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In this inuestigation, the temperatures of the insulated col-
Iector plate and glass couer of a horizontal solar collector
were measured and compared to theoretically pred'icted ual-
ues for different ambient cond'itions. By ernploying an 0,p-

propriate equatzon for the prediction of the heat transfer
between the couer and the natural enu'ironment, good o,gree-

ment was obtained between the theoreti,cally predi,cted and
erperimentally measured ualues.

NonpNcLATURE

C" Coefficient of extinction, ffi-1
cp Specific heat capacity of air, J lkglK
DOY Day of the year
EOT Equation of time, minutes
Grro Grashof number, 2 (To - To) gL3 p' I

((To * To) p')

Oe Annual phase angle, radians
0 Incidence angle, o

p Density of air, kg/*t
e c Emissivity of cover
e,p Emissivity of plate
r a Tlansrnittance due to absorptance
p Dynamic viscosity of air, kg/m s

o Stefan-Boltzman constant,
5.67 x 10-8Wl*'ya

u Hour angle, o

,h Time after midnight, h

Subscri,pts

a

b

c

ca

d

p
pc

ska

w

Atmospheric
Beam
Cover
Evaluate at mean temperature
between cover and ambient air
Diffuse
Plate
Evaluate at mean temperature
between plate and cover
Skv
Wind

IxrnoDUCTroN

It is interesting to note that although excellent books
and a mass of literature on the theory concerning the per-
formance of all types of solar collectors are available, no
reference could be found of the simplest horizontal col-
Iector, consisting of an insulated horizontal square plate
covered by a single glass sheet, which is supported by insu-
lated side walls, where the experimentally measured plate
surface and cover temperatures were compared to theoret-
ically predicted ralues for a particular solar raciiation ancl
other given ambient conditions.

If an analysis had been conducted and the calculated
plate temperature had been in agreement with the mea-
sured value, this would have been fortuitous since no re-
Iiable equation for the prediction of the heat transfer rate
between the cover and the natural environment was, until
recently, available to make such a prediction possible.

Recent workl presented an equation with which the ef-
fective heat transfer (both convection and radiation) from
a glass cover to the ambience can be predicted for a partic-
ular collector geometry (similar to the present collector),
i.e.

q - o€clr: - (0.0ru zr:t)t] * k"o (Gr"oPr"o)tl3

x (o.zzr + 1.406 x 10-6 R""o) rr" - To) lL.
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Convective heat transfer coeffi,cient, W/m2I{
Solar radiation on horizontal surface, W f m2
Thermal conductivity of air, W/mK
Length of collector side, m
Refractive index
Atmospheric pressure, N/m2
Prandtl number, Fcp lk
Heat flux, \, l^2
Convection heat transfer rate , W l^'
Radiation heat transfer rate, W l^'
Plate-cover Rayleigh number
2 (Tu - To) gt,3 po"'"ro"l (Qo * T.) ko"Fr")
Reynolds number, pu- L I p
Thickness, rn
Ternperature, oC or K
Wind speed, m/s
Year
Leap )rear adjustment, days

Greek Letters

ap Absorption coefficient of plate

Qa Declination angle, o

h Latitude angle of location, o

6bng Longitude angle of location, o

6tonn, Standard meridian for time zone, o
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In this equation it was assumed that the Kelvin sky tem-
perature is given approximately by Trka: 0.0552f:'5. This
relation was considered to be reasonably accurate under rel-
atively dry clear sky conditions. Since we were interested
in an accurate prediction of the effective heat transfer from
the glass surface and not the individual effects, i.e. corlvec-
tive heat transfer (natural and forced) and radiation heat
transfer, uncertainties in the individual terms of the above
equation were not critical (the combination of the terms is
important).

In this investigation the glass cover and plate tempera-
tures of a sirnple solar collector were measured and were
found to be in good agreement with theoretically predicted
values.

AppenATUs

The experimental solar collector, as shown in Fig. 1,

consisted of a horizontal 1 m x 1 m square glass cover
with a thickness of 3.88 mm. The base of the solar collec-
tor consisted of a 20 mm thick insulated (megaphen with
kp - 0.015 W/mK) black plate (oo _ 0.9) located 39.5
mm below the glass cover. The sides of the collector con-
sisted of 50 rrm thick polystyrene sheets with the inside
surfaces covered by a highly reflective layer of aluminium
foil (a = €

lector having highlv reflective sides, at an elevation of 1.05
m above ground level. Plate and co\,'er temperatures were
measured with the aid of type-T thermocouples (trvo ther-
mocouples on each surface). The ambient conditions (tem-
perature and u'ind) were obtained from a Davis rn'eather
station located near the apparatus as shown in FiS. 1,

rvhile the total incident solar radiation \,va^s measured u'ith
the aid of a Kipp and TtorterL soiar sensor placed on top of
the glass cover. The test facility was located 100 m above
sea level at 33.98oS latitude and 18.85'E longitude.

Axelvsrs

The objective of this studl' was to compare the exper-
imentally me.**ured glass cover and piate temperatures of
a solar collector with theoretically predicted r,alues for dif-
ferent ambient conditions.

To analyse the problem, consider the solar collector
(shown in Fig. 1) that was subjected to a solar radiation
of

In : Inr, * Ina (1)

u'here 166 and Ina are the beam and diffuse solar radiation
on a horizontal surface, respectively.

A part of the beam radiation is reflected at the collector
cover (Duffie and Beckmut '). For a refraction index of
TL- 1.526 the reflection at the upper surface of the glass
cover is

sin2 {arcsin (sin 0|L 526)

sirt2 {arcsin (sin 011- 526 +
-t

-0
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where the zenith or beam incidence angle d is determined
from the relation

cos d - sin (>asin(>, * cos /a cos /, cos c^.,

where
Qa: declination i.e. the angular position of the sun

at solar noon with respect to the plane of the
equator (North positive), degrees

h - latitude (North positive), degrees
u : yHfrlfl".ii,?liT;i"'?:lttnTiffi and

mornings positive and afternoons negative,
e.g. u - +15" for 11h00 and -37.5o for 14h30.

The declination angle is given by

Qa:

where @o is the annual phase angle given by

do:0.0172028(DOY +YADJ + 0.417)

(3)

(4)

(5)

)l
(B)

(e)

In equation (5) DOY is the day of the year, where 1

January is the first day of the year and Y ADJ is the leap
year adjustment which is given by

YADJ -0.2512.5 - tY - 4(inteser[(Y - 1) /4])]l (6)

where Y is the particular year. The integer function rounds
off the calculated value towards the lo'*'er integer value.

The hour angle u,' is determined accordit g to the follo'*-
ing equation

u - 15 bb - 12 - {+ (arcnss (bro,.g) - EoT} /60] (T)

The equation of time (EOT), expressed in minutes, is
given by

I 0.00661 + 0.40602 sin (Q, - 1 4ozb) I
180 I +0.00665sin (24 p 1.478e) I l"

L +0.002e8 sin (3/ p 1.0eeo) J

EOT -- 1440 [O.OO5rr4sin (do + 3.0593

+0.006892 sin (2@ p + 3.4646)

+0. 000222sin (3/ p + 3.3858)

+0.000153 sin (46o + 3 .7766)

For diftuse radiation. employ equation (2) with d - 60 )

to find the reflectivrty pa: 0.09346. The beam transmit-
tance considering only absorption through the glass cover
is given by

1-, -C.t" f cos{arcsin (sin 0 /1.526)}tbA-r-

I
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where Cr. is the extinction coeffi.cient and t" is the thick-
ness of the glass cover.

The transmittance of diffuse radiation considering only
absorptance, Td,o, is the same as that for rba at 0:60o,

Ultimately the fraction of solar beam radiation absorbed
by the plate is given by2'3

(ruo)b: (1 - p)2 rbaepll{1 - pa(l - ao)} (1 - p?r?)l
(10)

(2)

I
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where oo is the solar absorptance of the plate.
Similarly the fraction of diffuse radiation absorbed by

the plate is

(raor)a: (1 - pu)z rdaapl [tt - pa(l - a)] (1 - p3r'0,)l

Rearranging the previous equation, the absorbed plate
diffuse radiation becomes

(, arr)a : 0.82 L8r aoao
(11)

/ [(0 e0654 + 0.0e346oo) (1 - 0.0087313))

The net solar radiation per unit area absorbed by the
plate is therefore
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For steady state conditions (see Fig. 2) the convective
heat transfer from the air below the cover to the cover is
the same as the convective heat transfer from the plate to
the air, i.e.

ech : eph : ho" (To - T") (19)

The heat loss from the upper surface of this particula^r
collector geometry to the ambience is given byl

(q"" * q.o): e: o€c 
[Ct - lo.ottrrl\^f

+ltcr. P."o)t/t (o.zzz + 1.406 x 10-6.Ea"o)] (20)

xle.o(7" - T") lL.

By solving equations (13) and (18) simultaneously, the
cover and plate temperatures of the solar collector can be
predicted for given ambient conditions.

Rnsults AND coNCLUSIoN

The results of measurements conducted during midday
when essentially steady state conditions prevail are shown
in Figs. 3 and 4. A numerical ercample, in which cover and
plate temperatures are predicted theoretically at a time
during this period, is presented in the Appendix.

The agreement between the measured temperatures (?.
and Q) and the predicted values is very good. This sug-
gests that the theoretical approactr and the equations used
make it possible to predict the performance of this type of
collector to a high degree of accuracy.
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ApppNotx: Nutr,tnRtcel EXAMPLE

A solar collector test was conducted at 12h39.44 (! :
12.6622 hours after midnight) local time on 27 October
2000 (DOY :27lst day of the year) at the Solar Energy
Laboratory of the University of Stellenbosch, South Africa,
located on latitude dr : -33.98" (South) and 6tons :
18.85" (East). The South African standard meridian is

drons" :30" (East).
The collector specifications a,re as follows (see Fig. 1):

Length of collector side (square) tr" :1 *
Glass cover thickness t" :3.88 mm
Height of air layer to;, :39.5 mm
between plate a,nd cover
Long-wave emissivity of glass sc : 0.88

Extinction coefficient of glass C" : 13 m-l
Refractive index of glass n.:7.526
Long-wave emissivity of plate ep :0.9
Solar absorptivity of plate 0p : 0.9

Qp : (, aor) a Ina * (, aop) a Ina (12)

(15)

(16)

(17)

( 18)

Since the base plate and the sides of the collector were
well insulated, conCuction losses can be neglected. Radia-
tive exchange with the highly reflective sides of the collector
can also be ignored.

With these assumptions the energy balance applicable to
the surface of the plate is

where the convective :^: r::Jl;"m the prate," thj:l

Qph : hp. (7, - T") (14)

If the plate is the warmer of the two surfaces, the con-
vective heat transfer from the air is given byn

where ko" is the thermal conductivity of the air at (7, *
T")12 and ,a is the distance between cover and the plate.
This equation is va,lid for Rayleigh numbers ranging from
0 to 108. The Rayleigh number is

hp":l fll#:"'#ii( ^l;|] k,"r,.

Ra,": 2(To -7") gtZp\"cpp"

I lgo * T") ur.ko.f

where all the air properties are evaluated at the mean air
temperatures (To + T.) 12.

The radiative heat exchange between the plate and cover
is given by

Qp": " (r; -r:) l(rleo+ 1le"*r)

The steady state energy
solar noon) applicable to
shown in Fig. 2, is

(1 - p) (1 - ruo)t*

*q"n*Qp":(Q.r*Q.o) -g

where temperature gradients in the glass are neglected.

(this was essentially the case at
the glass cover control volume,

+
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Arnbient conditions a e as follows:
Gt"i incident solar radiation In :895 .47 W lmz
Diffuse solar radiation Ina :76.115 W/m2
Ambient temperature To:19'1"C - 292'25 K
(1.05 m above ground)
Atmospheric pressure
Wind speed

po :101049 N/*'
'uut :0'9 m/s

(1.05 m above ground)
For the above conditions, predict the glass cover and

the plate temperatures (during the particular test the mea-

sured glass cover temperature was T. - 56.537'C (329.687

K) while the plate temperature was Tp : 115.448'C
(388.5e8 K)).

Sot utloN

In this sample calculation it will be shown that the en-

ergy equations (13) and (8) are satisfied for 4 - 56.690'C
(329.840 K) and T, : 115.482"C (388.632 K).

To find the incidence angle as given by equation (3),

determine the leap )€ar adjustment according to equation
(6).

Y ADJ - 0 .2512.5 - {Y - 4 (integer [(Y - 1) /4])]l

- 0.25i12.5 - {2000 - 4(integer [(2000 - 1) /4])]l

- -0.375 daYs

u'ith the integer function yielding a value of 499.

With this value find the annual phase angle according to
equation (5).

Qo :0.0172028 (DOY + t' AD J + 0,417)

- 0.0172028(27I - 0.375 + 0.4I7) - 4.6627 rad

Substitute the value for do into equation (4) to find the

declination angle

0.00661 + 0.40602 sin (4.6627 - 1.4075)

+0.00665 sin (2 x 4.6627 - 1.4789)

+0.00298sin (3 x 4'.6627 - 1.0996)

ln - -1.823"

Substitute the phase angle into the equation of time (8)

EOT : L440 lr
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Using the value obtained for the equation of time value,

the hour angle can be determined accordittg to equation
(7), for 12.6622 hours after midnight

u - L5 bl, - L2 - { 4 (Qn-ss du.n) - Eor} /60]

4 (30 - 18.85)
- 1.0561'

60

Substitute Q6 and c^,r into equation (3) to find the bearn

incidence angle

0 - arccos (sin /7 sin h * cos S6cos /1 cos t^u)

_ o,rcc o" ( sin -1.823 x sin -33.98 \
\ * cos -1.823 x cos -33.98 x cos 1.0561 )

: 32.172"

Therefore the beam reflection from the upper surface of
the glass according to equation (2) is

- 15 
[t, 

6622- 1 z - - 9.0922

sin2 {arcsin (sin 01L.526 + 0)}

sin2 {arcsin (sin 01I526) - 0

tan2 {arcsin (sin 01I.526)

il

+

I

172

in (sin 01L 526)

in 32 .17211.526in (s
' tut
csin

n2

a(
an

{a:

+
,lt2

_t
2

+l

;inSI

Pb:
sin2 {arcsin (sin 32.17211.526 + 32.L72)}

32.1721

32.r72\
- 0.045514

Substitute the beam incidence angle into equation (9) and

find that the beam transmittance due to absorptance

Tba _ e-C"t"/ cos{arcsin(sin 011'526)}

-.-13 x 0.000388/ cos{arcsin(sin 32. 1 72 / 1.526) }
')L,

: 0.9476

The difiuse incidence angle is taken as 60o. Therefore

the diffuse transmittance due to absorptance is found to
be

tl

l- 0.00001 + 0.40602 sin (Qo - 1 4075)

Qa : 180 I *0.00665 sin (24 p 1.4789)

L +o.oo298sin lJO, - 1.0990)

sin (4,6627 + 3.0593)

1440 :il[3 xi:33ii]-3:i333]
sin(4 x4.6627 +3.7766)

9.0922

] 
t,r

l
Tb,* : e-C't"f cos{arcsin(sin0/1'526)}

o-13 x 0.000388/ cos{arcsin (sin 60/1 .526)}
IJ

- 0.9406

The fraction of solar beam radiation absorbed by
plate is according to equation (10)

the

(ruo')a
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while the fraction of diffuse solar energy absorbed by the
plate is according to equation ( 11)

(, aor) a : 0.82I8r 6oao

/ [(0.90654 + 0.09346 op) (r - 0.00873rr0,)f
: 0.8218 x 0.9406 x 0.9

i [(0 e06b4 + 0.0e346 x 0.e) (r - 0.00823 x 0.e4062)]

- 0.7077r

Using the predicted plate and cover temperatures, the
thermophysical properties and the Rayleigh number of the
entrapped air are evaluated at a mean cover-plate temper-
ature Tp. : (Tr*7") 12 : (388.632+329.84) 12 :359.23K.

At this temperature find the air density pp" _ 0.9798
kg/*t, the specific heat capacity cpp"_ 1010.3 J/kg.K,
the thermal conductivity ko. : 0.030684 W lm.K and the
dynamic viscosity Fp" - 2.1111 x 10-5 kg/m.s.

The Rayleigh number from equation (16) is

Rap. -r 2 (To - T.) gt\p\"cpp"

I llo * T") ttr.'kr"l
2 (388.632 - 329.84) x 9.81
x0.03953 x 0. 97982 x 1010.3

,l (888.6J2+ 329.84) x 2.1111 I
'Lx10-5x0,030684 J
148.150 x 103

Substitute this value for the Rayleigh number into equa-
tion (15) and find the heat transfer coefficient

hr. :

Flom equation (12) it follows that the left-hand side of
equation (13) yields a value of

Qp - (ruoo)o In, * (raar) alna

- 0.78576 (895.47 - 76.115) + 0.7077L x 76.115

and the right-hand side of equation (13), according to equa-
tion (14) and (17), gives

61

To evaluate the energy equation (18) applicable to the
glass cover employ the predicted cover temperature T"
to find the thermophysical properties and dimensionless
Prandtl, Grashof and Reynolds numbers of the air, at a
mean air-cover temperatur I To. : (7" * T,) 12 : (329.84 +
292.25)12 :311.05 K. At this temperature the density of
the air is p.o_ 1.13162 kg/*t, the specific heat cp"o -
1007.1 J/kg.K, the thermal conductivity k"o- 0.027069
W/m.K , the dynamic viscosity F.o - 7.8974 x 10-5
kg/m.s and the Prandtl number is

F"ocp.o
0.027069

The Grashof number is given by

Gr"o : 2 (7" - To) gLZp'",

(7" + T") p7,

2 (329.84 - 292.25) x 9.8 x 1.03 x 1.131622

(329.84+ 292.25) x (1.8974x 10-5)2

_ 4.2L698 x 10e

while the Reynolds number is

Re"o - 
Prou*L" 

- 
1'13L62 x 0'9 x 1.0

F"o

- 53676.5

1.8974 x 10-5

Substitute the previously determined glass solar charac-
teristics into the left-hand side of equation (18) and find

Pt"o :
k"o

0.70593

(1 - p) (I - ra") ,.:-f lnar Qch r Qpc
- Par ao)(1

(1 - 0.045514) (1 - 0.e476)

(1 -0.045514x0.9476)
(8e5 .47 - 76.115)

+
(t,; o'99=3f)=(t 

= 9'?=a=qo) 26.1lb
(1 -0.09346 x 0.9406)

Qph * Qpc

Hence, the plate
is satisfied.

he"(Te -7") + " (r; -r:)
lGlro + 1le"*L)
3.38e (388.632 - 32e.84)

*5.67 x 1o-8 (eSa.6324 - 329.84n)

I Q10.9 + 1/0.89 + 1)

697.8 W/m2

energy equation for the solar collector

+3.38e (388.632 - 329.84)

+5.67 x 10-8 (aaa.6324 -32e.844) l(110.9 + 110.88 - 1)

- 743.9 W/m2

Upon substituting the above values for the Prandtl,
Grashof and Reynolds numbers into equation (20), the
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As in the case of the solar collector plate, it is shown
that the predicted temperatures satisfy the cover energy
equation for the simple collector.

62

right-hand si value of

(9"' * t)']

+ [t" 1o-6R";)

xk"o (7. - T") I L"

- 0.88 x 5.67 x 10-8 
| iLX 52 x 2s2.2b'u)n ]

r I (4.21698 x loe x o.zobg) 
1/3

' I x (o.zZz+1.406x10-6.x53676.5)

x0.02707 x (329.84 - 292.25) l1,0

:743.9 W lmz


