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The objectiue of thi,s study was to obta'in a correlat'ion fo,
the effect'iue conuect'iue heat transfer between a horizontal
1 rn x 1 m surface and the enuironment. Tests were con-
ducted on a suitable surface at a par-t'icular locat'ion erposed
to di,fferent solar rad'iat'ion 'intensit'ies, amb'ient tempera-
tures and w'ind uelocities. Based on the erperimental data,
a coryelat'ion fo, the effect'iue heat transfer cofficient, that
takes 'into corrciderat'ion natural conuect'ion, .forced conuec-
tion (uti,nd) and solar rad'iat'ion (clear sky), is presented.
This coefficient can be employed to predict the heat transfer
on the sur.face of solar collectors hau'ing geonxetries sim'i-
lar to the present test set-up and operating under sim'ilar
enuiro nment aI co n d'itions .

Nomenclature

Constant, W l^'K
Constant
Constant
Specific heat capacity, J f kg K
Grashof number, 2(To - T,) gLT p' I
(Q, * T..) p')
Convective heat transfer coeffi.cient , W f m2K
Heat transfer coefficient due to wind, W/m2K
Solar radiation on horizontal surface , W l^'
Number of data points
Thermal conductivity of air, W/mK
Length of plate side, m
Nusselt number, hL lk
Prandtl numb et, F cp I k
Atmospheric pressure, N/m2
Convection heat transfer rate, W l^'
Radiation heat transfer rate, W l^'
Reynolds number, p- I tt
Ambient air temperature, K
Mean plate temperature, K
Sky temperature, K
Wind speed, mls
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Greek letters
ap Absorption coeffi.cient of plate
p Density of air, kg/*t
ep Emissivity of plate

tt Dynamic viscosity of air, kg/m s

o Stefan-Boltzman constant, 5.67 x 10-8 W f m2 Ka

Subscripts

a Atmospheric
cor Correlation
er Experiment
I Laminar flou'
nc lt[atural convection
t T\rrbulent flow
lD Wind

Introduction

In the evaluation of the performance of solar collectors,
suitable equations are required to quantify the heat trans-
fer between the collector cover and the environrnent. Al-
though extensive research and development have been
done to date, uncertainty still exists concerning reliable
equations to predict these transfer rates.

Duffi.e,l referring to convective heat transfer due to
wind over the surface of a solar collector, stated that "from
the preceding discussion it is apparent that the calculation
of wind induced heat transfer coefficients is not well estab
lished". More recently Sharples and Charlesworths came
to the conclusion that "... as experiments come closer to
resembling 'real' collector situations so more discrepan-
cies and inconsistencies are found both between mea,sured
results from different experiments and with standard flat-
plate forced convection relationships for h-" .

Discrepancies are due to various reasons, including the
fact that the definition of the convective heat transfer coef-
ficient is not always consistent. Often the geometry of the
apparatus and its environment is not adequately described.
Unless wind tunnel tests for evaluating the convective heat
transfer coeffi.cient are conducted under conditions of tur-
bulence levels, similar to those found under windy ambient
conditions, resultant heat transfer correlations cannot be
expected to be in agreement.

In general, the cor]\'ective heat transfer coefficient due
to wind on the surface of a collector cover is expressed by
a relation of the fornr
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where a, b and c axe constants.
It is obvious from the many studies that have been

reported to date, that this very simple equation cannot
be expected to model what is really a very complex heat
transfer process.

According to eqn. (1), h- - a when u- - 0. Values
of 'a' quoted in the literature vaxy from 2.8 according to
Watmuff el aI.7 to 10.03 according to Kumar et al.z The
fact that h- has a finite value in the absence of wind,
can only mean that under these conditions heat transfer
occurs due to natural convection, and h- is unlikely to
have a constant value.

As eqn. (1) is not written in dimensionless form, it
does not make provision for changes in the thermophys-
ical properties of the air when operating under different
ambient conditions.

In the following analysis and experiment the above
concerns are addressed in more detail. An effective heat
transfer coeffi.cient for a specific plate geometry operating
in a particular environment is clearly defined and quanti-
fied by means of a correlation based on measured data.

Analysis

Consider the upper surface of a polystyrene horizontal flat
plate that is exposed to the environment as shown in FiS-
ure 1. By applying an enerry balance to a unit area of the
upward facing surface find

In: (1 - ar)In*Q,*q. (2)

where .[6 is the solar radiation (clear sky in preserrt inves-
tigation) on a unit horizontal surface area, ep is the plate
absorption coefficient, while q" and qc are the long-wave ra-
diation and convection heat transfer rates in W/ m2 . Con-
duction losses through the polystyrene plate are assumed

to be negligible.
The heat flux due to radiation from the upper surface

of the plate to the sky can be expressed as

er : o€p (rt - 41") (3)

where eo is the emissivity of the plate, To is the mean plate
surface temperature, and according to Swinbanko the sky
temperature in Kelvin is

?ir'" : 0'05 52Tj'5

where To is the ambient air Kelvin temperature.
Although other expressions for sky temperature are

available, this particular expression is chosen in order to
define a corresponding convective heat transfer coefficient.

The convective heat flrur can be expressed as

with h defining the
efficient which will
study.

Qc:h(To-T") (4)

effective convective heat transfer cG
be determined experimentally in this

(2), together with eqn. (3) and eqn.
(4),

Thus from eqn.
it follows that

apln - o€p {rth-
To-To

(5)

This relation defines the convective heat transfer co-
efficient. The latter can be determined experimentally if
Irr, ep, ep, Tp and Q are mea.sured.

Experiment

Experiments were conducted in order to determine the
convective heat transfer coeffi.cient between a 1 m x 1

m horizontal polystyrene plate (50-mm polystyrene) on a
solid 1 m x 1 m square pedestal having a height of 1.05
m and highly reflective sides. Five fine type T thermo-
couples, having short response times, were located on the
upper surface in positions as shown in Figurc 2.

The test facility wa,s located 100 m above sea level at
33.98'S latitude and 18.85oE longitude. During the tests
solar radiation /6 (on ahorizontal surface) ranged between
250 and 1030 W l^', while wind velocities u- (speed and
direction) measured at the elevation of the plate (1.05 m
above ground level) with the aid of a cup anemometer
ranged from 0 m/s to 3.6 m/s. Only data obtained durittg
fairly steady winds in a particular direction perpendicular
to one edge of the test plate were retained for evaluation
purposes. The ambient air temperature was measured at
the anemometer. Only test data obtained during clear sky
conditions were used in the evaluation of h.

Two sets of experiments r\rere conducted. In one case

the upper surface of the plate uras painted with a matt
black paint having an absorption coefficient of a,
and an emissivity of e,
conducted with the plate covered by an aluminium foil
with oo : 0.1 and €p - 0.03.

The a, and eo for both the aluminium surface and the
black surface were d.etermined experimentally and are in
good agreement with values quoted in available literature.

Results

At wind speeds of nu :0, heat transfer from the plate to
the ambient air is due to natural convection.

The heat transfer coeffi.cient determined according to
eqn. (5) for the measured data sets can be correlated by
the following dimensionless equation

hnr
;: Nu"'"

:0.227 (Gr Pr)t/s

Measured experimental data were compared to eqn.
(6) and to a correlation proposed by Lloyd and Moran3
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Figure 4 Convective heat transfer between horizontal plate and environment
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for a heated horizontal surface facing upwards as shown

in Figure 3. Note that the effective length dimension for
both correlations in Figure 3 is the plate side length I.

Accordittg to Rohsenow et a1.,4 natural convection will
usually dominate when Gr >1100 Re}/z while forced con-
vection (windy conditions) witl be the prirnary mechanism
when Gr <11 Re3/2.

During windy conditions the airflow pattern across

the test surface becomes very complex and the heat trans-
fer coefficient becomes a function of both the Grashof (Gr)
and Reynolds (R") numbers.

As shown in Figure 4, the present data are well cor-
related by the following equation:

Nu - (Gr Pt)L/3 (0.227 + 1.406 x 10-6 R") (7)

This equation is valid in the range 6.75 x 108

(GtP')
Eqtt. (7) correlates the data with a root-mean-square

(RMS) rralue of 16.2 %. The RMS is defined as follows

TL

RIvIs : 
I 

(Nr", - Nu" o,)' ln (8)

Numerical examples for evaluation of the Nusselt
numbers are presented in Appendices A and B.

Conclusion

An equation that predicts the effective convective heat
transfer on a horizontal heated plate exposed to the en-
vironment is presented. It should be noted that eqn. (7)
is only applicable to a particular geometry. The range of
operating conditions is clearly specified.

The fact that the present correlation ("qtt. (6)) for
heat transfer due to natural convection is higher than the
prediction according to Lloyd and Morant -"y in part be
due to the nature of the turbulence in the unstable ambient
air and the geometry of the particular apparatus.

During windy conditions the nature of the flow of the
air across the test surface will determine the heat transfer
coeffi.cient. For laminar flow over a surface Nul o( Re0'8

Re05 while for turbulent flow Nut x Re0'8. In the present
investigation eqn. (7) shows Nu o( Re. Due to relatively
high free stream turbulence a Reynolds number exponent
of 0.8 is not unrealistic since it is likely that turbulent
flow will predominate although the test surface is not very
long in the flow direction. F\rrther flow distortions due
to separation along the edge of the test surface and due
to natural convection can be the reason for the Reynolds
number exponent of unity over the range tested.

Although it may be argued that the sky temperature
accordirrg to Swinbank6 is not the most accurate of equa-
tions, this would imply that the effective convective heat
transfer coeffi.cient, as defined by eqn. (5), is similarly not
very accurate. In the e"raluation of the heat transfer rate
from the plate to the natural environment this possible in-
accuracy will be of little significance if the convection and

radiation effects €re used in combination, i.e.

q- (q.+q")

- k(Gt Pr)l/s
(e)

x (o.zzz + 1.400 x 10-6 R") (To - To) I L

*oeo(rt - 41")

where ?ir, : 0.0552Tr'5.
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Appendix A: Nurnerical example

Natural Convection

On 13 May 2000, at 10:00, the following temperatures,
pressure and incident solar radiation v/ere measured:

To : 23.7"C - 296.85 K
Tp

In
Po : 100 989 N/*'

The thermophysical properties of the air a^s well as

the Prandtl and Grashof numbers are evaluated at a mean
air-plate temperature.
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ry1tap

p-
cp

k

l.L -

(296.85 + 3L7.876) 12 - 307.363 K
L.IMT tg/*t
L007.242 J lkg K
0.02679 W/m K
1.8806 x 10-5 kg/m s

ry - 
1'8806 x 10-5.x 1007.242 

- 0. T0Tk 0.02679

2 (To - To) gLt p'
(To * To) p'

(317.876-296.85) x 9.81 x 1.03 x 1.14472

Making use of these experimental values, the thermo
physical properties and the Prandtl, Grashof and Reynolds
numbers of the air are evaluated at a mean air-plate tem-
perature.

(303.05 + 329.506) 12 :316.287K
1.1125 kglms
1007.658 J/kg K
0.02747 WlmK
I.92ll x 10-5 kg/m s

Pr-

Gr-

2x

rntap
p
h

1-,p

k
p

(317.876 +2s6.85) x (1.8806 x 10-5)2

- 2.4864 x 10e

According to eqn. (5), the experimental heat transfer
coeffi.cient is

(o.om 2r: t)t)
To-To

0.9 x 391 .I52 - 5.67 x 10-8 \
x 0.e {tt T .8764 - (0.0 is2 x 2e6.8bt ')' } )

7.382W1^'K

The corresponding Nusselt number is

Nu","- ry:# - 2Tb.55

App"ndix B: Nurnerical example

Forced convection

At 13:40 on 13 May 2000 the following pressure, tempera-
tures, wind speed, and incident solar radiation were mea-
sured:

29.g"c
56.356"C 329.506 K
574.07W l^' K
100 989 N/-'
0.9 m/s

Pr-

Gr-

- 0.7047

2x

(7, i T,) p,

(32e.506 - 303.05) x 9.8 x 1.03 x 1. II252
apln - o€p {r; - (32e.506 + 303.05)

- 2.7518 x 10e

x (1.9211 x 10-b)2

Re - 
PU-L - 

1'11-2!-x 0'9 x 
-1'0 : b2rlg.bgt-L I.92II x 10-5

hn.

7.876 - 2e6.85)

Accorditg to eqn. (5) the heat transfer coeffi.cient is
equal to

h-
To-To

/ 0.9 x sT4.oT - 5 .67 x 1o-8 \

I @2e.506 - 303.05)

10.663 W l^' K

which leads to a corresponding Nusselt number of

Nu- 10.663 x 1.0

- 388.17.
0.02747

apln - o€p {r; - (o.omzrt 5)-}

ry1lg

Te
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Pa, :
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