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SUMMARY

Testing of efficiency or energy ocutput of uncovered solar collec-
tors of the fully wetted type was investigated.

A model for the energy output of that type of collectors was

set up based on the temperature of the absorber surface. In the
model the following coefficients have to be inserted: the absorp-
tance of the absorber, the emissivity of the absorber, the con-
vective heat loss coefficient at different air velocities. In
order to use the model the relation between the fluid tempera-

ture and the absorber temperature has to be known.

The test procedure therefore consists of measurements of 1) the
absorptance and the emissivity of the absorber 2) the convective
heat loss coefficient and its variation with the air velocity

3) the heat transfer coefficient between the absorber and the
fluid.

The two last quantities can be found from heat loss tests.

For a typical uncovered ccllector the coefficients were measured
and a comparison between the measured and the calculated energy
output was performed both indoors with a solar simulator and out-

doors.

In general there was quite good agreement and the influence of
the thermal radiation did not seem to be a problem. The major
problem or difficulties are in measuring the convective heat
loss coefficient and use it because the relation between the
meteorological wind velocity and the air velocity at the absor-
ber surface is not well known.



1. INTRODUCTION

Uncovered solar collectors consist of an absorber and sometimes

a frame in order to mount it on the roof but with no cover, insu-
lation or casing. The absorber is typically made of black plastic
and due to low thermal conductivity no fins are used - the absor-
ber is fully wetted. The absorber can be made of metal and then

a tube with fins can be used, but that type is not treated in
this report.

The uncovered collectors are typically used for heating of
swimming-pools or other low temperature applications. Coupled

to heat pumps the collectors will often be operated at tempera-
tures below the dew-point temperature of the ambiant air and in
this way the condensation heat will be used. Only dry operation
of the uncovered collectors is dealt with in this report.

The efficiency of uncovered collectors is much more influenced
by the air velocity at the absorber surface and the thermal
radiation exchange with the surroundings than the efficiency of
glazed collectors. Therefore testing of uncovered collectors in
solar simulators may produce unrealistic data. The influence of
the thermal radiation from the surroundings in solar simulators
therefore has to be measured and corrected for. The variation

of efficiency with air velocity at the absorber surface also

has to be measured and in some way incorporated in the presenta-
tion of the efficiency. Due to this a special version of the
efficiency test procedure has to be set up for uncovered collec-

tors.

2. MODELS OF EFFICIENCY AND ENERGY OUTPUT

For glazed collectors the mean fluid temperature is used as the
characteristic temperature of the collector. For uncovered collec-
tors the temperature difference between the fluid and the ambiant
air for typical operating conditions is small (0-10°C). There-
fore, the temperature difference between the absorber surface

and the fluid has a relative great influence on the heat lo0ss.



In the glazed collector this is taken into account by the collec-
tor efficiency factor, F', but this is not really applicable

for an uncovered collector because heat is lost directly from the
absorber both to the ambiant air (by convection) and the surroun-
dings (by thermal radiation).

Instead of introducing equivalent air temperatures it is much more
clear to use the following model based on the absorber tempera-
ture. As the expression is simpler for the energy output than

for the efficiency the first is used.

Energy output = absorbed energy

minus heat loss due to convection at the absorber top
minus heat loss due to radiation at the absorber top
minus heat loss due to convection at the absorber back

minus heat loss due to radiation at the absorber back.
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q is the energy output, W/m2
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v is the solar absorptance of the absorber

G is the solar irradiance, W/m2

Tpt is the temperature of the absorberplate at the top, K

pr is the temperature of the absorberplate at the back, K

Tat is the temperature of the air at the top, K

Tab is the temperature of the air at the back, K

Tst is the temperature of the surroundings at the top, K

st is the temperature of the surroundings at the back, K

htc is the convective heat transfer coefficient at the top, W/m2K
hbc is the convective heat transfer coefficient at the back, W/mzK
Ept is the emittance of the absorberplate at the top

pr is the emittance of the absorberplate at the back

Esp is the emittance of the surroundings at the back

is Stefan-Boltzmans constant.

Q



The surroundings are treated as if they were an absolute black
body with a certain temperature.

The model is based on the assumption that the collector is placed
on the roof in such a way that there is a gab between the absor-
ber and the roof. If the collector is insulated at the back or
mounted with the absorber in contact with the roof the convective
and radiative heat loss from the back should be replaced by

a heat loss due to conduction.

4 4
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hc is the heat loss coefficient due to conduction, W/mzK

Ty, is the temperature of the material to which the heat is lost, K.
In most cases pr will be equal to the average fluid temperature.

As the model is based on plate temperatures it is necessary to

set up a relation between the plate temperatures and the fluid
temperature. In the fully wetted absorber only conduction in

the absorber material and convection in the fluid are of importance.
For a fixed flowrate the resistance will therefore be almost con-

stant.
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(2.3) aG - htc(Tpt - Tat) - Eth(Tpt - Tst ) = hit(TPt - Tm)
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(2.5) hc(Tpb - Tb) = hib(Tm - pr)
hit hib is the heat transfer coefficient between the fluid and

the topside and back of the absorberplate, W/mzK

Tm is the average fluid temperature, K

All temperatures of the fluid and the absorber are mean values

in the flow direction. Typically the internal heat transfer coeffi-
cients at the top and back will be equal and for the insulated

back the heat loss will be so small that the plate temperature at
the back is equal to the fluid temperature.



(3.1.17)

(3.1.2)

3. EXPERIMENTS

The thermal performance of the collector is characterized by the
model if the following collector dependent properties are known:
h, . How these properties can be

@rEptr Eppr Bypr Bype Bios By
found is described in the following.

3.1 MEASURING OF THE COEFFICIENTS IN THE MODEL

The emissivity of the absorberplate topside and back, Ept and
pr are only dependent of the material of the absorberplate.
Standard values of emissivity of the material can be used or

the emissivity can be measured on samples.

For the collector used in this work an emissivity of 0.92 is
given by the manufacturer (Fafco). So we have

E = g = 0.92

pt pb

The absorbtance of the absorberplate can also be obtained as a

material property. But this should only be used if the surface
of the absorber is plane. The Fafco-collector has a surface which
is not plane and the absorptance can, therefore, be higher than
for the material itself due to absorption of reflected radiation.

The absorptance of the absorberplate has been measured with a
small pyranometer which is first used to measure the incoming
radiation on the absorber and next turned around and used to
measure the reflected radiation. The instrument is type S~15-S0-3
manufactured by Sensors Inc. and the diameter of the sensor is
about 10mm. The shading effect of the pyronometer is therefore
neglectable if the pyronometer is placed several centimeters in
front of the absorber. The result obtained using this method

and instrument in the solar simulator facility gave the following
result:

e = 0.98



The absorptance given by the manufacturer is 0.97 but it is not
clear whether this is based on a plane sample of the material

or on the absorberplate.

The heat transfer cocefficient between the fluid and the absorber
surface will be the same for the top and back in this case be~-

cause the absorber is symmetrical. There may be a difference in
the convective heat transfer of the fluid due to the opposite
directions of heat transport but it is neglected. The heat trans-
fer coefficient between the fluid and the absorber surface has
been measured in the following way. The absorber was mounted on
the test rig in the solar simulator facility with insulated back so
only heat transfer at the topside is of importance. The absorber
was exposed to solar radiation and the energy output was measured.
The temperature of the absorber surface was measured with a
radiation thermometer, type KT 16 manufactured by Heimann. In

this way the temperature can be measured without influencing the
absorption and the heat transfer. The surface temperature was
measured at the lower, middle and upper part of the collector.

The fluid temperature was measured at the inlet and the outlet.

In this way the mean temperature difference between the absorber
surface and the fluid was measured. The measurements were also
carried out in heat loss situations. The detailed results are
shown in Annex A. The reduced results are shown in table 3.1.1. In
this the following "new" symbols are used.

m/A, fluid mass flow per unit area, kg s 'm 2

q; heat loss, wm 2

Ti . fluid inlet temperature OC

Te ’ fluid outlet temperature, °c

Tpl' temperature of the lower part of the absorber, %
Tpm' temperature of the middle part of the absorber, ¢
Tpu’ temperature of the upper part of the absorber, %
ATfp, average temperature difference between the fluid

and the absorberplate.

u air velocity along the absorber surface, m s-1
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The heat transfer coefficient between the fluid and the absor-
ber surface is not expected to be measured very accurately. The
accuracy of the radiation thermometer is 1°C. Therefore, the

it is about 20% in the actual situation. In all
actual running situations the absorber surface can be calculated

accuracy of h

from the temperature of the fluid and the energy output with
an error smaller than 1°C. Based on table 3.1.1. a value of
200 W/m2°C is suggested to be used for hit and hib'

The convective heat transfer coefficient at the top can be found

from measurements of the heat loss. The absorber was insulated
at the back and cross-stream ventilators were used to create
different velocities at the top. The temperature of the absor-
ber surface was not measured but found from the water tempera-
ture using the relation between the heat loss and the heat trans-

fer coefficient between the water and the absorber surface.

The complete results of the heat loss measurements are given in
Annex B. The reduced results are shown in table 3.1.2. The

temperature of the surroundings, is not measured directly

T
st'
but the temperature of the air coming out of the wind simulator
is used. From a single measurement with the pyrgeometer this
assumption loocks all-right but in future work the temperature of

the surroundings should be measured with the pyrgeometer.

The heat loss due to conduction through the back insulation, 9.
is calculated from the following equation:

(3.1.3) q, = h (T - T,)

2.1

o
ture of the absorber surface at the back is assumed to be equal

The value used for hc is calculated to 0.7 Wm . The tempera-
to the mean fluid temperature. This can be done as the heat loss
at the back is relatively small.

pt’ is calculated from the mean
fluid temperature, T , using a value of h;, of 200 wm~ 2%,

The absorberplate temperature, T

(3.1.4) Tpt =T, - (q1 - qc)/hit
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(3.1.5)

(3.1.6)

(3.1.7)

10.

The radiation loss at the top is calculated from the expression:

_ 4 _ 4
9t T EpU(Tpt Tse !
Finally the convective heat loss coefficient is found from the

expression:
heo = (A = Qg - qc)/(Tpt - Tae)

The convective heat loss coefficient is then by regression
found to vary with the air velocity in the following way:

where the units for u_ must be m s~

The convective heat loss coefficient is also plotted versus
the air velocity on figure 3.1.1.
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Figure 3.1.1. The convective heat loss coefficient versus
the air velocity.



(3.1.8)

(3.1.9)

11.

We now have all the coefficients to be used in egquation 2.2.,
and we have the relation between the absorber temperature
and the fluid temperature

g, = 0.98G - 10.1 u50'75 (Toe = Tar)
-8, 4 4 _ )
-0.92 5.67 10 (r  f -2 B - 07T - Ty —_—3
Tpt = ’I‘m + (qu + 0.7(Tm - Tb))/zoo

In the equations it is assumed that the back of the absorber
has a temperature equal to that of the fluid.

For a given set of climatic data and for given fluid temperature,
the equations can be solved by iteration and the energy ocutput
calculated.

The convective heat loss to the surroundings behind the absorber

was not measured. The reason was that depending on the roof
cladding the thickness of the gab between roof and collector
and the structure used for fixing the collector you will have
different values of the convective heat loss coefficients.
Many experiments will be necessary to cover all possibilities
and the results are of no fundamental importance to this work.

3.2 COMPARISON BETWEEN MEASURED AND CALCULATED ENERGY OUTPUT

To see if the model and the measurements of the coefficients to
be used with it were working well a number of tests using the
solar simulator were performed.

The detailed results are shown in Annex A and C. The reduced
results are shown in table 3.2.1. A comparison with the model is
made and the error is calculated,
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13,

In the situation where the absorber surface temperature is close

to the air temperature or where the air velocity is very low

there is a very good agreement between the measured and the cal-
culated energy output. In the situation where the convective heat
loss is important the model comes out with energy outputs which

are too small. The reason may be found in the uncertainty of
estimating the absorber surface temperature, Tpt' When measuring
the heat transfer coefficient between the absorber surface and

the fluid the accuracy of the measurements of the absorber surface
temperature was about 1°c. The value of TPt given in table 3.2.1 is
based on this and may therefore also have an error of 1°c. Such

an error will influence the radiative heat loss by about 6 W/m2
and the convective heat loss by 3-40 W/m2 corresponding to air

velocities of 0.5-7 m/s.

The air velocity used is the average of 15 measurements covering
the whole absorber. The variation from top to bottom (close to

the ventilator) is typically about 50% of the average air wvelocity.
The velocity is measured 5 cm above the absorber surface with

a hot wire anemometer. That is where the maximum velocity is in
the air stream produced by the ventilators. Therefore, quite

some uncertainty can be expected in the air velocity data.

The convective heat loss coefficient for different air velocities
could also be found from tests with the solar simulator and the
data in table 3.2.1 would give smaller values of the heat loss
coefficient. There is no reason to believe that there should be

a systematic error in obtaining the convective heat loss coeffi-
cients from heat loss measurements instead of efficiency measure-
ments. The overall accuracy is best in the heat loss measurements
and it is, therefore, preferred to use these.

The outdoor results do not differ from the indoor results even
if the sky temperature is different.
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In general the model seems to be acceptable and the influence

of the thermal radiation in the solar simulator tests is not a
serious problem. The error arising when using the solar simulator
compared to outdoor operation is relatively small and corrections
can be applied.

The uncertainty in the convective heat loss is the major problem.
First it is rather difficult to measure and secondly it is very
dependent on the air velocity along the absorber surface. Thirdly
it is a great problem to find the air velocity along the absorber
surface from the available wind velocity. This is also true for
the air temperature. In big areas of swimming pool collectors

the air temperature close to the absorbers could very well be
some degrees higher than the meteorological air temperature.

The work reported in this report is not enough to draw conclusions.
The method or test procedure described and illustrated in this
report and especially in Annex D should be tried by different
laboratories on different collectors and perhaps it could be
develloped further to be usable for all types of uncovered

collectors.
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NOMENCLATURE

G solar irradiance, W m 2

Gd diffuse solar irradiance, W m—2

hbc convective heat transfer coefficient at the back, W m—2 k—1

h, heat loss coefficient due to conduction, W m 2 k™|

hit hib heat transfer coefficient between the fluid and the
topside and back of the absorber plate, W m 2 k!

hy . convective heat transfer coefficient at the top, Wm 2 k|

m fluid mass flow, kg s

m/A fluid mass flow per unit area, kg 5—1 m-'2

9. heaEzloss due to conduction through the back insulation,
Wm

a4 heat loss, W m-2

S heat loss due to radiation at the absorber top, W m_2

P heat loss due to convection at the absorber top, W m_2

q, energy output, W/m2

Tob temperature of the air at the back, K

Tat temperature of the air at the top, K

Tb temperature of the material to which the heat is lost, K

T, fluid inlet temperature, °c

Tm average fluid temperature, K

Te fluid outlet temperature, %c

pr temperature of the absorberplate at the back, K

Tpl temperature of the lower part of the absorber, °c

Tpm temperature of the middle part of the absorber, °c

TPt temperature of the absorberplate at the top, K

TPu temperature of the upper part of the absorber, °c

st temperature of the surroundings at the back, K

T temperature of the surroundings at the top, K

]
rt



pb
pt

sb

ATfP

16.

average fluid temperature minus air temperature divided
by the solar irradiance, K m2 W-1

solar absorptance of the absorber
Stefan-Boltzmans constant

emittance of the absorberplate at the back
emittance of the absorberplate at the top

emittance of the surroundings at the back

average temperature difference between the fluid
and the absorberplate



ANNEX A: Measurements of heat transfer coefficients between
the top absorber surface and the fluid.
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ANNEX B: Measurements of the heat loss coefficient
at different air velocities.
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ANNEX C: Measurements of energy output indoors
and outdoors.
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ANNEX D: Proposal for a test procedure for uncovered
fully wetted solar collectors.



(D.1)

el

PROPOSAL FOR A TEST PROCEDURE FOR UNCOVERED FULLY WETTED SOLAR
COLLECTORS.

This proposal is only to be used for solar collectors without
cover and with a fully wetted absorber. Only dry operation of the

collector is considered.

Model of energy output

4 4

9 = A0 L pt at

tc

4 4
(a/(l/spb + I/esb - 1))(Tpb - Ty )

is the energy output, w/m2

M

o is the solar absorptance of the absorber

G is the solar irradiance, W/m2

TPt is the temperature of the absorberplate at the top, K

pr, is the temperature of the absorberplate at the back, X

Tat is the temperature of the air at the top, K

Tab is the temperature of the air at the back, X

Tst is the temperature of the surroundings at the top, K

st is the temperature of the surroundings at the back, K

htc is the convective heat transfer coéfficient at the top, w/m2K
hbc is the convective heat transfer coefficient at the back, W/m2K
Ept is the emittance of the absorberplate at the top

pr is the emittance of the absorberplate at the back

Ech is the emittance of the surroundings at the back

o is Stefan-Boltzmans constant.

Test prodecure

The absorptance and emissivity are measured according to existing
standards or recommendations. The convective heat loss coefficient
at the top of the collector is measured in the following way. The



collector is insulated at the back and air is blown along the top
surface. The heat loss is measured for different air velocities.
During the heat loss measurements the following temperatures are
measured, the fluid inlet and outlet temperature, the average
collector surface temperature, the average air temperature at the
top of the collector, the air temperature at the back of the collec-
tor and the black-body temperature of the surroundings in front

of the collector. The heat loss coefficient of the back insulation
hc is calculated.

The heat loss coefficient at different air wvelocities are found
from the equation:

4 4

(D.2) h = pt = Tst

te = 1088 ~ Eptc(T

) - hc(Tm - Tb))/(TPt - Tat)

where ¢, __. i5s the heat loss per unit area, Wm 2. From the same
results the heat transfer coefficient from the absorber surface to
the fluid can be found using the following equation:

(D.3) hyy = (G555 = BTy = T)) /(T = Tpt)

Both htc and hit can also be found from scolar simulator tests and
that should be done if the collector is sensible to the direction

of the heat flow.

At the back of the collector hbc and hib can be found in similar
ways but hib will typically be equal to hit and it may therefore
not be measured. The convective heat loss coefficient at the back
will typically be the same as at the top but the air velocity will
of course be different and will be much influenced by the way in
which the collector is mounted on the roof. All testing of the
convective heat transfer coefficients may therefore be left out.

Instrumentation

In addition to instruments typically used in collector testing
the following instruments are needed for testing uncovered collectors
according to the procedure described above.



The temperature of the absorber surface can be measured with radia-
tion thermometers. The sensor should be held in such a way that

the heat transfer due to heat loss or solar irradiance is not
disturbed. An example of a radiation thermometer is shown in
figure D.1. For collectors with a non-uniform temperature distri-
bution at the surface it may be easier to use a thermovision equip-
ment. That technique should only be used in heat loss situations
and for non-selective absorbers in order to avoid the influence

of reflected thermal radiation.

Thermal radiation from the surfaces in front of the collector can
be measured with a pyrgeometer. The Eppley pyrgeometer is shown
in figure D.2; it can even be used in solar irradiated situations
and is therefore necessary in solar simulator tests.

In measurements without solar irradiance the thermal radiation
from the absorber and from the surroundings can be measured with
2 single instrument and that is the indoor climate analyzer, type
1213 manufactured by Briiel & Kjzr. Shown in figure p.3.



Figure D.1.

Radiation thermometer, Heimann KT16.

Figure D.2.

Infrared radiometer or pyrgeometer, Eppley PIR.



Figure D.3,

Indoor climate analyzer, Briiel & Kjar 1213,




