual examination of the cell/pottant surface (using 
photographs) reveal a large amount of undulations in the surface 

normal to the air flow directions. These undulations lead to 

large recirculating flow regions, resulting in reduced heat 

transfer between the air flow and the cell. 

N O R M A L I Z E D  TO O V E R A L L  COLLtCTIO# A R E A  
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Fig. 3. Module 
thermal efficiency, 
comparison of analysis 
and test measurements. 

Fig. 4. Effect of a 
on the module t h e m 1  
.efficiency . 

o EXPERIMENT WlTH ELECTRICAL POWER 
W 

10 ' EXPERIMENT WITHOUT ELECTRICAL POWER 

- ANALYSIS WlTH ELECTRICAL POWER 

- - ANALYSIS WITHOUT ELECTRICAL POWER 

- - ANALYSIS WlTH ELECTRICAL POWER 



Conclusions 

An analysis that is an extension of Plors'chuetz's anal- 

ysis, has been developed for a PV/T air collector. The analysis 

indicates that a marginal improvement in the thermal efficiencies 

can be anticipated by eliminating large undulations on the cell/ 

! pottant surface. 

Future PV/T collectors could yield higher thermal effi- 

ciencies by the following modifications: 

a .  Heat lossos through tkc tap cove1 glasb Lu Lhe ambi- 

ent air is made up of, typically, 60-percent radia- 

tive alld 1'10 percen-c of convective losses. Cvnvective 

losses nlay be reduced, it i,s conjectured, by a series 

of crisscrossing grooves an the Lup glass cuver. 

These grooves aid in the formation of recirculation 

zones in the ambient air flowing over the surface, 

and therefore, reduce the effective convective heat- 

transfer coefficient of thc glass surface. 

b. Elimination of large undulations on the cell/pottant 

surface normal to the flow direction. 

L .  The xir f l o w  Through the channcl is.laminar, Trip 
w i r e s  on Llle walls normal to the air ilow can be used 

to make it Lurbulerrt. Furrher, both the 'absorber 

plate and cell/pottant su+face can be made rough to 
enhance heat transfer. Also, fins along the flow 

direction will increase heat transfer. 

d. The limited data of Buchberg, suggests that 
r 

there exists an optimum, cell-to-glass cover air-gap 
L 

height for which the thermal conductance-to-heat loss 

is a minimum. This height is critically dependent 

on the cell-to-glass temperature difference. For the 

calculated temperature difference of 8' to 1 7 O ~ ,  

corresponding to insolation values between 50 to 



2 100 mw/cm , this height is greater than 5 cm as 
opposed to 1.27 cm in the design tested. This change 

is expected to reduce top losses by over 10 percent. 

e. The thermal resistance between the cells and the air 

flow must be kept as small as possible. This can be 

done by minimizing the epoxy thickness on the cells. 

v The traditional epoxy-silicone RTV has a thermal 
0 conductivity, K, of 0.002 watts/cm C. However, 

b 
several high-thermal conductive, high-dielectric- 

strength, high-transmissivity epoxies are available 
0 with K ranging from 0.008 to 0.016 watts/cm C. Use 

of these epoxies in place of the silicone pottant, 

would ensure a low thermal resistance between the 

cells and air flow while ensuring electrical insula- 

tion. 
, .  

. . The following are two additional devices, whose cost- .* . 
effectiveness is in question, to inc.rease the thermal and electri- 1 

, . .  

cal performance of the PV/T collector: 

a. Use of anti-reflective coatings on the top surfaces % : 

of the two glass covers. These coating are made of 

magnesium fluoride and bismuth oxide and reduce re- 

flection of insolation substantially. 

'b. Use of selective black coatings of black nickel or 

chrome O i l  the thermal collector plate. .These coat- 

ings are almost perfect absorbers of insolation and 

have a very low emissivity. 
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Appendix A 

A Gier Dunkle model MS3 reflectometer for visible light 

was used together with a backing (for .transparent surfaces) of 

mirror or a.black surface, to measure the absorptivity and trans- 

missivity of various su.rfa.ces to visible light. A model DBlOO 

Gier Dunkle reflectometer for infrared l'ight was also used to . 
* meaure the emissivity of various surfaces. The result of the 

measurements 'are: 
b Glass cover absorptivity (visible light) 0 

Transmissivity through.two g.lass covers 0.86 

0 .  Glass cover emittance 0.87 

Cell absorptance (visible light) 0.89. 

Cell emittance 0.92 

Silicone pottant transmissivity 0.72 + 

Thermal collector absorbance to visible light 0.88 

Thermal collector emittance 0.87 

Other parameter values used: 

Glass thickness 0.48 cm 
Air, space 'thickness , ,  1.27 cm 

e Air channel height 0.7 cm 

Air channel width 85 cm 

. Air channel length 153 cm 

Cell diameter 

Cell sp.acing 

e Glass absorptance to infrared radiation 1.0 

Cell absorptance to infrared. radiation 0.87 

Thermal collector absorbance to infrared 0.87 
radiation 

Thermal conductivity of air 

Thermal conductivity o f  glass 



T 
ref 

Module inclination 
. , 

Wind velocity ' 

Air mass flow rate 

Viscosity of air 

Prandtl number for air 

Specific heat for air 

Total numbe'r of cells in module 

Overall module area 

318'~ 

55 degrees 

2.2 m/sec 

0.0186 k'g/sec 




