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Liguid Flat-Plate
Collectors

A brief description of the liquid flat-plate collector has been given in
Sec. 2.1, and its varied applications have been described in Sec. 2.2.
These include water heating, space heating and cooling, and low-
temperature cycles for power generation.

4.1 GENERAL

The basic parts that make up a conventional liquid flat-plate collector
are (i) the absorber plate, (ii) the tubes fixed to the absorber plate
through which the liquid to be heated flows, (iii) the transparent
covers, and (iv) the insulated container. The main advantage of a
flat-plate collector is that it utilizes both the beam and diffuse
components of the solar radiation. In addition, because of its simple
stationary design, it requires little maintenance. Its principal disad-
vantage is that because of the absence of optical concentration, the
area from which heat is lost is large. As a result, the collection
efficiency is generally low.

The liquid heated is generally water. However, sometimes mixtures
of water and ethylene glycol are used if ambient temperatures below
0°C are likely to be encountered. The absorber plate is usually made
from a metal sheet ranging in thickness from 0.2 to 1 mm, while the
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metal, range in diameter frop, .
welded or pressure bonded to iy T
he pitch ranging from 5 to 12 . :1 b(,“%\
s are ponded to the top or are in-line anci 1.,, %:
l;orbe\; plate. The metal most cummonly used, o e
and the tubes, is copper. However, in India, b, fo,u:
other absorber plate-tube combinatio%%q
been suce ed. These .include aluminium sheetg ng ha;\
copper or galvanized steel- tubes \V}th a pressure bond, milq N
calvanized steel sheets with galvanized stee} tubes, z.md Stainlegg 1t
sheets with built-in channels. The header pipes, which lead the W ]
in and out of the collector and distribute it to the tubes, are mada
the same metal as the tubes and are of slightly larger diameterg , ;d
2.5 em) b
Plain or toughened gla
material for the transpare!
or two covers with spacings

the shortage of coppen
e S cessfully develop

ss of 4 or 5 mm thickness is the most favy
nt covers. The usual practice is to have
ranging from 1.5 to 3 cm. -
The bottom and sides are usually insulated by mineral wool, roq
wool or glass wool with a covering of aluminium foil and has a thickne
ranging from 2.5 to 8 em. The whole assembly is contained within a ba‘
which is tilted at a suitable angle. The collector box may be madeé
alu;xinimn. steel sheet, or fibre glass.
he xfare areas of most commercially available collectors are aroung
o : S
t.hx:n A t\:etk‘x‘;:;iength (along the sloping direction) being usually larger
mé\;gr‘epiita;l;-of the .components used in collectors are given in I§
pl:t:‘:;; lt:::l:eie;: -:;‘Q:I‘I”S;Stgfeusev of plastic materials for the absorber
true for applications inv.'olvin;cl‘oe\f'se:l zti: oessated, This fepararr o)
Initially plastics were not used beca = peatinosupifo 8 o I
sunlight. They also have low them-ll-:je they degraded on exposure b
cients of expansion as compared to conductivities and high coeff
in polymer technology have resu]l:el(li1 ol Elomever; racent, advaiiie
plastic materials which can withsta lg the development of suitable
nd long exposures to sunlight-
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” of energy input and raw material origin will become

l)’ ;mportant- - -
nt rate of prf)dll'ctlon of liquid flat-plate collectors in the
oIl as in India, is low. However, it is increasing rapidly.
m?have been installed in India in the 1980's. The typical
tor is about Rs 3500 per square metre.

0 .
e)od quahty collec
+s of systems areé usually about 1% times the above cost,

mstﬂ“‘-’d C(,"ncl"de the cost of erection, piping and accessories.
cy
since
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NCE ANALYSIS

tailed consideration the performance
llector. The analysis will first be done

tate situation® in which the liquid is flowing through
teady S e under-side of the ‘absorber plate. Later on, the
o types of flat-plate collectors will be given and transient

e up for de
no¥ -tujd flat-plate co

., balance on the absorber plate yields the following
ady state

qu=A5 -

4.

in which e of‘heat transfer to the working

i t
o 1 i.e. the ra
qu __usgfu

heat gain,

S —in‘t:li(cii’ent solar flux absorbed in the absorber plate,
A, =aread of the absorber plate, "

i i ection

=rate at which heat 15 Jost by conV! T

I iﬁeetop and by conduction and convection from the

sides.

From Sec. 3.
given by Eq. (3.33)

and re-radiation from
bottom and

7, the flux incident on the top cover of the collector 18

Ip=Igp+1arat Iy +1a)rr

e : Jied by 2 term
Each of the terms in the above .equatlo“ 1tS (Tt;;l t%lgléfder to deter
called the l:ransmissivity-absorptiwty P{Od;:‘ie Thuss
mine the flux S absorbed in the absorber plate:
b + Id)r,)(m‘)d

S =Iyrp(tos + ara+{

(4.2)

" ;-steady
Savlianar, QUASITTT T
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i whioh, v
{ = Lrnnamimivily ol thes elins cover syl the vati, of
vllaion coming through wltor tolleotion wl gy, i
intortiveen aidl ahrorpt fon in the glissn Lo the tilintiog “".“':n
o Ao gl Cover mysten, W
(6 = abeorptivity of the absorbor plate,
(10 = Lransisstvity ltlmnrpHVl!)’ product for boam radiati, )
*on e colloctors (dofined in Soe, 4e), g
(0 = Lransmissivity- abrorptivity produet for dittuse vadintio, (i
on the colloctor,

i
h,
"",

I‘ht

The other ternw have been defined in Chaptor 3.
Thae, i order to evaluate ¢, in By (40,1 necosearey to doriy,
exprossions for ealenlating the values of (ta, () and ¢, My
calewtation will theretore be taken up in the sections which follgy,
A thig stage, it will be worthwhile to define two tormg, the
wstantancous collection efliciency and stagnation tomperature, The
instantuneons collection efficiency is given by
Usetul heat gain

Mu
= Radiation wneident on the collector = Ay “a)

I the detinition given in Eq. (4.3), the area of the absorber plate, Apis
used tn the deneminator. Often the collector aperture area (4,) or the
cellector gross area () is also used. The collector aperture arca is the
net opening in the topmost cover through which solar radiation js
admitted into the collector, while the collector gross arca is the area of
the topmest cover (including the frame). 4, is usually about 10 to 15
per cent mere than A, while A, is about 15 to 20 per cent more than A,

If the liquid flow rate through the collector is stopped, there is no
useful heat gain and the efficiency is zero. In this case, the absorber
plate attains a temperature such that A:S=q;. This temperature is
the highest that the absorber plate can attain and is sometimes
referred to as the stagnation temperature. Knowledge of the stagnation
femperature is useful as an indicator for comparing different  collector
designs. It also helps in choosing proper materials for construction of
the collector.

It has been stated earlier (Sec. 3.6.3) that many solar Pprocesses occur
E latively slow pace. As a result, the time base of an hour is often
convenient. Thus Eq. (4.3) is also valid as an expression for calculating
he hourly collection efficiency, if g, is the useful heat gain jn one hour
{ and I is the energy incident on the collector face in one hour
&Jm*h).
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sinly  m
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ng = refractive indices of the two media.
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Refracted
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o Fig. 41 Reflection and Refraction at the Interfac®
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Kb e by (4.15)

T =l

.r material, 1t
fici i rty of the cover ma b
. oefficient K is a propert gyt
‘ mV:xrtL:(’;::’:n(::;mut, 5 to 25 m" for different qualitics 0
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Fig. 4.3 Absorption in 2 Transparent Cover

/ Example 4.1

Plot the variation of 7,7, and 1 with the angle of incidence for the
following cover system

Material : Glass
Number of covers =
Thickness of each cover =4 mm

Refractive index of glass relative to air = 1.52
Extinction coefficient of glass =

* The calculation is given in detail for one angle of incidence, viz,

0y =15°

Hence, 82 =sin™ [(sin15°)/1.52) = 9.80°

= sin® (9.80° - 15°
sin” (9.80° + 15°)
tan” (9.80° - 15°
P
tan” (9.80° + 15°)
= 1-0.047
“T+Gx0047) =08

1-0.039
T+ (5x0.039) - 080

=0.047
=0.039

T
T =

1
T=3 (0.773 + 0.805) = 0.789

Ly >y ;
DI Fistging, Collscton <

01— 37 15747 W5 e

0.74% 7 0.4%% = 0657

denes zey nyi

e of o

= !

¢ . -
g 25 il be 540

7%
o e

5°. Thereafter, the valye 2
G4 of 457 Thereafter, the values drog popngy o 7
bf ’é;{ iﬂad:;:g],: of incidence increases v 90, 4 Brarghy
i the
z:iefo 0 —T ¥ 1 T . j
£
F
i
Y a0° 60° 90°

Angle of incidence

44 Example 4.1—Variation of 1, 1, and T with Angle of Incidence
Fig. 4-

433 Transmissivity for Diffuse Radiation

i :derations apply only to beam radiation. Calculation
Ly pre:edlgilci(s’;lisvlg;ritfw: Sci:)r\)'re’rysysg’em when diffuse _ra.diation is
:c;,::n tr:: it presents some diﬁiculty, b.ecause the ra:mttl:n dciz;nuzz
from many directions. The usual practice is {0 asslx_met 1at the fifluse
radiation is equivalent tﬂ?ﬁ:ﬁ?ﬁﬂiﬁﬂo@ng:ﬁ{:ﬂ fﬁéﬁon
incidence of -60°—This-angle-is-arrived at by considering teof Fra
of tasseen in Fig. 4.4 and by assu!'ning that the amoun
radiation coming from all directions 1s the same.
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44 propucT 5 OUAT fRANSERVCOREEL SN
. 4° H i i
e ivity product is defined as the ¢ from the point of view of anajyy;
o ﬁamu’f””zh: P rpnm:yplate e the flux incidente O;atlo . Convenlezouector in terms of an overall 101‘;‘:0:?;;‘;‘% the hegy
ot ,:mded e symbol (<), 0 appropriate suthe %‘:. 1t o ‘f)‘: t defined py
system, and 18 0. indicate the type of incident raai:?"u? 10 pqua® = UiAyTon - T,)
or d) t;l:gfor the transmissivi ity-absorptivity product vy :.:A: erall 1058 coefficient, i
; N =0 bsorber plate,
deg;‘:d,;f the fraction © 1smim_d through the cover System gbde Z - ar®? of the & 50"t j P: h
is apart I eflected diffusely. Out of tdhe reflecteq’ ap, _ averag® temperature of the absorber plate,
por e through the cover system and a portiy % Tpm ™~ ature of the surrounding air
e wmﬂw transmi - late. The process of absorption and re'f)];g: : ,nd Ts® wmze:;n all sides of the collector). T (assumed to be the
absort (Fig. 4.5) goes on indefinitely, the g,,. 2 i
the absorber plate "“{a::ly i Y the quangyt from the collector is the sum of the heat lost from the

~

} ) 1

|
e w(l-a)py, w(l"ﬂ)ng ]
|
e e e s J
Fig. 4.5 Absorption and Reflection at the Absorber Plate
Thus, the net fraction abworbed (1)
wtwll 4 (=g +(1-af phi+ ...
. w
P | - )y (4.16)

The symbol p, represents the diffuse reflectivity of the cover system.

It ean be found hy 4 i
i {n S.WQ';!&IDK the value 1,(1 - 1,) for the cover system

From Exampl

xumple 4.1, it is gecn
system. Similarly for 'n one and
P can be shown Lo be 0,15 and

that p, = 0,24 for a three glass cover
two glass cover system, the values of
0.22 respectively.

o e,
=q+qp+
x q1=4q:+qs+q,
v ra o which heat is lost from the top,
@® n which heat is lost from the b—;tmm.
9=

¢ which heat is lost from the si d;s '

4= sae ses is also expressed in terms of i
gach of these Io:ient,‘the bottom loss cneﬁ'lcise:t :o:ftcllmzn:d?lll::
the 0P l‘:,s:nd defined by the equations
“eﬁcle“ q,=UATyn - Ty) (4.18)
qn=UpAYTpm - To) 4.19)
4, = UA(Tpn=To) (4.20)

noted that the definition of each of the coefficients is based
and the temperature difference (T, ~ Ta). This is done
d helps in giving the simple additive equation
Ui=U+Uy+U, 4.21)
Josses can also be pictured in terms of thermal resistances as
hown in Fig. 4.6. The overall loss coefficient is an important
arameter since it is a measure of all the losses. Typical values range
m 2 to 10 W/im*-K.

g will be
P the area Aﬂ
(or convenience a0

Top Loss Coefficient

loss coefficient U, is evaluated
tion losses from the absorber p
of calculation, it is assumed

by considering convection and
Jate in the upward direction.
that the transparent covers
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Ta

Qt Ta
]

(1/U1AP)
(i 1Ay

(1UsA) Eavivalent to
T T -
) (N ® o

(1A

Ta
Fig. 46 Thermal Resistance Network Showing Collector Losseg
tute a system of infinite parallel surface

e-dimensional and steady. It is furthe,
drop across the thickness of the covers

and the absorber plate consti
and that the flow of heat is on
assumed that the temperature
is dz;:giigible and that the interaction
radiation absorbed by the covers and the outgoing loss
neglected. The outgoing re-radiation is of large wafelenggths. F(I;i{]el;:
?ravelengths, the transparent cover will be assumed to be opaque. Thi
is a very good assumption if the material is glass. ) e

A schematic diagram for a two-cover system is shown in Fig. 4.7.In

;e tswtee‘:d_v(;‘t:-xhte, a;h;(e) heat transferred by convection and radiation
- thn i) the rber plff:e and the first cover, (i) the first cover
e second cover, and (iii) the second cover and the surroundings

must be equal. Hence,

9 (T~ T
ey (T = Tgy+ Zom = 2el)
X il T+ (4.22)

“ 1,1
(t/’ec ‘J

*H.C. Hottel and B.B. Woertz, “P. "
Trans, ASME, 64, 91 (1942), oertz, “Performance of Flat-Plate Solar-Heat Collectors”.

bétween the incoming solar |

Li
Iquid Flat-plale Co ectors ]

Fig.'4.7 Calculation of the Top Loss Coefficient
o(T4 - Té)

[1+1_1J
& €

= h(Tea— T + 05T~ T
ive heat transfer coefficient between the absor-

the first cover,
t transfer coefficie

hoy-c2e Ta-Ted+ (4.23)

(4.24)

whexe fp-c1 ~convect :
per plate an

her-c2 —convective hea

second covers,

heat tran

(in this case the second

nt between the first and

sfer coefficient between the top-

h —convective
) and the surrounding

w
Y most cover

air,
—temperatures att:
—effective tempera

exchange takes place,
f the absorber plat

ained by the two covers,

ture of the sky with which the radiative

Ter Te2
Tsky

¢, =emissivity O
radiation,

€ —emissivity of

4.22),(4.23) and (

o be so
done it will be nece

e for long wavelength

avelength radiation.

stitute aset of three non-linear
Trl and fe2. |

Jave some

the covers for long Wi

4.24) con
lved for the unknowns ¢o

Equations (
gsary to

equations which have t
However, before this can be
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Heat Transter Coefficient at the Top Cover

The convective heat transfer coefficient (h,) at the top cover has beep

generally calculated so far, from the following empirical correlatiop
suggested by McAdams,*

h.=57+38V.,

m which £, is m Wm?K and V.

correlation is based on the experim

(4.26)
is the wind speed in mys. This
ents performed by Jurges in 1924
parallel to a heated vertical plate
the wind is, in general, not parallel
1t is obvious that Eq. (4.26) suffers from certain
Firitations

More recently, Sparrow

2 and his co-workerst have suggested the
Fllorming dimensionless correlation
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Fig. 48 Bottom and Side Losses from a Flat-plate Collecto,

453 Side Loss Coefficient

As in the case of the bottom loss coefficient, it will be assumed g,
the conduction resistance dominates and that the flow of hey i
one-dimensional and steady. The one-dimensional approximation ¢,
be justified on the grounds that the side loss coefficient is always mugk
smaller than the top loss coefficient.

If the dimensions of the absorber plate are L, x L, and the heigh;
of the collector casing is L;, then the area across which heat flows
m The temperature drop across which the hea
flow occurs varies from (Tpm — T,) at the absorber plate level to zen

both at the top and bottom. Assumi
St i ing, therefore, that the average

r the side insulation is (7., —
the thickness of this insulation is §, we have et
q,=2La(Ll+Lz)k.-M

5 (4.30)
Thus, from Eq. (4.20),

u,= Gt Lolsy,

LiLab, @31

4.6 coO
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4.2
5)"””’ h verall loss coefficient for a flat-plate collector with two
te the (')th the following data:
c# ]cugvc,—s N plate =0.90m x 1.90 m
gl”ss fabsorbef slate and first glass cover =4 cm
Giz® ioﬂ p pet’ oen first and second glass cover=4 ¢cm
5pa®  petW* =0.92
sp““"‘fmss“” ity =088
plot® Cover emiS® =20°
G]ﬂ55 tor tilt erature =170°C
Gollec li\te tem ture =924°C
pea P g temPer =25 mis
1 -

1 bd sP"’ed . thickness =8cm
win’ sulatlonthicknesS —dem
BaCE. culatio® L of insulation =0.05 Wm-K
side ::asl conduC“‘”t} o

er
'rhmm g 42 Ty = 297.2-6=2912K

. this valué and the given values of Ty, To, € and € in

S\lbsﬁtu:m(i o4), we have

ggs 42210 5.67x 1043432 - T

002 " 088 !

o-Ta)+
ﬂsh}._cl(343'2 T L el
Ap

50 x 10°5(138.786 x 10° = T3 (4.82)
(343.2_7‘,v1)+4.63\)0>\10 (138786 x 10° = Tep)

=hp-cl } o
& y 5.67x 10T =T
8t _py 2T~ Tea) + "“1‘ e
P [kﬂ‘,s 0.88
ST, 1 4.33)
T ~Te) #4455 x 10 ST =T 4
=N -c2\0e 2
and ‘ R
9t _ p (Teo - 297:2) + 567X 1078 % 0.88(T:h = 291.2)
—=Nplde2 ™ =00 . .
* % 1078 (T4 - T1.9061 X 10%) (.34

— o (T.a — 297.2) +4.99C o
h‘“( :(4 32) to (4.34) have to be sotved for the ::Sk;:l)\;lr\\‘
T, ¢ 3 o e
E\q‘)mtil'onand T,,. For this, the values of 7. 71 h..'ll {‘r.inl-:md-vrmr
(‘Ielt;dgti Stilnce thes;e values depend upon T and Tz, @
n . >
method becomes necessary.
Trl = 325 K

Assume )
: T,=305K

| LECTOR EFFICIENCY FACTOR

: T
rocedures for calculating the overall loss coefiicient were

2 Se-c{, 4(i5”[‘l;1e heat lost from the collector can thus be calculated, if
describea.

1 However, this temperature
th late temperature 18 known. T, .
; aver:tl%§ rll)ot known. It will, therefore, be necessary to consider the
is gener

flow of heat in the absorber plate and across the fluid tubes to the fluid
oW

that the values of Tpm can be related to the value of the inlet ﬂtpd
S0 :

which is a known quantity. ., s
teﬂ{{l:e;:;‘:; et,o simplify the problem, the approach adopted will be

: - Solar Collectors’
*H P Gars and G. Datta, “The Top Loss Calculation for Flat-plate
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7. Instantaneous Efficiency

Eq. (4.3) the instantaneous efficion
ey |y,

Using
g,

plate area i given by d
Oy
' ulc.
"y

— 560.1
i B P
852.7x 1.5 N
= 0‘: Lo 4¢ .
I 138, i.0. 43.8 B
‘onsidering the fnf,t that the water inlet o cent,
the efficiency of the given collector is rather | CMPeragyy,
gl:l‘ss covers used are of poor quality an dl h"’“" Thig j 1 only
A.lsc_mlt,ho thermal conductivity of the ubsorl)t""n W low ¢, ‘
simils ; r plate
;‘131:‘1 urﬁ«;‘lh{)ctor having a copper or ll]umilliblqlt
\ml'ld wi ! etter glass covers having a low :“h absorp, 8
= ‘:md \:; er compu_rable conditions, yield a h;':l extinetj,,
; uci] .."per cent {see problem 7). However gher effiejgy,
such a collector would cost more than the GI’ lt“s]mu]d be : bclu(
collector. Y

an
Matp: Mg, |
ate .1!95" \

Performance Over a Day

It is of interest to
. to study the perfi
day. This is don b e O
‘ : : ac
measured over a \Vg:);l u:ic ot L 32'6“0‘. dinty o
rate, water inlet tempeer:ty. Sl Simplicli?)‘{ fl:-;:diaﬁon dde
. gl ure, ambient tempe; ) the watgp o
S e constant at rature and wi .
The radiation d AL yalins g L
Thers b ol and es given earlj SPegg
It is seen that S Tl v
: . the va g iven i
(Fig. 4.11) increase }l;dues of the useful heat gaiam oo the e
AL s zlllrply from 0800 to 1000 h tn B e em“e“i
e e arply after 1500 h. The e g
i for 0 et S it i riation obtaineg ;
Mat Hreibtr tl}f rtadmtion incident on the b dependenm;
a e top loss coeffici
ent does not va
ry much.

Table 4.1 Peﬂofmance of a Flat-plale CO”eCtol Over a Whol Da
e y

192
210 230 230 233 239 :;]6 o

186

149
141

I4 (Win®)
185

Ir(Wmn? 3

4192 535.8 719

Tom(Ky 3 8 7124 852.7

334.1 3396 4 7 914.7 908.2 8

P oAnt g .6 344 .2 814.8 658.¢

Ur(WimtK) 355 369 1.1.1 347.5 349.1 348.9 346 658.2 482.8 290.9

q. (W) g 366 372 371 3-:72- 5.6 342.9 338.5 333.7

' 72370 365 3 )

: .60 3.55

37.1 2525
e 5 4273 5601 ¢
333.6 3364 3 560.1 619.6 613.5
3363 4384 340.1 140, 13.5 524.6 378.2
7314 400 :‘:1 340.8 340.7 339.6 337.8 f:?.g i
38 45¢ 450 429 383 19,5 e
43 290 48

Ty (K)
0 (%)

The aver:
age efficienc
ey over the
* whole period i
» period, during whi
ch useful

collector. It is also seen |

IST (h)
0800 0900
I (Wim®) 2 1000 1100 ('1200) 1 |
18390 547 665 7% 71200 Giioo 1500 1600 1700 |
5 .
|

yariation
pay (M

s €O
se value
hBl an POUI"
fafpro jmation
:p 0 h works ou

CcT
ON

1tis evident fro
e number 0
a

4:9/EFFE

4
flat-plate collector. These para
operational parameters,

arameters,
environme’
will be consi
absorber surfac
covers, the tilt ©

Based on

1ected,

s of insta
on eit
the efficie
t to be 37.4 per cent.

ntal paramete
dered. The p
¢, the number of gl

{ the collector,

‘

Litquig
{ Fim-p!a.'q Collogto,
clors 133

L
1 . .
1

11 12 13

IST (h)
of Instantaneous Efficiency of a
Absorber Plate Area) Gl Collector over a

10

n be approximately calculated if it i

1 t is ass
ntunc:ous eﬂ'ncne'ncy and solar radiation areti':ﬁ
her side of the instant considered. Making this
ncy averaged over 10 hours from 0730 t:

ca

g OF VARIOUS PARAMETERS
PERFORMANCE

m the preceding S
f parameters infl

ections and from Example 4.3 that 2
uence the performance of a liquid
meters could be classified as design
meteorological parameters and

rs. In this section, the effects of some of these
are the selectivity of the
the spacing between the
the incident

arameters discussed
ass Covers,
the fluid inlet temperature,

ttlement on the top glass cover.

mlar flux, and dust se

191 Selective Surfaces

ber plate surfaces whic
of absorptivity
; }yfor out-going I
are desirable

ristics of high

h exhibit the ¢l
i w value of

for incoming sola

-o-radiation are ¢
o the absorption

because they maximizeé



Golés Eferg)

1%
(i the EIISENR of the rzdistive i,
P hciald ’“‘.‘“{IIH collechor dficienaes than zre g,
il ﬁ(‘-l(.j. fl?;;r.i;-,u Ly ere ezl "
;,J)y{:.lﬂ;r/,,l(;7jjjty' of having selective absorier plate
T "”“}ZC,WE yas guggesten first by Tabor ap et
S0 § - Py,

ﬂaLﬁﬁ?;})}: hasis for the suggestion can be s
g:nﬁ[;sctrai distribution of €X a”fﬁ"f 7 ef":”:»;(s’}ilar( Tadiag,,
hackhndy Ir sdistion] from 2 SOUT ”;; 51 ;} " ; which %r:
spproximately v the ten!p’er.?ture of the absorber plge,, iy
:};’f)’vm in Fig. 4.12(a) and itis xmmedxawly obvious that there; .
;y) overlap between the to. Unh%f.e solar radiation, whjcy, T "‘J*r.‘;‘
exclusively in the wavelengﬁl region up to 4 um, the_ radiatjo, él"f,,
off from the absorber plate is of }arge wavelengths wzth. 2 mayjy :’"‘;
8.3 pm. It follows there}fore :hat ifa ;l:fliﬁ tth:itS}Slia\'si tay h f; 2h abgq, ti :

lengths less than 4 pm an o wayg it
gz:vt:: ethatgt:l;lm can he prepared, it would' have the' Characik.g'ﬂ
desirable for an absorber plate surface to act in a selective fashigy 4
selective surface (=g~ T

characteristics desired for an ideal rface 1
%.<4pm and 5, =€, =0 for 7.>4 pm) are shown in Fig. 419 b), Fg,

comparison, the variation obtained for one of the earliest suffag::

synthesised by Tabor is also shown. )
The lective surfaces on various metal substry,
has been the subject of intensive work for many years. As a regy),
number of surfaces having characteristics approaching those of;:
en_synthesised and a few_have been comp,,

ideal surface have be ;
cialisedIn most of these surfaces the selectivity is achieved bX,baVing

a polished and cleaned metal base and depositing on it a thin surfa,
layer Which is transparent to large wavelengths, but highly absorbin,
for small wavelength solar radiation. The surface layer is less thap
1pm in thickness and is dwﬂ%ﬁr_ie/ty_of_g_e@ods. These
include electroplating, chemical vapour deposition, chemical conver-
sion, anodic oxidation and rf-magetron sputtering. Some of the suc.
cessful developments in this field will now be described.

Surface layers of copper oxide and “nickel black” were the first
selective surfaces found to be suitable from a practical standpoint. The
copper oxide layer was formed by chemical conversion, by treating a
cleaned‘and polished copper plate in a hot solution of sodium hydroxide
am.i s9d_1um chlorite for a specified time. Values of absorptivity («) and
emissivity (e,) obtained for this surface were 0.89 and 0,17 respectively,

~

A€

Do

*H. Tabor, “Sel

¥ s ; Research Council of I
a@;]'r %ﬂza;d RV, Dunkle, “Selective Spectral Charamz/'.s;:d:f:l; 1;3 ;01956)(
‘actor 1n the ciency of Solar Coll o4 2
artl 410195, “ollectors”, Trans. Conf. on the Use of Solar Energy, 3,

Badiati

EXUNENENY
2 %

0

|deal sclective surface

Tabor selective surface
(Chemical treatment of G.1)

10
A (um)
: (b)

stribution of Extra-terrestrial Solar Radiatio
Radiation from a Source at 350 K

Emissivity/Absorptivity Variatiop Desire
e Surface and Variation Obtained for

gpectral Di
E:q)d Bﬁackbody :
nochromatic
|deal Selectiv
ive Surface by Tabor
over the solar radiation waveleng
value of €, for large waveleng

12
g4t o
(b) Mo
for an
Select

the average value of 05,
ing the average e of r larg:

m'geﬁa:d'l‘gsk::rﬁgice was commercialised m‘Auer‘almwa

gd;aw:bie for low temperature applications Jike solar

and found
ter heatin

« being

and Testing of a Select
lbourne, Austri

«: The Production
*D.J. Close, “Flat Plate Solar Abso;f,::ﬂ S0 CSLRO. ¥

Surface for Copper Absorber Plates”

1867



8 sourm’?y

» ace was developeq
The “nickel blac:inl:‘;lr:e b garahil c]ean;n Uc%'h{.,,
sheet a{\d s}lt;zqsheet as thehcattehode in an aqueqy, :c:(n a’ul':
inc sulp ate, ammonium su] Qx‘r 14!..

of nickel smagl:lactl%i:l:cid. Values of & = 0.81 ang g ih: ‘1* a;]nh’
thloc'yalc;ﬂgr this selective surface. $ubiequentlyl Caﬂ;rgh"g
obtain® rocedures for electroplating “nickel blaq)» oty
dgsmbedl Pm these cases, a bright‘mckel plating wag ﬁmcﬁm,i
plt Stzt;;l before electroplating “nickel black”. Valueg ofg 1},[‘\ \
baieot?ﬂ to 0.15 were repOl'th. ) X OJ:‘“\

Z)ne of the most succe.ssf\'xl selective ‘surfac'es develgp, |
“plack chrome™. This coating 18 a.m"’t(‘:ﬁ"gc]em 1 fpmpo,,.ite m&; 6,
of a Cr,05 layer over & Cr particle/Cr;04 comP0>1tu. It g fom"*"‘
electroplating on a nickel plated copper or .stt'el base,
reported values of @=0.868 and €, =0.088 for blzfck ch:
sequently with further refinements, values of « as high ae %
and values of ¢, as low as 0.04 to 0.06 have been reported.4 I | 2l
to its excellent selective propcl"tles_. “black chrome” has been fou,"f”
be very durable. No degradation in pgrform:mcc has beep g 2
even after prolonged exposure to a humid atmosphere
tures up to 400°C.

Andersson et al.++ have reported the development of 5 very dug,
metal-dielectric composite coating formed by anodic oxidatiop, -;{)
coating consists of grains of nickel embedded in a 0.7 um thick Pore
layer of AlL,O,. Values of absorptivity in the range of 0.92 1 097 &:
emissivity in the range of 0.1 to 0.26 have been obtained.

\

5

ity
-\chr" \
o "X
099, %

Sen
and to temp:i

Effect on Collector Performance

The effect of a selective surface on the

performance of a collector g, |
be best illustrated by taking a specifi

c situation. The GI collecto; ¢l

*H. T:b_or. J. Harris, H. Weinberger and B Doron, “Further Studies cn Selecte

Blafk.fc.mng{. Prcesdings UN Conference on New Sources of Energy. 4. 618 (19554
- ;ﬁl\J; C;l!hm EA Christie and AF Reid, “Nicke! Black as a Selective Absorbey
Suriace’, Meeting o Applications of Solar Energy Research ment =
Awstralia Melbourne (19751 . T A |
$G.E. McDonald, “Speceral Reflective Properties of Black J w |

L S ooenald, “Spec = Chrome for U Solar
Selective }*S:.nc " Solar Eaergy, 17, 11911873, . e
- <RR Sowall ang DM. Mastoy, “Properties and Com
aro C‘l}’;:zgs for Solar Collectors,

761

o : position of Electroplated Black
2e”. S mnesium on Americaz Electroplaters Societs

wmeer Fars. Florida, USA (

“Nickel Pigmented Anods
Absorption of Solar Energy”, Josrnal of Applied Physics
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i d its perf i
A del‘ed again an Performance .
s 600 at 1200 h (IST) calculated Thg gy 2 Vithos
48 " yrfac data are as follows: ? a0 made
ge® yive ° glier ; that th
P o d now that the tubes are clam .
-dt:a e n—““l::ber plate instead of being bm‘x on"hi: o
{r"m ‘t{ the Bbsf fabrication but results in a bong regigyanes c-t:iape-r
% ethod % e 0.15 m"CW in this case, Tk
t:ss" ¢ o flow rate is taken as 60 kgh,
The c:-ent air temperature is assumed to pe 30°C,
@ o, ambi elective surface, two cases are consid
@ with t e ed that =095 and €, =0.12, wh
@ it i8 655‘1:]1 that @ = 0.85 and g, =0.11.
: . :
is 55“m.ons are repeated in A manner similar to that adopted
alcu ti esults obtained are indicated in Table 4.9,
The d the re

eﬂyﬁcr

qovte 2

ered. In one case,
le in the other, it

ect ofa selective Surface on Performance of G| Collector
E

Selective absarber pla
Nonselective absorber ———— = 2S0T0eT plate
Nons

=g, = 0.95 @=095 a=085
plate a=t > £=0.12 £ =011
— " 356.1 3593 3510
= 381 255 i
T"wlm"“’ 5936 6529 816.1
g :w) 3417 34295 3420
T 433 98 a9
a® Table 4.2 that with a nonse\ecl'wc: nbso‘rber plate,
It is seen ffo‘i‘_i‘.ci:.m is 387TW !1‘2 K and the eﬁicxency is jﬂ_pei
top loss €o° .l are similar to those given in Table 4.1, where
e These ",‘,‘“f"" d 1, = 45.2 per cent. The differences are due to the
c;‘= 372 \\",'m"‘h d?) 1xhe other hand, with the first selective sprfac&
; (1) to (3. nf is unchanged while the value of ¢, is 012
{n which the value of « i
n

i s
serv » top loss coefficient dro?;
i .nces are observed. The J R oo
: m:.' d"m‘lnx{l lll..u efficiency increases b_) 66 pcr fimm ;t; 4i; m.;:]
e = “'L:cond selective surface, in whlcb the value : - {}m .
oy Wl'th tfbfe;\ed that while the value of U, is the same as ¥
Jess, it 18 O

5 . d almest th
X iency is much lower an :
the first selective surface, the e is primarily due to the fa

_selective surface. This : ted that &
e f?;ltheol}og ;t»creases with lower a. l'ﬂ » ;.):z:;c came. F
ol Iue ive surfaces, the value of (@/&;) 1% 8 n:::hax a high vah
:hﬁxnme 5: :t’l} 9 :;nd for the second 7.7. This ‘s:’ﬂ;rfvmm with
¥ - ining @ £00 oo
i dequate for OBLAMINE © T o ) i is necesss
‘d(eg:l :ur?:zea fl?mz with the high v2 SUS
; M the value of @ s_h‘i‘_!‘i?kﬁk@gh'



4.92 Number of Covers
The number of covers (glazings) used in 4 ¢g))
two, We will study the effect of the number of “Clor j,
by again taking the example of the GI collecior vtf)w:r
covers. It is assumed that the changes (1) to (3 7ith o
are again made. ?) indi,,
The results obtained are given in Table 4.3
situation studied the efficiency goes through -3 ang
per cent for the case of two covers. This can ima
As the number of covers increases, the Vaci e
. The addition of more covers also the g, (1,
hence the heat loss, to decrease. Howev, Causes the yg) Orhey* %,
not the same in both cases. For this reas er, the amoyp; 0;‘& ofUlHa,'
a mfm'mum. ’!‘his kind of result is ol;?a,irt:}ég echiency (i%r“a::ﬂ
;::nz;’;"h :g;leﬂﬁy being usually obtained \«vithwn:h all ey "“ZE
s I collector under study, the effici one or ty,
a maximum with only one cover if a ’ 1 efficiency wil] p, ¢ Covey, " &
This is seen from Table 4.4. selective absorber Surfazund “::
€ i g -

of

bed i g
gt

! 8 th )
Ximyp, Yy,
m Ve ft,
%pla; aly,
e-pldm&d Eu;uﬁ,' e
S of both, fr,":f,;'

o5 o

Table 4.3 Efﬂect of Number of Covers on Perf
of GI Collector (Non-selective Sumggﬂance

e iag.
ol

pe’ €
13
h

Liquig
Fiatgizty
two_covers has beer 4

bet‘”ﬂ he point of vie, he g
o ; W Of the heat e, o4
the s
o€

ooz,

acing must be such that t L
ficients are minimizeq 1, 1
Jviour Ofﬂ’lif con-;_.]aﬁr;g ‘:.qu— t“‘ t
which the variation of the hea:, :u‘n.’«,
yraw - Curves for two t"mpﬁ'ratun.r:;;ﬁ”

. - ¥ L
pean 2 temperature and the tilt beiny |

sfe?

Number of covers
(101)s 0. 8;1 : ; i
& .8316 0.7305 0.6447
% 0.7567 0.6424
't (Wim?*K) 6.39 3.87 g ‘l
i (%) 40.6 43.3 " |
i 41.8 E 1
Table 4.4 |
ggﬁ;ﬁ:ﬁ‘r l;lg;l:;r of Covers on Performance of |
ive Surface, o =0 A
) 00=0.85, £,=0.11)
Fig-

Number of covers

— Numberofcoves
(0 1 Z
0.7563 0.6999

(1)
U (Wim-K) gtngZ 0i5881
LA : 5 to
470 42..)1 1
4.9

4.9.3 Spacing
The pro, i
Per spacing t
g to be kept between the absorber plate
s /\and the first

A&

It is seen that fo
i first decreases

0 1 3 4 5 6
Spacing L (cm)
413 Plot of EG. 4.25 Showing Variation of Heat Transfer Coefficient
with Spacing. Tmean =70°C, p=20°

ra particula_t - temperature difference, the value of
d reaches a minimum sponds

This variation corre:
1, with the minimum occur-

1708. Thereafter, as the

] Tirst sharply and then

lue of h increases
ximum and then gradually decreases.
the value drops below the previous

an
he conduction: regime in which Nug,
at a spacing corresponding to Ra cos p=
ing increases the va
dually. It goes through a ma
h large values of spacing,
um value.
[t will be noted that the spacings at whicl
qum values occur vary wit

h the minimum and

h the temperature difference. They
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.1 the tilt. Since cqllectors are deslgqed 0
with with varying tilts fmd under varyi, serv!"?ak
S value of spacing_ is difficult to il Ig%%‘
opt! ficiently large spacing away from the . mepp‘:}
) SuSp“i“gs from 4 to 8 cm have been suggeg. f,mirn“&'
mb-y Buchberg et al. e ot .
et al. have also studl -

f a collector. They have done calculationg forgao", v

a llector with a non-selective absorber plate Sy

selective absorber plate. Wigy, theandt.

pacings have been tried out 1y,

that by usj i

5 d, It has been shown' Y using fhy

efﬁdency Cﬂ;lgastim, collector area re.qulreme'nts can be re i c'eadr&‘

;P;C?lgé: ::ent the higher reduction being obtained with the e ec&
having the selective absorber plate.®

and maxim
int of view
Buchberg
rformance 0 .
d double cover COUEC?
:i’:igle cover collector with a
operating conditions, two S

Effect of Shading il - .
in problem associated wi e use of larger spacings jg

:‘::dilz?zf I;he absorber plate by the sit?e walls of the collector caspy
increases. Some shading always occurs in every collector z_ind Needs ,
be corrected for. The shading is partxcu!arly important in the ea,
morning and late evening hours. It is estimated that ff)r most desigy,
using spacings of 2 to 3 cm between the covers, shading reduces the
radiation absorbed by about 3 per cent. Accordingly, it is recommendyg
that the absorbed flux S be calculated in the usual manner but wit
a multiplying factor of 0.97. With larger spacings of 5 cm, it would b
necessary to use a smaller multiplying factor around 0.95. Thus the
gain obtained by using a larger spacing is offset by the reduction iy
S. For this reason, spacings of 2 or 3 cm are generally used by all

manufacturers. It may be noted that in some collectors the inside o |

the side walls is lined with a reflecting surface in order to alleviate
the effects of shading.

4.94 Collector Tilt

5 oL ooy importance. The basi ivi
optimum tilt will now be ot sis for arriving at an

One of the earliest studies on the subject is due to Morse and

—_—
*H. Buchberg, I,

Spaces--A Revi:; of A(;:::::ti:: To 2.& Ba Mttaeal Caneeli in Enclosed

Trans. ASME, 9 8, 182 (1970 olar Energy Collection”, Journal of Heat Transfer;

N

4
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. pliﬁﬁd the problem by assuming that extra-

who .slmwas falling on the collector. They calculated the

* tion unit area by integrating the expression for the

r first over the day length and then summing up

ar. Taking 7=0, 80 that the daily insolation is
ession is obtained

‘]"" 360n

(1 +0.033 cos %—)

« (sin 8 5in §— B+ cos 8 cos w cos 6-Bydo

;. results in the form of relative insolation (the
% tted t}:?;;rz,r given values of ¢ and P to thg annual
ey pav® a1 insold :i p=0) against the latitude ¢ for tilts of 0,
4o 0 Bﬂ‘f‘o 9 =¢ ;‘I;le results are shown in Fig. 4.14 and indicate
18* atio? 1.5¢-

1! d

AR

090!

e 080

g a‘f’,ﬂl o187 face
{2 ms d gur’

%4 uﬂlatilw fthe ye

o dayfhz following exPr

Relative annual insolation

50 30
Latitude ¢ (degrees)

jon with Latitude for Collec-

| Insolat
Annua 4 with y=0°

iati elative
Fig. 4.14 Variation of R Values of p an

tors Tilted at Various

ct on Incident

Absorbers: The Effe Engineering

at-plate Solar BES, Mechanical

*RN. Morse and J.T. Czarnecki, “Fl ", Report

Radiation of Inclination and Orientatio
Division, C.S.I.R.0., Melbourne (1958).
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0 Jier, readinggs are - S e
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4.64)

; imental par: is Jegs than
o if the deviation of the exper:m(.pt.xl par, x’r(:)n‘;:‘t.enu
wnd“lllor::i:m specified limits over a 15 minute period: 2
i foG(: bal radiation incident on collector plane 4 ??Cw/m
. +

: Ambient temperature e

s Fluid flow rate ol

s Fluid inlet temperature e

+ Temperature rise across collector

han
i Iy should be greater tha
ition, it is specified that the value of Iy e it
aoadv?;::gn&:: \l:i:g speed should be between 3 and 6 ;n;z,uzr;g m:tre o
flow rate ;;hould be set at approximately 0.02 kg'/;sl pe e iite
wllector gross area. It is to be noted that zflt b‘;ugfor e
suggested is for outdoor testing, it is also applicable
vith a solar simulator. —
Th: :;ﬁzli-esnlc";uva]ues calculated from Eqg. f4.64}ijm;§ api:; iy o
Parameter (Ty; — T,)/I7. The reason for .dom% t'vi; e sdos ¢
tnsiders the Hottel-Whillier-Bliss equation. Di
B.(4.48) by Alrp, we have
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Wepst S = Ip(1)ay

)ay I8 an average transmissivity-ubsorptivity
:’v:;e::;: :;iffuse radiation. Hence

A (Tri-T,)
n= FR ;1_1:_ [(Tﬁ),‘v - U/'Ta‘

i of F, (10),y and Uj are essentially congt,
?rl:: I;Z?(‘f(l;;‘;sthnt ?f n; is plotted against (T} = Toyly
with a negative slope would be obtained. Th(:' interce
would give the value of [‘E‘n(w),wA,,/Ac], while
would give the value of [F ,,U,A,!/Ac],

In Eq. (4.64), the value of 0, is based on the collector

(Ay/A,) would drop out of Eqs (4.65) and (4.67). The
y-axis would then be Fp(tu),, and the slope of th
FpU,. . .
Experimental values of 7, plf)ttcd against the
(Tyi = To¥Iy generally yield straight lines. However, the
data is always large. A typical set of results obtained |
commercially available, conventional collector in the He
Laboratory at LL'T. Bombay is shown in Fig. 4.19. A straig
to the data by the method of least squares has the following

Ni=0.572 - 4.796(Ty; - T,)/I'
For the given collector, A A, =0.848,

Thus Fr(tt), = (0.572/0.848) = 0.675
and FrU; = 4.796/0.848 = 5.656 W/m*-K
It is to be noted that for liquid flat-
flow rate do not appreciab]

iquid side he

this reagon, although the efficiency curv

for a particular val

differ a little from t

he value used during testing.
It may also be n
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—_—
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: ined are a little lower than wh;
a good quality collector of this type,
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plate collectors, changes in mass
y affect the performance: because of the
relatively high value of the 1 at transfer coefficient hy. For
e of a collector is determined
A p lue of mass flow rate, it can also be used for
predicting the behaviour of the collector for other flow rates which

at one might expect from
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ainst the parameter (T, _ .

.oy values g4 PR T
o eﬂ'l;?: cn)iean of the liquid {nlet and Outlet tea)/IT’ Why
anthg  a straight line is obtained, t’he interce oper"tu,m?r
gen © and the slope being (F'UA, /4. ) N the M )n'"u‘

[F’(Ta)a\Ap/“;tB]r d procedure described for deterp, axl“b:\

stan
efﬁ‘l;!:ency requires that the tests be conducted o y
solar noon, S0 that the value of Ipwould be greater aen

At the beam radiation component is doming

;zsem of the beam radiation is small (lesg tl?:nand ea/m“
(1), term in the parameter [Fp(10),4,/A,) is effect; g Thngle;
missivity-absorptivity product for normal incidence pg Y thyy b
order to characterise collector performance early andalrn radia“tr .
when the angle of incidence of beam radiation js high a:}el In th:%l('

» the 4
EASH i

i

Standard 93-77 defines a term called the incidence
- which is the ratio of the (1)) product at an angle &
w A\ Y angle of ino: odlﬁ(

the (t) product at normal incidence. Additional tests lncldenc€ 1|

to be conducted at angles of incidence up to 60° 5o a5 to ‘Zr e Presc,,-b:;“
dependence of K. on the angle of incidence. ete”nineu;

One more parameter of interest in the testing of co]) [
time constant, which is a measure of the heat capacit ‘;Ctors isg |

The time constant is defined as the time required fo:' toh a co'll '
temperature Ty, to change by a prescribed amount wh € exit f;

is subjected to a step ch: i Cr When the ¢

o o a step change in the incident solar radiat , cely
inlet ﬂgld'temperature. For more details regardi o OF in t,
of the incidence ; garding the determiyy;

angle modifier and the time constant, th, Natjyy
referred to ASHRAE Standard 93-77, » e reader
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4.13,
3.1 Evacuateq Tube Collectors

One way of
3 Y of improyj
15 to reduce or g "8 the performap s
s uppress {he ce of a liquid flat-
is done by havinzpae:“ the heat lost by conve(?tion gzt p::te COIlchtﬁr
quence, it becomeg e,,-sgc"-um above the absorber pl :2 © top. This
ntial 1o yge a glass tube ag ﬂ?c ;oAs 1 oones;

S * cover because

v
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is able to withst; ;
puld® gurface ! and the stregycy introduced by
e di

erence.
o 2o og evacuated tube collector (ETC) dgign, 1y, |

i Pb%  gesign consists ofa pumber of ko cinrc .ot
" Pcd ules gide-by 's.lde' S module (Fig. 4,203) ha 4 rzctal
) e"el‘:p ¢ modW e 4 o fluid tubes housed in an evacuated, S fidrica]
cvllcwje absorber plate has a selective surface coating on
e T seals are provided between the fluid tubes and {he eng
185 o 1055 tube. From the point of view of thermal streses, it
ahave these at one end. For this reason, the two fubes

Ve wssary to . other end inside the glass cover and form a ‘U’ with

”t.th as the inlet tube and the other as the outlet tul;e.

Jesign is shown in Fig. 4.20b. Here each module consists
tubes with the space between the outer two tubes,

ass, being evacuated. The outer surface of the
ahsorbing surface and has a selective surface
4 flows in through the innermost metal tube and
nulus between this tube and the middle tube.
(Fig- 4.20c), the U tube of Fig. 4.20a is replaced
gth of the heat pipe inside the evacuated glass
r section in which heat is absorbed and
evaporates. The evaporated fluid rises
it condenses. The heat of condensation

uj

ﬂo‘lﬂs :utt}ﬁﬂesifnl
- pipe- The len;
e heazti';ugtes the evapor.ato
o cql‘li inside the heat pipe
B o ndenser section Whﬁre
to the 0! Absorber plate Wi A s

seloctive surface 1
T -
-
H Section AA
A
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glass lube
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Absorber plate wilth
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Section AA
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glass lube Gonder -
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