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ABSTRACT

Two separate one-dimensional analyses have been developed for the
prediction of the thermal and electrical performance of both liquid and air
flat-plate photovoltaic/thermal (PV/T) collectors. The analyses account
for the temperature difference between the primary insolation absorber (the
photovoltaic cells) and the secondary absorber (a thermal absorber flat )
plate). The results of the analyses are compared with test measurements, and
therefrom,design recommendations are made to maximize tﬁe total energy extracted

from the collectors.’
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NOMENCLATURE ECr Heat Conducted From PhotovolEalc Cells to
Thermal Absorber Plate, w/cm

Ac Cell Envelope Area, cm2

ECt Ther?al'Energy Released’by Photovoltaic Cells,
At Gross Collector Area, cm2 w/cm
Cp Specific Heat of Working Fluid, J/kg°k F  Collector Fin Efficiency
D Outer Diameter of Tubes in Liquid Collector, F' Collector Efficiency Factor
cm
hc Cell-Glass Composite HEat—Transfer Coefficient
. 2 ry " -
Di Inner Diameter of Tubes in Liquid Collector, in Alf Collector, w/cm” °C
cm

h Top Elass Covef Heat-Transfer Coefficient,

d Air Gap Height Below Top.Glass Cover, cm 8 w/em"°C

d Air Channel Height in Air Collector, cm h. Heat-Transfer Coefficient between TuBe Wall

a 1 and Liquid in Liquid Collector, w/cm“°C

d_ Thickness of Pottant in Liquid Collector, cm’ . . . .

P hr Absorber-Plate Heat—Transfer Coefficient in
dr Thermal Absorber-Plate Thickness, cm ) . Air Collector, w/cm °C

) - L. 2
Ec Inso}ation Absorbed by the Photovoltaic Cells, - - hcg Air-Gap Heat-Transfer Coefficient, w/cm” °C .
w/cm

) I Insolation, w/cm2
E Energy Loss Flux From Collector, w/cm o
K_ Thermal Conductivity of Air, w/cm°C
E Insolation ébsorbed by Thermal Absorber

* Plate, w/cm Kp Thermal‘Conduccivity of Pottant, w/cm°C
E _ Radiant Energy Flux to Thermal. Absorber I Kr TherTal Conductivity of Absorber Plate,
€8 plate From Photovoltaic Cells, w/cm ) w/em®C
E o Electrical Energy Produced by Photovoltaic . £ Cell Envelope Length, cm

Cells, w/cm

—_— ' m Total Mass Flow Rate of Working Fluid Through
*This work was sponsored by the U.S. Department of Collector, kg/s

Energy. .
+To be presented at the ASME Winter Annual Meeting,
Chicago, Illinois, 16-21 November 1980.:
++The U.S. Government assumes no responsibility for
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P Cell Packing Factor, Defined as Ratio of
Total Cell Area to Cell Envelope Area

Total Collector Heat-Transfer Rate to Working
Fluid, w
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Total Cell-Glass Composite Heat-Transfer
Rate to Air Flow, w

Total Absorber-Plate Heat-Transfer Rate to
Air Flow, w

Cell-Glass Composite Heat-Transfer Rate to

Air Elow, per Unit Cell Envelope Area,
w/cm

“

AbsorberﬁPlate Heat-Tran§fer Rate to Aif
Flow, per Unit Cell Envelope Area, w/cm

Air-Gap Rayleigh Number

Local Fluid Temperature, °K
Inlet Fluid Temperature, °K
Outlet Fluid Temperature, °K

Reference Temperature at which Cell
Efficiency no is defined, °K

Average Cell Temperature, °K

Average Front-Glass Temperature, °K
Average Absorber-Plate Tempgratufe, °K
Collector Loss Coefficient, w/cm2°K

Wind Velocity, m/s

Center-to-Center Spacing between Tubes in
Liquid Collector, cm

Cell Envelope Width, cm
Cell Absorptance to Visible Light

Thermal Absorber-Plate Absorbtance to
Visible Light

Cell Absorptance to Iﬁfrafed Light

Glass Absorptance to Infrared Light
Absorber—Piate Absorpténce to Infrared Liéht
A Coﬁstént ranging frém 0 to 1. Used to
indicate Effective Decrease in Cell-Glass

Heat-Transfer Area to Air Flow

Change in Cell Efficiegiy per Unit Cell
Temperature Change, °K

Cell Emissivity in Infréfed Réngé
GlassJEmissivity in infraredARange
Absorber-Plate Emissivit§ in Infrared Rangé‘
Single-Cell Efficiency with Encapsulation

Electrical. Efficiency of Collector

Thermal Efficiency of Collector

Reference Cell Efficiency at Temperature To:

. keeps heat losses small.

6 Collector Inclination
- y 20,4

o Stefan-Boltzmann Constant, w/cm™ °K
T Glass Transmissivity to Visible Light (one

g and two glasses for liquid and air collector,

respectively)
7; Transmissivity of Pottant to Visible Light
INTRODUCTION

Combined photovoltaic/thermal (PV/T) flat-plate
collectors provide an attractive alternative to units
that collect either thermal or electrical energy,
especially when space limitations and installation
costs are of primary concern. A conceptual design
study of combined PV/T collector heat-pump solar
systems for a single-family residence. shows that they
can be economically competitive in cold climates such
as the northeastern and northcentral regions of the
U. S. Numerical methods predicting the thermal and
electrical 'performances of two typical PV/T collector
designs, one liquid and the other air, are described
here. Such PV/T collectors have been the subject of
considerable study at MIT Lincoln Laboratory. The
analyses use heat-transfer properties--radiative,
conductive and convective--for each collector
component, thereby facilitating the study of collector
constitutents and their influence on collector
performance.

Fig. 1 depicts a cross section of the liquid PV/T
collector. It includes a top glass cover separated
from the photovoltaic (PV) cells by an air space.

The cells, which are the primary absorber of insolation,
are separated from the secondary absorber, a painted
aluminum plate, by a layer of electrical insulation.

Tubes attached to the back of the thermal absorber
carry the working fluid. Thermal insulation on the
side and the back of the PV/T collector keeps heat
losses small. Fig. 2 depicts a cross section of the |
air PV/T collector. It consists of two glass covers
with photovoltaic cells mounted on the underside of
the inner glass cover. The cells are again the
primary absorber of the incident insolation. A
black-painted aluminum thermal absorber plate placed

. below the air-flow channel receives insolation passing

between the cells. Again, a sufficient amount of
insulation on the side and back of the PV/T collector
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FIG. I: LIQUID PV/T COLLECTOR
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Test measurements on such liquid and ai PV/T
, at

collectors have been made by Bir}nger, et al
Sandia Laboratories and Hendrie, *" at MIT Lincoln
Laboratory. Analyticali solutions to thermal collector
performance availab%e from the classical analysis of
Hottel and Whillier~ have been extended to these PV/T
collectors by Florschuetz A key feature of the
Florschuetz analysis is the modeling of the photovol-
taic cells and absorber plate as a composite with
uniform temperature. However, following the test
measurements of Hendrie , there appears to be a
considerable temperature difference between the PV
cells and the thermal absorber, about 12°C for liquid
and 8°C for air PV/T collectors. For the liquid PV/T
collector, this temperature differential is .
attributable to the large, thermal resistance provided
by the currently used electrical insulation, silicone
pottant (thermal conductivity, 0.002 watts/cm®Cy
thickness = 0.5 cm), between the PV cells and the
thermal absorber. For the air collector, this ’
differential results from an undulated cell-glass
surface ' having a much lower heat-transfer coefficient
to the air flow in the channel than a smoother thermal
absorber surface. It is speculated that these large
undulations on the cell surface create large recircu~
latiou regions on the cell-glass surface, resulting

in very poor heat transfer from the cell to the air
flow. 1In fact, Florschuetz's analysis overestimates
by more than 10% the thermal performance data of
Hendrie, for both liquid and air PV/T collectors.

“he analyses described herein--extending
Florschuetz's analysis and predicting test measure-
ments more closely--account for the PV cell to
absorber-plate-temperature difference. The next
section describes the model and the relevant equations
used. The last section compares the result of the
analvses with test measurements, and therefrom, draws
some conclusions on the design of PV/T collectors.

FORMULATION AND ASSUMPTION OF MODEL

The analytical model used for both ‘air and liquid
PV/T cpllectors closely follows the thermal model of
Hottel”. Edge and back heat losses are neglected and
the heat transfer in the collector is envisioned as .
the sum total of several one-dimensional heat-transfer
processes—-three for the liquid and two for the air
collector. These include the one-dimensional heat
transfer through the front glass cover to the primary
and secondary absorber, fin heat transfer between the
tubes (only for the liquid collector), and the heat
transfer to the working fluid from the collector

" [ L}
surface(s) in contact with it. At the outset, the
energy conservation equation is applied to each
collector component per unit cell envelope area to
yield a system of algebraic equations for the average
temperature of each collector component and the heat
transfer to the working fluid from the enveloping
surface(s). The Hottel fin model is then used to
calculate the fin heat transfer between tubes for the
1iquid collector. The heat transfer to the working
fluid from the collector surfaces enveloping the fluid
is then calculated assuming that each of these
surfaces is at a constant temperature, i.e., neglecting
heat conduction on these surfaces in a direction
opposite to that of the fluid flow.

Neglecting inter-reflection of insolation between
the various surfaces and absorption by the glass
surfaces, the net energy absorbed by the cell per unit
cell envelope area is

E = pac'rgl,
where I = the insolation incident on the glass
cover,
T = fraction transmitted through the front
& glass cover (and second glass surface
for the air collector) to the cell,
dc = cell absorptivity to visible light,
and p = cell packing factor defined as the

fraction of the cell envelope area
occupied by the cells.

Tnsolation incident between cells is transmitted
through the pottant and absorbed by the thermal
absorber. Again, neglecting inter-reflection of
insolation between the cell and the thermal absorber,
the energy per unit area absorbed by the thermal ’
absorber is

E = (1-p) 7ng°'rI’
where (xr = the absorptivity of the thermal plate
to visible light,
and 7'p = transmittance of the pottant.

From the insolation absorbed by .the cell, the
electrical and thermal energy per unit cell envelope
area produced by it are, respectively,
. -
Ece 77ep gI’

E =
ct

and (1-77e/ac) pa 71,

g

where Ue is the cell electrical efficiency.

Neglecting temperature gradients in the glass surfaces
of both liquid and air collectors, let T , T and T

be the average cell, absorber plate and glasg tempera-
tures. The thermal energy released by the cell is
then partly lost to the top cover glass by a combina-
tion of natural convection and/or conduction through
the air gap and radiation interchange between the
surface facing the top glass cover across the air gap
and the top glass cover. This loss .to the cover glass
is given by,



4 4
Eg = hcg(TC - Tg) +0¢gI éfOTc -ot, egch
vhere hC = the convective heat-transfer coeffi-
& cient in the air gap,
0 = Stefan-Boltzman constant,
ol = glass absorptivity (infrared region),
Eg = glass emissivity,
df = absorptivity (infrared) of the sur-
face facing the top glass cover
across the air gap (glass and cell
for the air and liquid collector,
respectively),
and ff = emissivity of the surface facing the

top glass cover.

Here absorption of infrared radiation by the air gap

is neglected as is inter-reflection of infrared
radiation across the air gap. For small air gap
thickness d, the heat transfer in the air gap is purely
conductive; with increasing values of d, natural
convection in the air gap becomes the dominating heat-
transfer mode. Following Buchberg,et a17, h is

; . cg

given as:
hegd = 0.157 ra®28%, for Ra>2 x 10°
Ka

and
hgd = 1 for Ra<1.7 x 10°
l(a

where 1(a = the thermal conductivity of air

and Ra = the Rayleigh number based on d.

This heat loss is transferred by the top glass
cover to the ambient air by a combination of natural
and forced convective heat transfer and radiant heat
exchange with the sky. It is given by

= = 4 4
E. = h(T-T)+€ oT -0 _o(T - 3)
L g g 'a g '8 gl(a
where Ta = the ambient temperature and
T - 3°C is assumed to be the
sky temperature,
and h = the convective heat-transfer

) g coefficient of the glass surface.

is available as:

1/3

Following Stultz and Wens, hg

h = [1.247 (T_- T)) cosé + 2.658YV,
g g ‘a .
where h_ has the unit,watts/m2°K; the tempera-
tfires are in °C,
V = the wind velocity in m/sec,
and . ® = the module inclination to the

horizontal. '’

The balance of the thermal energy reléased bf
the cell that is not lost through the front glass
cover is transferred to the thermal absorber plate
and working f£luid. For the liquid collector, the
pottant between the cells and the absorber plate is

4

opaque to infrared radiation and heat is transferred
from the cells to the absorber plate by conduction
alone.

It is given as:

K
- P (T =T
Ecr d (Tc Tr)
P
where dP = thickness of pottant,
énd . Kp = thermal conductivity of pottant.

For the air collector, the balance of the thermal
energy released by the cell which is not lost through
the front glass cover is partly convected away by the
air flow, q_ (per unit cell envelope area), while the
rest is radiated to the absorber plate:

= 4 = 4

P € T "% € T

where arI = infrared absorptance of the absorber
plate,
a 1~ infrared absorptance of the cell-
¢ glass composite, :

ér = emittance of the absorber plate,

and €. = emittance of the cell-glass composite.

Here we have neglected inter-reflection of radiation
between the absorber and the cell-glass face, as well
as absorption of any radiation by the air flow. The
absorber plate loses heat by convection, q (per unit
cell envelope area), to the air flow. An application
of the energy conservation law to each collector
component per unit cell envelope area yields the
following set of equations for the liquid collector:

4
= = 4
(1- 77e/otc) pachI —agI € 0T, 1 ego.'rg +
_ - KB _ -
hc (Tc - Tg) + d (Tc - Tr)’ 1)
P
_Z‘ 4 -
€ 0T -o . 06(T-3) +h (T-T) =
g%Tg 1 9T~ 3) g(g W)
K — -
(17ne/ac) pacTI——Ldp (Tc—Tr). (2)

The corresponding set for the air collector is

- =4 =4 = =
- = € - + -
Q 77e/o:c) P achI agI o(T, Tg ) hc(Tc Tg)

8
4
=4 = (3)
+qc+ar1 eCOTC acleroTr s
e 0T 4 -a_ o - +n(F-T1) =
g 4 gl a g 8 a
o ego(Tc -Tg ) +h (T - Tg), (4)

gl

«©



and
P = 4 = &4
(1-p) TgTParI +°'1:1 GCOTC A1 6r r

The cell electrical efficiency,” ,in equations (1) and
(3) is modeled by a linear relation,

n, o= [ —A(TC'—TO)], (6

where Uo , A and T0 are constants.

Besides equutions (1) and (2) for the liquid collector, .
an additional equation is obtained by considering the
fin heat transfer between tubes and the heat transferred
to the tubes_along the flow length. Followjing Hottel
and Whillier~ (see also Duffie and Beckman, ), the heat
transfer by tubes to the fluid at local temperature

T, is given as

f
- [ T
Q = wF [(1 -p I Tg Tp o, + g (Tc - Tf)], _(7)
p
with
%
L - .
wF X
P
-1
K 1
£ 0+ +  (7D;hy)
and P
F =2 de dr K w-D
K Tash g xa_ 7 2 ,
p prr
where
W = The center-to-center distance between
tubes of inner and outer diameter,
D, and D,
i
h, = the heat-transfer coefficient between
. the fluid and the tube wall,
and
Kr = the thermal conductivity of the

plate of thickness,dr.

It has been assumed here that the bond conductance
between the tube and the absorber plate is infinite.
Equating (7) to the useful heat gain by the fluid in
the tube per unit flow length”, and integrating the
resulting equation over the entire collector length,
2, the total heat transferred to the fluid in terms
of incoming fluid temperature,Tfi,is

fc a K F'A
i R
P . P P

Q:
1-p IT T o + KB (T S A I
g p T 3 c £ijl ,
R P f®
where .
m = the total mass flow rate through the
collector,
CP = specific heat of the liquid,

and

A =

c cell envelope area W.

However, the total heat transfer to the fluid is also
given as,

= KoF -7 -
Q= A 2 T, -Tp+ Q- I7 10
P

(9

: Equating_(é) and (9) provides the additional relation

between T and T ‘
¢ r

For the air collector the flow passage is a
channel and so there is no fin heat transfer. Pro-
ceeding as for the liquid collector, the total useful
heat gain by the air flow, Q = A (q_+ q ), is

. c c bd
obtained as:

= = °
Qg = 948 = ANy Td - (ﬁEES.+ hTPo. mG
¢ ¢ : h +h (h +h ) 2 W
c r e r
-LW(h + h))
(hT +hT) | fer5—T
Tf.- cc r'r mC
. h +h e P ’
c r
d=c¢c,r, (10)
where
hc = the heat-transfer -coefficient of the
cell-glass composite,
hr = heat-transfer coefficient of the
absorber-plate surface,
L = cell envelope length
and W = cell envelope width,
with A = LW,
. c

Following Kayslo, where the valuz for the Nusselt
number for fully developed laminar velocity and
temperature profiles between parallel plates is
tabulated, we assume that hr and hC are given by,

2h d, ~ 2hd,
K = X = 7.54
a a
where da = height of the air channel.

Thus equations (1),_(2)_and (8-9) provide 3
equations in 3 unknowns T , T , and T_ for the liquid
collector while (3), (4),E(S)§and_(10f provide 5
equations for 5 unknowns T , T , T , Q , and Q .
Solutions. to each set of e%uat%onsrwere obtained on
the computer using a Newton-Raphson iteration tech-
nique. The procedure used was to assume a cell
temperature, calculate all -the other unknowns and
finally the cell temperature. If the calculated cell
temperature yields thec same value as the assumed
temperature, the solution has converged. Typically,
the solution converged in about 6 iterations. From
the solutions, the collector thermal and electrical

efficiencies, J7therm and 77elec’ are obtained as
=
ntherm IAt

)



where At is the gross collector area.

RESULTS

The analyses were uced to examine the electrical
and thermal performance of the liquid and ajr,PV/T
collectors tested at MIT Lincoln Laboratory™’ under
ASHRAE 93-77 standards. Table I shows a listing of
the various parameters of the PV/T systems used;
namely geometry, thermal and flow properties. The
wass flow rate for the air collector was 0.0186 kg/sec,
while for the liquid collector, where propylene glycol
(C_ = 2.47 kJ/kg°C) was the working fluid, a mass flow
rate of 0.035 kg/sec was used. Calculations were done
for wind veiocity of 2.2 m/sec and module inclination,
55°. Figs. 3 and 4 show the analytical results for
ntherm’ the thermal efficiency for the liquid and air

collectors, respectively, for collector operation
with concurrer.t electrical energy collection fron the

PV cells. As done for conventional solar thermal
;ollfc;ors, ntherm is plotted as a function of
—ﬁl—i—~i—— The method used to generate the

efficiency curves was to vary T.., keeping I = 1 kw/mz,
T = 295°K. For the liquid colféctor, due to problems
ot accessibility, :he silicone pottant thickness
(thermal conductixitm K = 0.0C2 Watts/cm°C) could
only be estimated to be between 1 to 5 mm and so
calculations were done for both d_ = 1 mm and 5 mm.
For the air ccllector, a visual examination was made
(using photogravhs) of the cell-pottant surface.
It revealed an =xcessive application of pottant
around the cell circumference causing formation of
large ridges on the cell back surface. Further, with
the cells affixed to the glass surface, the cell
presents a series of steps past which circulating air
flows. The flow recirculates in these step-like
regions, reducing the heat transfer from the cells
and the glass. .This reduced heat transfer is
accounted for by scaling down the heat-transfer
coefficient, 2h, = 7.54 Ka,by a factor 8, where B8 is a

d

a

constant whose value lies between 0 and 1. Calcula-
tions for the air collector were done for B = 0.5
and, for comparison, B = 1.

Fig. 3 shows that for the liquid collector the
thermal efficiency curve generated from the analysis
matches test data satisfactorily for a pottant thick-
ness,d ,of 5 mm. For d = 1 mm, the anzlysis over-
predicgs the values of i over test data, even
though the slope of the Eggrgurves, a measure of the
collector loss coeffizient, U ., is relatively un-
affected. Fron the analysis, it appears that the
thermal efficiency of the iiquid collector decreases
by about 2% for every mm increase in the silicone
pottant thickness with the loss coefficient,U., being
almost a counstant. Table II compares the computed
heat-transfer coefficients between various collector
surfaces. Not unexpectedly, the value of U, is close
to values ‘for corresponding solar thermal collectors.
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Fig. 4 for the air collector shows that the
results of the analysis match test data satisfactorily
for B = n.5. When 8= 1, the thermal efficiency
increases by about 10%, without affecting U .. This
then represents the thermal gain by ensuring the
entire cell-glass composite transfers heat to the air,
flow. The air PV/T heat-transfer coefficients com-
puted from the analysis and test data for this
collector are shown in Table II.
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Fig. 5 siows the air (8= 0.3) and liquid
(d = 5 mm) collector electrical efficiencies, n lec’
coEputed frem experiment and analysis, plotted 85°§
function of average fluid temperature in the collector,

T + T

fo fi . The analyses again compare well with

test %easurements. We note that ﬂe e varies with )
respect to its value at the cell re%erence tempera-
ture by less than 17% over the range of 0 to 50°C for
(Tf. + T_ )/2. This variation depends on the value of
A } the ghange in cell}.efficiency with cell tempera-
ture. Following Hovel™ ~, for typical cell efficiencies
of 12% at room temperature, 4 varies between 0,0033 to
0.005 for conventional silicon cells with 1-10 ohm-cm
resistivities. Therefrom, 17% represents a typical
upper bound to cell electrical efficiency changes
for (Tfo + Tfi)/Z variations from O to 50°C.
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PV/T COLLECTOR QOMPONENT PARAMETERS

TABIE 1

Paraneter Liquid PV/T Collector Alr PV/T Collector

Cell Envelope/ Tocal
Collector Ares 0.82 . 0.81
Length x Width

190 ca x B4 cm 149 co x 85 em

Packing Factor 0.91 0.78

Cell Conscants
,, 0.108 0.118
v 3015 K_,
N -0082° K .0036° K

Tube Dismecters
>

D

Alr Cap Hetght

Absorber Plate
‘Thickness

Ar Plow Channel
Hetght — 0.71 cm

Class Transmittance 0.89 0.88
Pottant Transaitrance 0.85% 0.85

Absorptance (visible,
infrared), Eatetance

Cell:
o 0.893
a X
e 0.86

Glass:
ag o o
Sg1 1.0 1,
cg 0.86 o.

Al :
“:lorbnr Plote 0.9 0.
ag - 0,
Cr

TABLE 11
*
COMPUTED HEAT-TRANSFER COEFFICILENTS *

Experimental Analysis
Alr PV/T Callector
U, 7.2 6.2
Collector Heat Removal Factor 0.57 0.54
Ta 0.60 0.61
h 6.12 6.0
c .
Liquid PV/T Collector
.77 .
0% ) 6 6.9
Collector. Heat Removal Facctor 0.65 0.65
Ta : . 0.68 0.¢5
K /d 24,9 40.
PP . .

+ In watts/m2°c

* Based on Cross Collector Area

CONCTL.USIONS AND RECOMMENDATIONS

Analyses have been developed for liquid and air

" PV/T collectors that compare well with available test

data. From results of the analyses, it appears that
the thermal performance of currently available
collectors can be improved markedly by the following
modifications to -existing PV/T collector designs:

(1) Heat losses through the top cover glass to
the ambient air typically are made up of
60% radiative and 407 convective losses.
Convective losses may be reduced, it is

‘conjectured, by a series of crisscrossing
grooves on the top glass cover. 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 the
glass. surface.

The limited data of Buchberg, et al,

suggests that there exists an optimum, cell-
to-glass-cover air-gap 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 17°C, correspondin% to insolation values
between 50 ‘to 100 mw/cm~, this height

should be greater than 5 cm as opposed to
1.27 cm in current designs. This change is
expected to reduce top losses. However,

care has to be taken to prevent shadowing

of the photovoltaic cells.

(19)

(iii)The thermal resistance between the cells  and
the working fluid must be kept as small as
possible. For the liquid collector this
thermal resistance is represented by the
electrical insulation between the cells and
the absorber plate, while for the air
collector it is the epoxy applied at the



back of the cell insulsating it from the air
flow. In both cases, the traditional insula-
tion used is silicone pottant, which has a
thermal conductivity, K, of 0.0002 watts/cm°C.
However, several high thermal conductivity,
high di-electric strength epoxies are avail-
able with values of K ranging from 0.0008

to 0.016 watts/cm®C. Use of these epoxies

in place of the 51licune pottant, would
ensure a low thermal resistance between ‘the
cells and the thermal collector while en-
suring electrical isolation.

(iv) For the air collector, elimination of large
step-like undulations on the cell-glass sur-
face normal to the flow direction will pre-
vent recirculating flow regions.

(v) For the liquid collector, heat resistance
resulting from air gaps between the absorber
plate and the liquid-carrying tubes can be
minimized by making the tubes an integral
part of the absorber plate. One such
commercially available absorber-plate design
is referred to as a "Roll Bond"* absorber
plate. A rectangular section for these
tubes with a width-to-height ratio greater
than 3, has a higher heat-transfer coeffi-
cient than a circular tube. The larger
this ratio, the higher the heat-transfer
coefficient. :

(vi) In both the liquid.and air PV/T collector
designs, the flow is laminar. Higher heat-
transfer coefficients would result if the
flow were turbulent. This would be dfffi-
cult to do for liquid collectors as the’
relevant Reynolds number is not high enough
either to cause or maintain turbulence in
the flow. However, for air collectors this

is possible, for example, by placing trip
wires on the channel walls normal to the
flow. For both air and liquid collectors,
even without making the fluid turbulent,
increased heat transfer can be obtained by
making the tubé and channel walls rough and
also by placing fins along the flow direc-
tions. |

(vii)The use of anti-reflective coatings on the
surfaces of the glass cover(s) would substan-
tially reduce reflection of insolation. Two
examples of these coatings are made with
magnesium fluoride and blsmuth oxlde.

(viii)The use of selective black coatings of black
nickel or chrome on the thermal colléctor
plate should increase the thermal efficiency
"of collector and lower the collector loss
coefficient. These coatings are almost per-
fect absorbers of insolation and have a very
low emissivity.

In deciding their relative merit, the effective-

. '
PV/T collectors™ cdf’t‘mwonven tional

photovoltaic cells that are ideal for photovoltaic
modules producing electrical power on} Work is
underway at Lincoln Laboratory by Cox to tailor
these PV cells for application 'to PV/T collectors.

It is anticipated that such changes in current designs
will substantially improve the performance of -PV/T
collectors.
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