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In this investigation, the temperatures of the insulated col-
lector plate and glass cover of a horizontal solar collector
were measured and compared to theoretically predicted val-
ues for different ambient conditions. By employing an ap-
propriate equation for the prediction of the heat transfer
between the cover and the natural environment, good agree-
ment was obtained between the theoretically predicted and
ezperimentally measured values.

NOMENCLATURE
Chs Coefficient of extinction, m™1
&5 Specific heat capacity of air, J/kg/K
DOY  Day of the year
EOT Equation of time, minutes
Greq Grashof number, 2 (T, — T,) gL3p?/

(T, + o) 2)
h Convective heat transfer coefficient, W/m?K
I Solar radiation on horizontal surface, W/m?
k Thermal conductivity of air, W/mK
o Length of collector side, m
n Refractive index
Pa Atmospheric pressure, N/m?
Pr Prandtl number, pc,/k
q Heat flux, W/m?
Qe Convection heat transfer rate, W/m?
Qr Radiation heat transfer rate, W/m?
Ray. Plate-cover Rayleigh number
2(T, - To) gta3ppc20w0/ ((Tp +T.) kpc,“pc)

Re Reynolds number, pv,, L/p
t Thickness, m
T Temperature, °C or K
U Wind speed, m/s
Y Year
YADJ Leap year adjustment, days

Greek Letters

oy Absorption coefficient of plate
baq Declination angle, °©

o) Latitude angle of location, ©
®rong  Longitude angle of location, °

Prongs Standard meridian for time zone, °

1. Student, Department of Mechanical Engineering, University of
Stellenbosch

2. Department of Mechanical Engineering, University of Stellen-
bosch, Private Bag X1, Matieland, 7602 South Africa

¢, Annual phase angle, radians
6  Incidence angle, °
p  Density of air, kg/m?
€. Emissivity of cover
€p  Emissivity of plate
To Transmittance due to absorptance
¢ Dynamic viscosity of air, kg/m s
o  Stefan-Boltzman constant,
5.67 x 1078W/m2K*
w  Hour angle, °
1 Time after midnight, h

Subscripts
a Atmospheric
b Beam
c Cover

ca  Evaluate at mean temperature
between cover and ambient air

d Diffuse

p Plate

pc  Evaluate at mean temperature
between plate and cover

sky Sky

w Wind

INTRODUCTION

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-
lector, comnsisting 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 values for a particular solar radiation and
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-
liable 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 work! 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),
ie.

=5, [Tg1 - (0.0552Tg-5)“] + kea (Greq Prog)' />

x (0.227 + 1.406 x 1076 Req) (T — Ta) /Le
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In this equation it was assumed that the Kelvin sky tem-
perature is given approximately by Tk, = 0.05527}%. 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. convec-
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 simple solar collector were measured and were
found to be in good agreement with theoretically predicted
values.

APPARATUS

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
k, = 0.015 W/mK) black plate (o, = 0.9) located 39.5
mm below the glass cover. The sides of the collector con-
sisted of 50 mm thick polystyrene sheets with the inside
surfaces covered by a highly reflective layer of aluminium
foil (& = ¢ = 0.1). A square pedestal supported the col-
lector having highly reflective sides, at an elevation of 1.05
m above ground level. Plate and cover temperatures were
measured with the aid of type-T thermocouples (two ther-
mocouples on each surface). The ambient conditions (tem-
perature and wind) were obtained from a Davis weather
station located near the apparatus as shown in Fig. 1,
while the total incident solar radiation was measured with
the aid of a Kipp and Zonen solar sensor placed on top of
the glass cover. The test facility was located 100 m above
sea level at 33.98°S latitude and 18.85°E longitude.

ANALYSIS

The objective of this study was to compare the exper-
imentally measured glass cover and plate temperatures of
a solar collector with theoretically predicted values 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 = Iny + Iha (1)

where I, and Ip4 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 Beckman?). For a refraction index of
n = 1.526 the reflection at the upper surface of the glass
cover is

- [sin2 {arcsin (sin §/1.526) — 6}
T Lsin? {arcsin (sin#/1.526 + 6)}

1 tan® {arcsin (sin 6/1.526) — 6}
2 | tan? {arcsin (sin §/1.526) + 6}
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where the zenith or beam incidence angle 6 is determined
from the relation

cos @ = sin ¢ sin ¢, + cos @, cos ¢, cosw (3)
where
¢q = declination i.e. the angular position of the sun
at solar noon with respect to the plane of the
equator (North positive), degrees
¢, = latitude (North positive), degrees
w = hour angle degrees, solar noon being zero and

each hour equalling 15° of longitude with
mornings positive and afternoons negative,
e.g. w = +15° for 11h00 and —37.5° for 14h30.

The declination angle is given by

0.00661 + 0.40602sin (¢, — 1.4075)
+0.00665 sin (2¢,, — 1.4789 /T
+0.00298 sin (3¢,, — 1.0996

¢d = 180

where ¢, is the annual phase angle given by

¢, = 0.0172028 (DOY + YADJ +0417)  (5)

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 =0.25(2.5 — {Y — 4 (integer (Y — 1) /4])}] (6)

where Y is the particular year. The integer function rounds
off the calculated value towards the lower integer value.

The hour angle w is determined according to the follow-
ing equation

w=15 ["/) -12- {4 (¢lon_qs - (plong) - EOT} /60] (7)

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

EOT = 1440 [0.005114sin (¢, + 3.0593)]
+0.006892 sin (2¢,, + 3.4646)
-+0.000222 sin (3¢, + 3.3858
+0.000153 sin (4¢,, + 3.7766

(8)

For diffuse radiation, employ equation (2) with 6 = 60°,2
to find the reflectivity p; = 0.09346. The beam transmit-
tance considering only absorption through the glass cover
is given by

Tha = e—Cctc/cos{arcsm(sm 0/1.526)}

9)
where C,. is the extinction coefficient and t. is the thick-
ness of the glass cover.
The transmittance of diffuse radiation considering only
absorptance, T4,, is the same as that for 74, at 8 = 60°.
Ultimately the fraction of solar beam radiation absorbed
by the plate is given by?3

(Tbap)b =(1- pb)2 ThaQp/ [{1 —pa(l—oy)} (1 - PET%a)]
(10)
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where «, is the solar absorptance of the plate.
Similarly the fraction of diffuse radiation absorbed by
the plate is

(Tdap)d =(1- Pb)2 Tdaap/ [{1 —pa(1— O‘p)} (1 - P?iT?ia)]

Rearranging the previous equation, the absorbed plate
diffuse radiation becomes

(Taap), = 0.821874acxp
(11)
/ [(0.90654 + 0.093460,) (1 — 0.0087373,)]

The net solar radiation per unit area absorbed by the
plate is therefore

ap = (Tbap)b Inp + (Tdap)d Ihag (12)

Since the base plate and the sides of the collector were
well insulated, conduction 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

dp = Gph T Gpc (13)

where the convective heat transfer from the plate to the air
is
Iph = hpe (T, — Te) (14)

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

1+ 1.44 (1 — 1708/Ray.)
+{ (Rape/5830)"° - 1}

hpe =

} kpe/ta (15)

where k. is the thermal conductivity of the air at (T}, +
T.)/2 and t, is the distance between cover and the plate.
This equation is valid for Rayleigh numbers ranging from
0 to 10%. The Rayleigh number is

Rape = 2(T, - To) 9t3pgccppc

a

[ (T + Te) ipekipe]

where all the air properties are evaluated at the mean air
temperatures (T, + T¢)/2.

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

(16)

Gpe=0 Ty —T2) ) (1/ep + 1/ec +1) (17)

The steady state energy (this was essentially the case at
solar noon) applicable to the glass cover control volume,
shown in Fig. 2, is

(L= pp) (1 = Tba) I

(1= pa) (= 7a),
(1 - prba)

(1 - pyTda)

(18)
+qch + Gpc = (QCs 3 qca) =q

where temperature gradients in the glass are neglected.
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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.

Geh = Gph = hpc (T — T) (19)

The heat loss from the upper surface of this particular
collector geometry to the ambience is given by!

(es +dea) = g = 02 [T2 = (0055272%)’
+ [(Grca Prea)'/® (0.227 + 1.406 x 106 Raca)] (20)

Xkeo (Te —To) [ Le

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

RESULTS AND CONCLUSION

The results of measurements conducted during midday
when essentially steady state conditions prevail are shown
in Figs. 3 and 4. A numerical example, 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 (7,
and Tp) and the predicted values is very good. This sug-
gests that the theoretical approach 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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APPENDIX: NUMERICAL EXAMPLE

A solar collector test was conducted at 12h39:44 (v =
12.6622 hours after midnight) local time on 27 October
2000 (DOY = 271st day of the year) at the Solar Energy
Laboratory of the University of Stellenbosch, South Africa,
located on latitude ¢, = —33.98° (South) and ¢,,,, =
18.85° (East). The South African standard meridian is
Brongs = 30° (East).

The collector specifications are as follows (see Fig. 1):

Length of collector side (square) L.,=1m
Glass cover thickness t. = 3.88 mm
Height of air layer tair = 99.5 mm
between plate and cover

Long-wave emissivity of glass e. = 0.88
Extinction coefficient of glass Ce=13m™!
Refractive index of glass ne = 1.526
Long-wave emissivity of plate ep =09

Solar absorptivity of plate ap =09
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Ambient conditions are as follows:
Total incident solar radiation I = 895.47 W/m?

Diffuse solar radiation Ing = 76.115 W/m?

Ambient temperature

(1.05 m above ground)

Atmospheric pressure

Wind speed

(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 T, = 115.448°C
(388.598 K)).

po = 101049 N/m2
Uy = 0.9 m/s

SOLUTION

In this sample calculation it will be shown that the en-
ergy equations (13) and (8) are satisfied for T, = 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 year adjustment according to equation

(6)-
YADJ =0.25[2.5 — {Y — 4 (integer [(Y — 1) /4])}]
= 0.25[2.5 — {2000 — 4 (integer [(2000 — 1) /4])}]
= —0.375 days
with the integer function yielding a value of 499.
With this value find the annual phase angle according to

equation (5).

¢, = 0.0172028 (DOY + Y ADJ + 0.417)
=0.0172028 (271 — 0.375 + 0.417) = 4.6627 rad

Substitute the value for ¢, into equation (4) to find the
declination angle

{ 0.00661 + 0.40602 sin (4.6627 — 1.4075) }
=180

0.00661 + 0.40602sin (¢, — 1.4075)
g = 180 | +0.00665sin (2¢, — 1.4789
+0.00298 sin (3¢, — 1.0996

+0.00665 sin (2 x 4.6627 — 1.4789)
+0.00298 sin (3 x 4.6627 — 1.0996)
Jm = —1.823°

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

0.005114 + sin (¢, + 3.0593)
+0.006892sin (26, +3.4646) |
+0.000222sin Esqsp + 3.3858%
+0.000153sin (46, + 3.7766

EOT = 1440

0.005114 + sin (4.6627 + 3.0593)
+0.006892 sin (2 x 4.6627 + 3.4646)

= 14401 0,000222sin (3 x 4.6627 + 3.3858)
+0.000153 sin (4 x 4.6627 + 3.7766)
= 9.0922 min

T, =19.1°C =292.25 K
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Using the value obtained for the equation of time value,
the hour angle can be determined according to equation
(7), for 12.6622 hours after midnight

w=15[¢ — 12 = {4 (Biongs — Piong) — EOT} /60]
=15 [12.6622 — T2 430 18‘28) — 9‘0922] = 1.0561°

Substitute ¢, and w into equation (3) to find the beam
incidence angle

6 = arccos (sin ¢4 sin @y + cos Py cos ¢, cosw)

- sin —1.823 x sin —33.98
SRR + 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

B [sin2 {arcsin (sin 6/1.526) — G}jl
o= | sin? {arcsin (sin 6/1.526 + 6)}

b [tan2 {arcsin (sin 6/1.526) — 9}}

2 | tan? {arcsin (sin 8/1.526) + 6}

sin? {arcsin (sin 32.172/1.526) — 32.172}
[51112 {arcsin (sin 32.172/1.526 + 32. 172)}}

Po =

tan? {arcsin (sin 32.172/1.526) — 32172}1\

tan? {arcsin (sin 32.172/1.526) + 32.172}
= 0.045514

Substitute the beam incidence angle into equation (9) and
find that the beam transmittance due to absorptance

e——CetC/ cos{arcsin(sin 6/1.526)}

Tba
6_13 %0.000388/ cos{arcsin(sin 32.172/1.526)}

0.9476

The diffuse incidence angle is taken as 60°. Therefore
the diffuse transmittance due to absorptance is found to
be

Tha = e—Cetc/ cos{arcsin(sin 6/1.526)}

e-l3x0.000388/ cos{arcsin(sin 60/1.526)}

0.9406

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

{1—pg(1 = ap)}
a-armer | G208 ]

(1 —0.045514)° x 0.9476 x 0.9/
{1 -0.09346 (1 - 0.9)}
(1 —0.0455142 x 0.94762)
0.78576

(Tbap)b =

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

(Taap), = 0.82187 4,0

/ [(0.90654 + 0.093460,) (1 — 0.0087373,)]

= 0.8218 x 0.9406 x 0.9

/ [(0.90654 + 0.09346 x 0.9) (1 — 0.00873 x 0.94062)]
=0.70771

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 Tpe = (Tp+7.)/2 = (388.632+329.84) /2 = 359.23K.

At this temperature find the air density p,, = 0.9798
kg/m®, the specific heat capacity cpp. = 1010.3 J/kg.K,
the thermal conductivity ky. = 0.030684 W/m.K and the
dynamic viscosity p,. = 2.1111 x 1075 kg/m.s.

The Rayleigh number from equation (16) is

Rape = 2(T,-T.) gtipﬁc%pc
[ [(Tp + Te) prpckine]
= 2(388.632 — 329.84) x 9.81
x0.0395° x 0.97982 x 1010.3
(388.632 + 329.84) x 2.1111
/ [ %1075 x 0.030684 }
= 148.150 x 103

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

X [ 1+ 1.44 (1 — 1708/ Ra,.)
pc

+ {(Rapc/5830)1/3 - 1} ] kpe/ta

14 1.44 (1 —1708/148.150 x 10%)

- {(148.1.50 x 103/5830)"/* — 1} }
x0.030677/0.0395

= 3.389W/m°K

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

g = (Toap), Inb + (Tacy)y Ina
= (.78576(895.47 — 76.115) + 0.70771 x 76.115
= 697.6 W/m®

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

hpe (Tp = Tc) + 0 (Tg =H)

[ (/ep+1/ec+1)

= 3.380(388.632 — 329.84)
+5.67 x 107° (388.632* — 329.84%)
/(1/0.9+1/0.88 +1)

= 697.8 W/m®

Qph + Qpc =

Hence, the plate energy equation for the solar collector
is satisfied.
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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 temperature T, = (T, +7T,)/2 = (329.84 +
292.25)/2 = 311.05 K. At this temperature the density of
the air is p,, = 1.13162 kg/m3, the specific heat cpe, =
1007.1 J/kg.K, the thermal conductivity k., = 0.027069
W/m.K , the dynamic viscosity u., = 1.8974 x 1075
kg/m.s and the Prandtl number is

PoaCpea _ 1.8974 x 107 x 1007.1

kea 0.027069
= 0.70593

Pr., =

The Grashof number is given by

in 3.2
G""ca — 2 (TC Ta) gL;pca.
(TC + Ta) :u’ca.
2(329.84 — 292.25) x 9.8 x 1.03 x 1.131622
(329.84 + 292.25) x (1.8974 x 10-5)>

4.21698 x 10°

I

while the Reynolds number is

Re. = Peavwle _113162x09x 1.0
o Pea  1.8974 x 105
= MiS6iES

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

(l—pb)(l-Tba)Ib+ (1=pg) (1 = Tda)

Ihg + Qen +
(1= po7ea) (1 — paTas) sl Gpe

~ (1-0.045514) (1 — 0.9476)
~ (1-0.045514 x 0.9476)

(895.47 — 76.115)

(1 - 0.09346) (1 — 0.9406)

1
(1 —0.09346 x 0.9406) 76115

+3.380 (388.632 — 320.84)
+5.67 x 1072 (388.632¢ — 320.84%) / (1/0.9 + 1/0.88 — 1)

=743.9 W/m®

Upon substituting the above values for the Prandtl,
Grashof and Reynolds numbers into equation (20), the
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right-hand side of equation (18) yields a value of As in the case of the solar collector plate, it is shown
that the predicted temperatures satisfy the cover energy
(ges + Gea) = €cO [Tf - (0.0552Tj'5)4] equation for the simple collector.

+ [(Grca Prea)'/ (0.227 + 1.406 x 10‘6Raca)]

Xkeo (Te — Tp) /Lc
329.844 ]
)4

o -8
=0.88 x 5.67 x 10 [ — (0.0552 x 292.25!3

L | (421608 x 10° x 0.7059) /° }

X (0.227 +1.406 x 1076 x 53676.5)

x0.02707 x (329.84 — 292.25) /1.0

= 743.9 W/m>



