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IT INTRODUCTION

The reneved interest in solar collectors, as a response to rising
energy costs, has produced a wideirange of models and designs which
are now available in the market place. The aeed to test the perfor-
mance of these collectors establishad the necessity for standardized
procedures. These now exist and are used in many testing facilities,
both in the U.S. and abroad. Therefore, the theoretical considera-
tions on which the tests are based will not be discussed here.

The authors will stress instead the special problems encountered while
testing two similarly constructed solar collectors, one of which was
built using a flat copper plate and copper tubing while the other
(actually built for this project) was built using steel corrugated
sheet and steel pipes.

The basic aim of this project was to test the idea that it should be
much more practical, in most countries, to build solar flat plate
collectors o7 corrugated steel plates and steel tubes than to build
copper plate and copper tube collectors, not withstanding the obvious
intrinsic properties of copper for use in solar energy systems.

It is widely known that corrugated steel and steel tubes (pipes) are
widely available even in the more remote areas of most countries; while
it is also known that copper materials are not only more expensive

but more difficult to find, especially in areas far from the main cities.

Therefore this project, as previously stated, aimed to show that a
corrugated steel flat plate collector could be built with a degree of
efficiency; that, while not as good as one similarly built of copper,
would be still good enough to make its use attractive in some countries.
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CONSTRUCTiGON

A flat plate collector was built from corrugated steel plate, ‘ollowing
closely the dimensions of a previously built copper plate collector.

The dimensions are: Tlength, 29.5 in.; width, 29.5 in.; depth 6 in.

The pipe's dimensions used are: 1/2 in. diameter for the tubes and 2 in.
diameter for the headers.

While constructing the collector, bracing was first used to attach the
tubes to the headers. However, during testing, lcaks were detected
and several attempts were made to solder the pipes until finally the
problem was solved.

Common Tow iron content glass was used for the collector top. The glass
was fixed to the collector frame by means of a sealing compound and by
screwing aluminum sections. to the woyden frame. Thermocouples were
attached in strategic places on the collector plate and tubes by means
of epoxy (see Table 1).

DATA ACQUISITTON, CONVERSIONS AND RESULTS

A 36 lamp 1ight array, 75 feet from the gound, was used to simulate
solar insolation. Several insolation measurements were taken under
the light array geometrically placed to give valid readings. The
readings were taken at the same level of the cecllectors. The average
of the readings obtained was 230 Btu/Hr/sq.ft. The collectors were
filled during testing, at a 10° angle from the horizontal, to achieve
a thermosyphon effect.

The collectors were fed tap water by two separated hoses whose flow
rate was maintained as close as possible to .02 kg/sec/m2. This task
became extremely difficult as the bypass valves were not sensitive
enough. So a needle valve was affixed to the galvanized collector
replacing the existing gate valve which had failed to achieve good
control of the flow rate.

The lack of a flow meter in the Tab added greatly to the problem of
obtaining exact flow rates. The flow rate was obtained by adjusting
the needle valve mounted on the collector at the water exit. This
process was carried out in two steps: by volumatric measurements

and stop watch and by weighing the volume obtained in the first step.
In order to have good control on the water temperature at the
collector's inlet, an electric heater was used. The heat was main-
tained by means of a variable electric resistance device.

The data cobtained during the test was by means of a Leeds Northrup

30 Channel Recorder. This instrument was set to measure and record 10
chanrels. Channel number 3, designed to measure ambient temperature,
was not used. Instead, a normal bulb thermometer (mercury) was used
for this purpose. A description of the zhannels used and the data
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obtained can be found in Table 1, while other data will be found in
Tables 2, 3 and 1,

In the following pages the authors present several examples of flow
rate conversions of actual temperature measured by means of lab
prepared thermocouples, and of efficiency calculations. Whenever a
particular problem arose, an example of how it was solved is presented.
A nomenclature defining the terminology used can be found in the
appendix.



SET T DATA TAKEN NOV. 23, 1982

I-A I-B 1-C 1]
Channel Inlet temp. same as | Inlet temp. rajsed | Inlet temp. | Flow
No. temp. of mains {°F) by heater (°F) raised (°F) |rate (Kg/s
1 77 79 83
2 67 69 74 o
3 * * * N
~ c
4 77 80 97 8 12
5 5o 121, 123 132.5 S | &
6 109 109 119
7 1.7 118 127 ) 7))
S~ ~
8 81 84 97 <z | <
9 67 70 82 o | =2
10 97 98 102.5 i

Average ambient temperature

79.5° F.

Readings IB for both copper and galvanized and IC for galvanized were
rejected due to fluctuations in flow rate.

because of stable conditions.

AV between Channels 4 and 9

* The ambient temperature is measured by a mercury-bulb thermometer,

Reading A was accepted

Set | OV (mV)
IA 0.217
IB 0.233
IC 0.375

the coupling with Channel No. 3 is disconnected.



SET IT DATA TAKEN NOV. 29, 1982

1TA 11B h_
Channel | Inlet temp. same |Inlet tern. vaised Flow rate
No. as mains (°F) by heater (°F) ka/s
o
1 78 83 < N
2 =
2 68.5 73 o g
(8] —
3 * * ’:g
4 78.5 83 10.07026 {0.01072
5 120 123 0.01018 {92.01662
6 108 m 0.01022 {0.01037
7 116 120
8 82 87 h average
9 69 73 0.01022 |0.01057
10 97 102

Average ambient temperature = 78° F., during testing period.

Readings IIA were rejected because of fluctuations and disruption
of flow rates. Readings IIB were accepted because of stable conditions.

LV between Channel 4 and Channel 9 = 0.221 mV for Set IIB.



SET III DATA TAKEN NOV. 30, 1982

Note: D
collecto

obtain its efficiency curve.

ue to the problem of obtaining equal flow rates for both
rs, only the galvanized steel collector was tested to

ITIA IT]IB i
Channel Inlet temp. same InTet temp. raised Flow rate
No. as mains by heater Kg/s
1 Copper Collector 0.01126
2 not tested 0.01130
3 - - 0.01128
4 80 91 0.01106
5 121 128 0.01141
6 109 117 0.01102
7 117 125 C.01137
8 84 94 0.01107
9 72 82 m average
10 Copper Collector not tested 0.01122
Average ambinet temperature = 78.5°F
AV between Channel 4 and Channel 9 Set AV (mv)
ITIA 0.205
ITIB 0.200




CONVERSIONS

Notes

I Since we are using engineering (British) units in our calculations,
we have converted the flow rate from kilograms per second to pounds
per hour as shown below.

IT We constructed the thermocouples which measured the inlet and

outlet temperatures of the galvanized steel collector out of copper-
constantan. Due to the method of consturction, a correction had to be
made to the temperature difference (AT) between inlet and outlet temper-
atures by considering the corresponding voltage difference (AV) recorded
on the digital voltmeter. This correction was unnecessary for the copper
collector because the thermocouples were designed to read accurate
temperatures.

Example of flowrate conversion. Other conversions are similar.

1 hour = 60 x 60 seconds 1 1b. = 0.4539 kg

0.0102 kg/s = [O. 0103‘“’] X [60 X 60 %L] x l5resae 215“; wg) = 81-7 Tb/hr

Example of correction for outlet and inlet temperature difference (AT)
from voltage difference (AV).

Ice InTet water Outlet water
point temperature temperature
rF 67"{ the re%] temp 7Z&F
l (measured)
W 8??23?—7‘(—0.992\/—:09%(25}7: 0.225 v »
¥ AY = 0,992 14
AV in mv

It is clear from the diagram above that the AV corresponding to 77°F -
67°F is 0.225 mv (from tables), while the actual AV measured is 0.207 mv
which means that the actual outlet water temperature is less than 77°F.
Bearing in mind the relationship between temperature and potential
difference between the thermocouple terminals is as shown in the following
diagram.
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YIS
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|
AT, 14T, —r

aT °F

Any small difference in the region of AT corresponds to a value of

AV which is much more than the AV which %ay correspond to the same
AT in the region ofAT].

To avoid such errors, we may take small temperature difference of 1°F
(one degree F), less than the outlet water temperature 77°F, we find
the value of AV corresponding to 76°F in tables, that is to check
where the real temperature is located.

| THE REAL TEMP.

ICE POINT LT°F 76°F T 7°F
, | 7 k
L—A‘\' = Q°F AV > 0.006 W = 0.2°F
4———AV = 0.969inv
AV = 0,084 MV
la— —— AV > 0.9932LmV. i
AV corresponding to 1°F from tables = 0.992 - 0.969 = 0.023 my ----- (1)

AV for the real temperature = 0.767 + 0.217 = 0.984 mv

Note: The locally made thermocouples measure »r between inlet water
temperature and outlet water temperat.: . The AV between 77°F and
the real temperature is 0.992 - 0.984 = 1,008 my -====-===m====m-oo- (2)

But we have from (1) above AV = 1°F = 0.023 mv

From (1) and (2) above

0.006 mv corresponds to 0.008

0.023
s Actual temp. = 77°F - 0.347 = 76.653

0.347°F

Actual AT = 76.653 - 67 = 9.653°F



Data for calculating efficiency for copper collector

set JAverage flow rate (M) | InTet temp. [Outiet temp. AT =

] Kg/s 1b/hr TIN (°F) TO (°F) TO - TIN

IA .01035 82.1 67 77 10

IB .01035 82.1 74 83 9

I1B 10.01022 81.1 73 83 10

Data for calculating efficiency for galvanized steel collector

Average flow rate (m) . AV AT
Set Ka/s Tb/hr InTet temp. [Outlet temp. (mV) (°F)
IA | .01085 86.1 67 77 0.217 9.7
I1B .01057 83.8 73 83 0.221 9.8
ITIA ‘ 72 80 0.205 9.1
.01122 89.0 ‘
J11IB 82 91 0.200 8.7
Calculation of Efficiencies
Calculating efficiency (ﬂ) for galvanized steel collector from IA above
i C AT
h\ _ _ave p
IA
where 1 = 230 Btu/ft’hr, A = 6.04 ft2
N ga1 = 0. 51X < 0,601 =602



Since the calculation for all other efficiences are identical, they

are simply tabulated below.

Copper Galvanized Steel
Set Flow rate Efficiency Fiow rate Efficiency
IA 82.1 1b/hr 59.1% 86.1 Tb/hr 60.1%
1IB 82.1 Tb/hr 53.2% no data no data
I1B 81.1 1b/hr F3.4% 83.8 1b/hr 59.1%
ITIA no data -—- 89.0 1b/hr 58.3%
{1118 no data - 89.0 1b/hr 55.7% |
To plot the efficiency curve for the collectors Tin]et - Tambient must
insolation
be calculated for each inlet temperature.
For galvanized steel -
T. =T o 2
ITIA (1) in _ a _ (72 - 78.5)°F _ _0.0283°F ft hr
I 230 Btu/ft<hr ’ Btu
T. =T
IT1B (2) 02 - (82 - IB.B)F _  g1sper FEOAN
230 Btu/ftchr ' Btu
For copper
.= T ° 2
IA (1) in a _(67 - 79.5)°F _ _0.054°F ft"hr
1 230 Btu/ftchr ' Btu
IB (2) T. =T
3 - (78 - 79.5)°F  __ ogor Filhr
230 Btu/ftchr : Btu

-10-



CONCLUSIONS

On the basis of the data obtained, its analysis and an appraisal of the
laborabory work, it is concluded that:

A. The data obtained for the copper collector is not reliable. It is
felt that the thermocouples installed on this collector were rounded
due to degradation of the cnntacts between the thermocouples and the
collector plate and tubes. This precluded the accurate use of AT when
using the inlet water as reference and the outlet as high junction.

As a result, the data contains significant errors in the efficience
data points. It is felt that the data obtained could be as + 10%

in error,

B. On the basis of theoretical considerations it was expected from the
very beginning of the project that the copper collector would have a
greater efficiency; however, it was also felt that the thicker components
that make up the corrugated steel collector, in addition to its superior
design, would compensate, to some degree, the thermoconductivity difference
between copper and steel. An analysis of the data seems to confirm this.
First, the overall heat loss coefficient (U ) for copper is over 3 1/2
times that of the galvanized collector. The heat removal factor (F,)

for the galvanized stéel collector' is higher than that for copper.

Copper Galvanized Steel
3.306 0.885
0.605 0.706

On an apriori basis the authors interoret the data stated above to

mean that due to the corrugations of the absorbing plate on the
galvanized collector there exist air pockets under such corrugations.
Some of the heat gained by the corrugated plate was spent in heating up
the pockets previously mentioned. The latter acted as heat storage
units. It is believed that the heat transferred by convection from the
air pockets to the absorber plate finally heated the water and added

to increase the efficiency of the corruge'ed steel collector. 1In
addition to this, the flow rate through the galvanized steel collector
was 89.1 Tbs/hr., ihereas the flow rate through the copper collector
was 7 lbs/hr lesc.

C. A study of the efficiency curve drawn for the corrugated steel
collector shows that to have a shallow slope, which means that the
collector's efficiency does not drop too rapidly at higher inlet
temperatures,

-11-
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D. Even though the relative error for the copper collector is at

least ten times greater than the error for the steel collector, the
authors feel that a relative comparison can still be made between

both collectors on the basis of the intercept points of the curves

drawn for both collectors, which are practically the same (.56 and .48).
A corollary of this would be that the steel collector compares favorably
with the copper collector as far as their efficiency is concerned.

E. Tt is felt that the principal benefit gained by working on this
project was to stabilize the testing procedures and to take notice

of the problems that arose Juring construction and testing. Further-
more, it seems clear that a steel galvanized collector is feasible and
may be the only way to have soiar collectors operational in some areas
of the world due to the greater availability and lower price of corru-
gated steel.

If the problem of a lower efficiency would become too areat it could be
easily solved by increasing the size of the collector. Even under

this circumstance it is believed the steel collectors would be economically
competitive.

In closina, the authors would Tike to stress as a corollary of their
work that good conducting materials with a poor collector design is

lTess efficient than poor conducting materials with a good design.

i
T

RECOMMENDATIONS

A. UWe would Tike to suggest to future participants in the TAET program
to investigate further the theoretical aspects related to air pockets
created beneath the corrugated plate and their significance in the solar
cell efficiency.

B. Additionally, it is suggested that the idea of using corrugated

steel plates for solar collectors be translated into using this principle
in a much larger scale. The authors suggest the use of the actual roof
of houses and buildings made of corrugated steel in many parts of the
world to act not only as roofing but as very large corrugated collectors
where the pipe would sit directly on the corrugated steeil without
soldering. We believe the large area of the collector would compensate
for the lack of soldering between pipes and plate and would compensate
also for direct heat losses to the atmosphere.

-12-
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Channel Identification

Channel

Number Identification
1 The outlet temperature from the copper co]]ector.
2 The inlet temperature to the copper collector.
3 The ambient temperature.
4 The outlet temperature from the galvanized collector.
5 The temperature of the valley
(thermocouple is coated with epoxy)
6 The temperature of the top of the galvanized
sheet. ‘
7 The temperature of the valley of the galvanized
sheet. (thermocouple is soldered)
8 The temperature of the pipe of galvanized collector.
9 The inlet temperature of the galvanized collector.
10 The temperature of the absorber plate of the copper

collector.




Nomenclature

transparent frontal area of the collector. ft2
specific heat of the transfer fluid (Btu/16m.F)
solar collector heat removal factor, dimensionless
solar irradiation in (Btu/hr ft2)
mass %]ow rate of the transfer fluid

temperature difference in °F

temperature of the transfer fluid entering the collector
in °F

temperature of the tra%sfer fluid leaving the collector

solar collector heat transfer loss coefficient (Btu/hr ft2

OF)
effective transmittance - absorptance product - dimensionless

absorptance of the collector absorber surface for solar
radiation

transmittance of the solar collector cover plate, dimensionless
collector efficiency %
voltage difference in (mv) between the two junctions of the

thermocouples corresponding to temperature difference
between inlet and outlet water

\g
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