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ABSTRACT

A computer simulation model of a domestic solar water heater, using

natural circulation, is presented here.

Tests were conducted on an experimental system, using a flat plate
collector and solar storage tank, auxilliary to an electric geysér.
Temperatures were recorded, solar radiation was measured using a
solarimeter and thermosyphon mass flow rates were measured using a.
thermistor inserted into the flow circuit.

‘Close correlation was obtained between predicted and experimental

results.

Daily efficiencies varied according to thé times and quantities
of hot water draw offs. '

The thermal performance of similarly designed solar water heaters
could be predicted using this computer simulation model with the
necessary modifications.
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NOMENCLATURE

Ac ' collector surface area
a ' a constant
b a constant
cp specific heat of water
E - equation of time
g - ‘gravitational constant

‘head
hj height of jth section
hdp height of the down pipe
hup'v - height of the upriser pipe
hco]] | vertical height of the collector
hw _ wind loss coefficient
hr,c-s' cover to sky radiation coefficient
hr,p-c ‘plate to cover radiation coefficient
hp-c plate to cover convection coefficient
k | thermal conductivity
K extinction coefficient for the collector cover
2 plate to cover distance

latitude of the place
Lst, L1oc lTongitude of the standard time and 1ocaT'time

mediants respectively.
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vii.

thermosyphon mass flow rate through the collector
draw off mass flow rate

Mass

reflective index
Nusselt number

energy

solar radiation on the co]]ectpr surface
Reynolds number -
collector angle of tilt from the horizontal

time

standard time

temperature-

average temperature between the plate and cover
of the collector

thickness of collector insulation

thickness of the collector cover

thickness of the collector
heat loss coefficient

volume _
wind velocity

‘thermal capacity

hour angle

absorptivity

transmissivity

transmissivity absorptivity product
emmisivity |
reflectance



subscripts -

'amb

co
ci
coll
dp

Eo
elec
in

viii.

declination

angle of incidence
efficiency ‘
Stefan Boltzman constant
time interval
température difference

pressure head difference

absorbed

ambient

cover or collector
collector outlet
collector inlet
collector :

down pipe7

effective

eletric geyser outlet
electrical

cold water mains inlet N
tank section
overall

collector plate
pipe

stored

solar tank
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GRAPHS NOMENCLATURE

Smnesaamews  Experimental values are plotted in red
‘omew——e=  Theoretical predictions are plotted in yellow -

The following symbols are used in the graphs :

collector outlet temperature ) _
P | collector mean plate temperatureg collector
~collector inlet temperature ) temperatures

top section temperature ) 4 section, tank model

4 bottom section temperature ; temperatures (SOLASIM
' ~ 4A and 4B)
1 top section temperature 5 section, tank model

)
3rd section temperature- ; temperatures (SOLASIM
) .

bottom section temperature 5B)

M 7 thermosyphon mass flow rate.



CHAPTER 1.

INTRODUCT ION

_1.1. MAN AND THE EARTH

The‘history of the earth shows man to be only a recent addition.
(The earth is approximately 3 000 million years old, whilst the
earliest evidence of humans is 2 million years ago). - Of all the
1iving creatures supported by the earth's tenuous surface, he is
one of the most fragile. Yet, in the manner of his explosive
appearance on the scene and the ways he has profoundly altered
his environment, he is the most powerfU] organism to emerge.
‘However, since the industrial ;evo1ution and the invention of
power dkiven machines, he has consumed vast quantities of resources
which the earth has taken millions of years to produce. In so
doing he has contaminated his environment and 'wiped out' certain
species of life. ' ' '

As countries deve]op'and 'progress', their material needs increase
and the per capita energy consumption increases exponentially.
Simultaneously the population increases, resulting in a rapid
bdep1etion of resources and a diminishing capability of the earth
to handle the waste products.

Nuclear power is now being produced at an increasing rate with

~ plans for many more such supply stations. This is only a temporary
solution, as it pfovides man with similar problems as other fossil
fuels. (Limited supplies and poisoning. of the environment are »
unavoidable repércussidns).

What is ultimately needed is the production of energy by renewable
non-polluting 50urcés. Solar power and its manifestations (wind,
tidal wave, ocean-thermal and direct solar powers) provide this
more balanced and stable supply. .However, these have their

' ' - present day/...
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present day problems and disadvantages. The two most serious being:
1. the energy density is extremely low compared with present fossil-
or uranjum fuels, _ '
2. the storage of energy is difficult.
Both these problems create extremely high capital costs and, it
therefOre'appears, that alternative forms of energy production will
not come into large scale use for the next few decades. However,
for small scale energy production these methods could presently be
economically feasible. - |

1.2. A HISTORY OF SOLAR ENERGY UTILIZATION.

Experiments using the sun's energy date back many centuries,-with
stories of Archimedes concentrating sunlight and setting fire to the
‘attacking Roman fleet in 212 B.C.

“In about 100 B.C. Aeron of Alexandria built a device for pumping -
water using air heated in a closed hollow sphere.

History shows no ketord of much other utilization of energy‘until
the fifteenth Century when Leonardo Da Vinci described reflection

- from a concave mirkor, and a water surface, to concentrate heat.

In 1615 S. de Caux raised water by expansion of air from solar heat.

The first flat p]ate'co11ectdr appeared in 1774 when H.R. de

" Saussure invented ‘the "hot box". (An insulated, air tight, wooden
box, painted black inside, using two layers of glass with air spaces
in between.) He prodUced hot air at 160°C. '

During the nineteenth century more interest was directed towards
solar energy experiments. Sir John Herschel, in Cape Town 1837,
produced "a small mahogany box", with a glass cover, obtaining
temperatures of 115°C. Towards the later part of the century solar
engines, printing presses and distillation plants were constructed.
The collector desighs_varied. Mouchot used a truncated cone as a
reflecting surface and two concentric copper bells as the boi]eré,
while Ericson employed a series of parabolic mirrors concentrating

solar energy/..



solar energy on to metallic tubes, and Adams utilized a hem1spher1ca1
co]]ector made of plane glass mirrors concentrated on to two copper
bells. ' '

Rea1151ng ‘the potential of solar energy, experimenters in the early
twentieth century were achieving temperatures of up to 180 C,
producing effective powers between 700 and 1100 W/m

The basic collector designs were similar to previous designs with
detailed improvements. Maier and Remshart in 1913 constructed a

collector to follow the path of the sun using tWo separate axes.

(A daily and an hourly axis) |

Professor A. Marcuse in 1923 built a great bi-convex lens to
concentrate solar radiation through a small opening in a big hollow '
sphere. A larger sphere was concentric with the first, with a |
layer of 0il between the two, in which was a system of water p1pes

1,3 h.p. was obtained from 1m2 of irradiating surface.

Numerous other experimenters worked on various designs, and by 1951
and Italian Company SOMOR produced a portable engine with plane
solar collectors without concentration. '

In 1954 the Bell Telephone Laboratories announced the production
of photovoltaic cells with an overall conversibn efficiency of 6%.
(Later increased to about 11%). '

The conversion of solar into electrical energy introduced a new era
in the history of solar energy. The early history of solar energy
utilisation -was dominated by attempts to convert solar energy to
power, despite the large technical problems involved. It is now
recognised that the collection of solar energy for low temperature:
applications is thermodynamically s1mp1er and -economically cheaper

During the paSt twenty years emphasis has been towards solar water
heating and space heating and cooling. Many solar houses have been
built employing these systems, as well as solar cookers and ovens.

However/.....



However, research still continues into high temperature applications
and solar furnaces are in operation at Mount Louis in France and
Odeillo. |

Solar drying has been used throughout history and work at the
National Physical Laboratory in India is showing how the use of
simple mirrors to concentrate heat could speed up the. evaporation
rate.

The most valuable area of solar energy utilization today appears to 1 
be solar water heating, where, with present increasing fuel prices
it is an economic proposition. However, a greater economic |
advantage is required to encourage the use and change over to

solar heating. Intensive research into specific areas of solar
heating designs is playing an important role.

This thesis is directed towards this area and considers only low
temperature solar water heating.

1.3. SOLAR WATER HEATERS

The engineering literature indicates that one of the earliest major
research developments in solar water heating was in 1942 by Hottel
and Woertz (1).' Employing collectors consisting of a blackened |
metal absorbing surface with one to three glass plate covers, |
‘under forced-circulation flow and specified weather conditions,

an extensive evaluation of the thermal performance was made.
Radiation and temperatures wefe recorded and integrated over hourly
periods, and flow rates were calculated from differential pressures"
across orifices in the water supp]y line. The rate of useful heat
collection in the water was expressed 1n terms of .radiation, air
‘temperature, collector angle of tilt and properties of the co]lector 
parts. An analytical medel for determining the heat losses and
hence the useful heat from the collector was presented, for steady
state operation. | | | B

This work provided a basis for the research work which was to‘fo]]ow._

Intensive/...



Intensive study only began in the fifties, when several papers

were published and work expanded into different areas, focusing on
'spec1f1c factors 1nf1uenc1ng the performance of the solar water
heaters.

Whillier (2) in 1956 made valuable contributions to solar energy

~ work in South Africa, presenting several types of collector designs,
performances curves, and an economic feasibility study of so]ar
water heating utilization in this country

In 1959 Bliss (3) performed similar work to Hottel and Woertz also
using forced circu]atfon. Efficiency - factors were derived. These
are more or less design constants, determined by the plate

. construction details and can be qualitatively related to the various:
factors 1nf1uenc1ng the overa]] plate performance.

Natural circulation systems were used by Close (4) and De Sa (5).
Close (1962) used 'typical flat plate solar heaters'. (These |
consisted of copper absorber plates with selective black coatings
and transparent covers of tedlar and glass connected to storage _
tanks by one inch diameter copper tubes. The return.pipe from the
absorber was connected to the tank, one fourth of the tank's height
from the top.) He designed an analytical model, assuming sine
function expressions for solar radiation and ambient temperature,
for clear weather and no draw off during the day. '

He obtained close agreement between calculated and measdred _
- temperatures in the storage tank for the entire day and at the -
absorber inlet and outlet only between 10h00 and 14h00.

In the theoretical model he assumed the‘heat absorbed by the
collector water to be only dependant on radjation, and assumed
constant maximum values of transmittance of the cover and
absorptance of. the plate. ‘The thermosyphon flow was determined
using the difference in densities of the water in the system, and-
the temperatures were calculated using a heat balance for the
tank and the collector. The mean tank and collector temperatures .
. were assumed/...



were assumed equal on the basis of experimental observations.

De Sa in 1964 predicted the mean water temperature variation
throughout the day He considered the water heating system as one
unit, without taking into account the system geometry and thermo-
syphon flow. He then equated-the sum of the heat losses from it
and the heat gained by:therwater with the incident radiation.
Gupta and Garg (6) in 1268 used a flexible solar water heater
:de51gn so that the collector type, area,tilt and. orientation,
syphon parameters and circulation pipe diameters could be changed
as required. ' ' '

They modified Close's model by considering the system capacity and

the heat exchanger efficiency of the absorber. The radiation
intensity and the ambient air temperature were harmonically

anaiysed using Fourier series expansions. Mean system temperatures

were determined by considering a heat balance for the absorber and
pipes, considered as one unit, and the storage tank.

Ideal conditions of no draw off during the day were assumed.
Predictions were made of the mean system temperature and thermo-
syphon mass flow rates for clear and cloudy weather.

K.S. Ong (7) in 1973 used an experimental solar water heater with
an absorber unit consisting of longitudinally placed copper tubes

on a copper sheet.' The plate was coated with dull blackboard paint
~ and placed inside an insulated wooden box. The cover was  inch
thick glass. A 28 gallon storage tank was connected via one inch
diameter insulated copper pipes. |

- The mathematical model he presented employed a finite difference

method of soiution; enabling more accurate instanténeous performance
figures to be predicted for a thermosyphon flow system with no draw.
off. Whereas Close (5) and Gupta and Garg (6) assumed constant :
values for plate efficiencies, heat losses, heat transfer coefficients,
friction factors and physical properties of water, Ong's finite

difference/...



difference technique allowed these variables to vary with tempera-
ture, and water flow rates were evaluated at the instant of time
considered. He also employed actual measured ambient_ temperatures
and radiation values. '

He predicted the mean temperatures of the collector and tank, the
mass flow rate and efficiencies, satisfactorily, during the main
insolation period. . o '

In 1975 he presented an improved program . (8). His previous
assumptions that the mean collector plate temperature, the average
water temperature in the storage tank and the mean water temperature -
in the collector tubes were equal, and the tank temperature distri-
- bution was linear, were experimentally proved incorrect. His new
model considered the entire system to be divided into a finite
number of sections, each individual section having a uniform mean
temperature. By considering an'energy balance over each section,
finite difference equations were employed to evaluate the mean
section temperature. The mass flow rate was evaluated from the
-tempekature distribution over the whole system.

Experimehta]]y mass flow rates were measured using a dye injection
method and instantaneous total radiations were measured at the ang]é
of the collector. The temperatures were recorded using thermo-
couples.

Predictions of'system temperatdres, mass flow rates and efficiencies -
correlated well with experimental results during the main part of
the day. The predictions in the early morning and late afternoon
_ were inaccurate and one of the reasons.suggested was that the
effect of the angle of incidence of the sun was not taken into
account.

A11 of the above models assumed zero draw off of hot water during
operation. To simulate a solar water heating system hot water draw
off should be considered. This complicates the problem of pred1ct1ng
the thermal performance of the system since water at a different

‘ temperature/...



temperature and flow rate is introduced into the system, while hot
water is removed.

A‘technique is presehted here, based on the finite-difference
method of K.S. Ong (8), to predict the system temperatures'and
'thermosyphonv‘flow rates, during a day's operation. The changing
effect of the angle of incidence of the sun was taken into account,
“and low and high draw-off flows were considered. Actual measured
and ambient temperatures and solar radiation values were employed.

The predicted results were compared with experimental values
obtained during summer and autumn in Cape Town.



CHAPTER 2.

BACKGROUND THEQRY

2.1. THE SUN

The most powerful of all physical forces reaching the earth from the
space beyond it's atmosphere comes from the star we call our sun.
A1l 1ife on earth is ultimately dependent on the sun.

o

Diameter of the sun - 1,39 x 10° km

Average distance from the earth 1,5 x 10$ km

Surface temperature , 5762° K

Temperature of the central 6 . ‘6 o

regions 8 x 10”7 to 40 x 10”7 “K

Density. -~ = - - = ' - 80 to 100 gms/cc

Mass _ 0.33 x']O6 times that of the
T S earth :

The sun rotates about its own axis, the equator taking approXimate]y‘
27 earth days and the polar regions 30 days for each rotation. '

It belongs to a class of dwarf stars and is, in effect, a continuous
~ fusion reactor. The energy being produced in the interior of the

~ solar sphere; by the conversion of hydrogen to helium in the presence
~of carbon and nitrogen, is transferred to the outer surface and then |
radiated into space. ' o

The radiation beginning at the sun's core is gamma and X-ray
radiation. The wavelengths increase as the temperature decreases
with increasing radial distance from its centre. ‘

The outer surface layer of the sun is called the photosphere, which.
“is the source of most solar radiation. Above this, in ascending
" order, is the reversing layer (several hundred kilometres thick),
the chromosphere (about 10 000 kilometres thick), and the corona.

\ -

For engineering/....



10.

For engineering purposes, however, the sun can be adequately
considered to be a blackbody radiator at 5760° K.

2.2. THE EARTH

The earth is a distorted sphere, slightly flattened at the poles, -
resembling a pear shape with a bulge in the Southern Hemisphere.

 Average diameter 12 700 km
Distance from the sun ' 1,5 x 108 km + 3%

Mean density ' 5,52 gms/cc

~ The earth rotates about it's own axis once every 24 hours and
revolves about the sun once every 365} days. '

2.3. EARTH-SUN RELATIONSHIP =

sun

139x10% km

'\

1.5x10° km 23%

Fig.-2.3.1. Earth-Sun Relationship (not to scale)

The earth's revolution about the sun is almost eliptical with a
sTight eccentricity such that a variation of approximately 3%

occurs in the distance between the sun and the earth. The earth is =
closest to the sun in January and furthest in July. At the mean
earth-sun distance (1,5 x 108 km), the sun subtends an angle of

32 minutes. .

The earth's seasons are caused by a tilt in the earth's rotational
~axis (23,50 to the vertical) with respect to its orbit around the sun. 



1.,

This accounts for the uneven distribution of solar radiation over -
the earth's surface and the variation in daylight hours.

'}

e_vqu.az‘OrA o \\

\..

Fig. 2.3.2. Latitude, hour angle and declination

Fig. 2.3.2. shows the three basic earth-sun angles : the latitude
angle L is the angular distances of a place P from the equator.

The seasonal variation in the sun's apparent position is renresented
by the declination &, the angle between the sun's rays and the
equatorial plane.

At noon the sun is due north (in the Southern hemisphere) and at its B
maximum altitude (solar noon). The sun's hourly motion is measured
relative tc solar noon by the hour angle .

'2.4. RADIATION AT THE EARTH'S SURFACE

The earth receives only a minute fractioh of the sun's energy.‘ The
solar radiation is depleted through the atmosphere, resulting in
scattering (Fig. 2.4.1.) '

Fig. 2.4.1./.....
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SOLAR  RADIATION . .- -

: absorbed -
by , the

. ozone
scattering ‘//!/f
by atmospheric\ = '
constituents
(water vapour,CO,
dust particles,
and pollution)

reflected

ahsorbed in the-
atmosphere

multiple
scattering

‘single
scattering

R AU FL e (e

Earth's surface

Fig. 2.4.1. Interaction of Solar Radiation with the Atmosphere

The solar constant is the -energy received from the sun per uhit,time
on a unit area of outer atmosphere surface perpendicular to the
radiation (= 1353 W/m2).

The solar radiation received on the earth's surface is either beam

or diffuse radiation. Beam radiation is that received without change ;‘
in direction (i.e. direct radiation). Diffuse radiation is that
received after its direction has been altered due to reflection and
scattering by the atmosphere.

The variation is sun-earth distance results in a variation of .
extraterrestrial radiation flux of about 3% (Fig.2.4.2.).

Fig. 2.4.2./....
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Fig. 2.4.2.Variation of Extraterrestrial Radiation with time of year
- (9)

The sun's radiation is distributed over a wide'range of wavelengths.

The spectra]mdistribution of this radiation is shown in Fig. 2.4.3.

o 1400 A
o , .
o
;]
© .
2 1
= 1360
E. L
o T
. wn
L0 N
= . .
= 1340 | |
| S
R .
@ .
0. [
T T T ¥
0'2 ’ 0,8 R 1,4 2,0 ) 2'6

wavelength m

F ig. 2.4.3. The NASA (]97]) Standard Spectral Irradiance at the
mean sun-earth distance and a so]ar constant of 1353 w/m2 -

2.5./.....
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Mean daily total (1), diffuse (2), and standard deviation (S) of solar radiation on a horizontal surface in
) MJm™?, for 12 stations in Southem Africa

Table

2.5.1

Cape Town
) (Wingfield and Durban . . | . .
Alexander Bay | Bloemfontein D.F. Malan (Lopns Botha | Keetmanshoop Kimberiey Maun Pietersburg | Port Elizabeth Pretoria Upington Windhoek
Airports) Airport)
S S s S S S S s s S S S
Jan. 1 131,397] 1,101 | 26,884 1,737 § 30,375 0,666 21,237! 2,600 {30,195 [ 0,904 126,721 | 1,381 | 23,104 | 2.901 | 26,599 | 2,235 | 24,778 - 24,0374 2,675 ] 27,629 {2,189 { 26,101 |2,022
2 6,899 | 0,042 | 7,305] 0,804 | 6,225|0,435| 8,619 0,603 5,438 | 0,618 8,904 10,787 9,356 - ) 8,561 | 1,335 8,008 10,720
Feb. 1 ]28,140 1,540 | 24,489 2,796 | 25,955 1,264 | 19,826 1,344 | 27,428 {1,344 [24,946 | 1,980 {21,216 | 1,997 | 24,008 { 1,005 | 25,398 - 21,773 | 1,700 | 25,184 12,227 | 23,828 {1,775
2 6,242 - . 6,807) 0,816 | 6,095] 0,833 7,962 0,628 5,626 {0,130 8,984 - 6,786 - 7,895 | 0,699 7,498 (0,812
Mar. 1 23,589 | 1,047 [20,676| 2,194 | 21,856 | 0,720 | 17,946 | 0,896 | 23,380 {1,072 120,789 | 1,775 {20,056 | 2,633 | 22,091 | 0,829 19,278 { 0,310 |20,186 | 1,118 | 21,233 | 2,152 121,500 |1,846
2 4,563 - 59031 0,477 5,103 | 0,364 | 6,196 ) 0,477 4,517 10,438 5,990 | 0.155 5,706 | 0,151 6,807 { 0,783 6,459 (0,791
"~ April 1 19,516 | 1,356 | 18,164 0,879 | 15,271} 0,203 { 15,029 | 0,833 {21,06! {0,548 {17,741 | 0,942 {18,704 [ 2,528 [ 19,541 | 1,143 | 14,041 0,339 [17,469 | 1,377 | 18,168 | 1,490 | 20,504 {0,825
2 4,54 | 0,063 | 4,057 0,427 4,714 10,435 4,626 0,306 3,102 10;273 4,165 {0,082 4,496 | 0,264 4,768 | 0,682 4,224 10,469
May 1 15,380 | 1,917 } 14,384 0,712} 10,905 | 1,942 | 12,132 0,540 {17,164 | 0,465 | 14,208 | 0,548 | 17,306 | 2,474 | 17,264 | 1,067 11,294 | 0,414 |15,033 | 0,829 | 15,196 11,758 | 18,620 |0,758
2 4,182 0,360 | 3,454 0,385] 4,015{0,435| 3,487} 0,460 2,847 10,193 2,608 | 0,180 3,098 | 0,205 3,315 | 0,331 2,951 (0,448
June 1 13,287} 1,239 {13,040} 1,063 9,373 ) 0,557 | 11,303 ; 0,506 | 15,506 {0,573 12,781 | 0,716 {16,004 ] 2,361 | 15,707 | 1,093 9,779 { 0,661 14,124 10,561 {14,212 | 1,540 | 16,996 {0,833
2 29141 0,113 2,838 0,490 | 3,299 | 0,297 2,884 | 0,511 2,323 [0,297 2,759 {0,218 2,780 0,264 2,868 | 0,331 2,562 |0,301
July 1 13,283 1,926 } 14,020 0,720 | 9,946 } 0,917 | 11,755 | 0,816 16,389 {0,356 |13,831 | 1,310 {16,975 | 0,523 16,577 | 2,918 | 10,671 | 0,243 {14,727 | 0,917 } 14,170 | 1,423 | 18,302 {0,523
2 3,173 | 0,205 2,968 | 0,393 3,646 10,490 | 3,131 0,402 2,478 10,100 3,391 | 0,561 2,935} 0,188. | 3,119 | 0,410 2,595 10,234
August i 16,6951 2,118 {17,750] 1,172 112,772 10,833 { 13,714 0.396 19,512 10,410 |18,089 } 1,390 | 20,019 } 2,055 | 18,859 | 3,219 | 13,517} 0,699 18,198 } 0,502 | 17,331 | 1,298 { 21,052 |0,594
2 4,266 ] 0,025 { 3,449 | 0,410 | 4,576 [ 0,490 | 4,228 | 0,481 3,001 0,084 3,487 10,511 3,906 | 0,427 3,634 10,293 3,315 0,381
Sept. 1 21,814 § 1,394 {21,735} 1,273 | 18,047 { 0,896 | 16,142 ) 1,461 22,761 {0,79% }22,191 | 2,361 } 22,614 11,402 | 21,258 | 3,575 ) 17,277 ] 0,917 20,400 | 1,679 | 20,814 0,728 | 23,933 {1,197
2 5,270 0.389‘ 4,676 | 0,527 6,057 | 0,356 5,957 10,531 4,149 (0,163 5.187 | 0,015 - 6,221 10,682 4,848 § 0,444 4,902 (0,691
Oct. 1 27,022 2,499 124,4181 1,582 1 22,999 | 0,980 | 17,147 § 1,402 {27,391 { 1,197 126,294 | 2,491 123,012 | 2,357 24,456 1 2,068 | 20,948 1 1,000 122,246 } 1,256 | 24,247 {1,415 125959 }1,474
2 6,384 1 0,460 | 6,212 0,707 7,029 10,678 7.405 | 0,682 5,078 10,599 7,225 {0,603 7,338 | 0,427 6,773 10,335 6,388 (0,712
Nov. 1 30,338 | 1,808 {27,353 2,160 | 27,591 | 1,612 {19,236 1 *,955 }30,692 {0,724 28,965 | 2,855 {23,652 | 2,491 [26,587 {'2,076 | 25,854 { 1,846 {23,841 | 1,469 {27,210 {1,474 { 27,575 {1,679
2 6,367 | 0,686 | 6,857] 0,791 7,460 {0,975 8,753 0,762 4,735 | 0,402 7,598 11,C.3 8,829 | 0,607 7,523 {0,800 6,455 10,653
Dec. 1 30,932 3,600 27,801} 1,432 | 29,969 | 1,076 | 20,885 | 0,774 |31,229 10,933 [29,157 {3,290 {22,639 | 1,758 | 26,101 | 3,604 | 25,7701 0,875 123,267 | 1,566 {27,638 [1,105 | 28,056 (2,323
2 6,970 | 0,326 | 7,431 0,628 7,104 {0,770 | 9,624 | 0,858 5,128 {0,636 9,021 | 1,281 9,213 10,737 8,498 } 0,703 6,937 (0,858
Total for | 8243,837 7618,371 7138,762 5965,706 8621,699 77170,566 7459,712 7840,354 6633,625 7153,154 7688,067 8284,774
year 2 1877,633 1881,799 1985,169 2212,289 1469,902 2102,259 2147,893 2083,165 1890,523
V1% 22,8 24,7 27,8 kY 17,0 28,1 32,3 29,1 22,8
?i?:°:- 29°8 29°8 348 30°S 27°§ 29°§ 20°§ 24°8 34°§ 26°8 28°S 23°8
atitude .
No. of .
years 7 7 ] 9 4 6 7 7 3 9 4

L
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Mean duration of sunshine for 12 stations in Southern Africa :

{a) Meaa daily hours of sunshine :

(b) Mean daily hours of sunshine expressed as a percentage of the possible hours of sunshine

{€) Average no. of days with glo per cent of the possible sunshine, expressed as a percentage of the no. of days in the month
(d) Average no. of days with 11-49 per cent of the possible sunshine, expressed as a psrcentage of the no. of days in the month
(¢) Average no. of days with 250 per cent of the possible sunshine, expressed as a percentage of the no. of days in the month

Gl

Alexander Bay Bloemfontein : Cape Town Durban Kecetmanshoop Kimberley Maun Pietersburg Port Elizabeth Pretoria Upinglon Windhock
: (Wingfield) (Airport) (Airport) (Airport) (Airport) .

a b a b a b a - h a b a b a b a b a b a b a b a b
Jan. 10,24 75 9,79 7 10,94 ki 6,49 47 11,44 84 9,69 70 7.98, 61 7.99 59 8,55 60 8,35 62 11,52 84 9.26 70
Feb. - 9,72 4 9,24 10 10,47 9 6.74 51 10,34 80 9,48 72 27 57 7,55 58 8,23 62 8.08 62 10,51 81 8,98 70
Mar, 9,09 73 8.52 70 9.10 74 6,17 50 9,92 81 8,87 72 8,03 67 7.55 62, 7.51° 61 7,68 63 9,53 78 9.05 74
Apr. 8,94 78 8,80 77 6,92 62 6,83 60 10,15 89 8,96 78 9,25 79 8,06 70 7.57 67 8,60 75 9,67 86 9,09 78
May 8,12 75 8,77 82 5,92 56 7,40 69 9,94 92 8,64 80 9,93 89 8.61 79 6,91 67 9,27 85 9,18 86 10.04 91
June 8,50 82 8,74 85 © 5,96 60 6.94 68 9,65 93 8,82 85 10,11 93 8,91 84 6.85 69 9,23 87 8,97 87 10,25 95
July 7.51 71 9,02 86 5,72 56 6,87 66 9,84 92 9.05 86 10,34 93 8,63 80 7.15 71 9,36 88 9,10 86 10,50 97
Aug. 8,29 14 9,60 87 6.42 59 6,91 6o 10,51 94 9,71 88 10,77 94 8,64 9 7.61 70 9,91 83 10,00 90 11,01 97
Sep. 9,11 77 9,43 79 7,16 60 5,83 49 10.92 93 9.67 81 10,51 88 8,72 73 7,44 63 9,26 78 10.61 89 10,75 a0
Oct. 9,55 75 9,66 76 8,87 68 5,24 41 11,32 89 9,70 76 9,15 72 8,73 69 7.67 59 8,90 70 10,92 85 10,30 82
Nov. 10,16 75 10,35 77 9,85 71 5,75 42 11,79 88 10,20 5 8,66 66 8,23 62 8,29 60 9,02 68 11,63 86 9,85 7%
Dee. 10,28 74 10,57 76 11,10 ki 5,97 43 11,95 87 10,54 76 7.25 54 8,13 60 8,93 62 9,05 66 11.65 84 9,2t 69
Year 913 | 75 037 | 78 8.20| 67 | 6.43 54 1064 | 88 9,44 ] 78 9.10 | 76 8,34 70 773 64 890 | 74 1027 | 85 9086 | 82

c d e c d [ c d e c d e c d e c d e c d e | ¢ d e c d e c d e c d e c d e

Jan, 00| 12,4876 6.5} 9,7/83.8{ 2,9 7.3] 90,0} 28.1|20,3151.4/0,5] 65| 93.115.1§152{799]64] 26,7}/659] 8,7f 29.3162,4{11,5] 19,7 [69.0]10,0{ 18,7}71,3 [2.6] 5.2] 92,3 4.2 {15,5] RO.1
Feb. 23] 11,2186,5§y 7.8{12.4}79,8} 1,6} 10,0} 88,4} 23,0{ 17,3 |58.7}10.5413.6} 85.9) 3,3 { 13,6 | 83.2) 8,5} 29,3| 62,2}10,0] 31.3] 58,2} 13,4} 16,9 ] 69,8 ]12.0} 16,5|72.0 }0.6 {12.4 | 87,2 |0.0 |18.3 | 81,7
Mar. 1,1 | 13.4185,513,2] 5.8]81,1} 3,2/ 10,7} 86,1 {258} 17.4|57.0| 2,8} 7.8} 89.4|57]12,2182,2| 5.1 20,3} 74,7| 7.5] 298] 626{176} 11,1 | 71,3 12,01 18,7]69.4 [3,8(12.4| 83,9 [1.3{19.4]79.4
Apr, 1,1 9.4 189,41} 4,6[10,3|85,0] 8,0]25.0)66.9]18,0}150(67.1}14} 3.8f948[2.61}]12,1}852]{4.8 8618571557 19,5/ 74.7]11,5} 11.8 76,7} 6,4} 7.3/8 .4 [1,1] 56| 23.3 |53 ] 6,0]|88.6
Moy 1.6 15,183,3] 3.2| 8,1}84.8}17.4119,0| 63,4] 8.9]21,8}69,5]0,0] 2,8} 97,2}12.2}10,7|87,3{0.5 5119045 1,7 17,6} 80,7 9,4| 14,7|758[ 2,6] 4.2{193.2 {16 7.5] 909 }0.0} 1,3|908.7
June 1,1 7.8191,113,7] 3.0[93,4}176}156| 66,7 12,0} 12,775,1]0.5] 1.4 88.1} 1.5 7.2{91.1{0,0 2,31 97,7¢ 2,1| 13,6} 84,1| 67} 16,0773} 3.4 3.7(93.0}06] 6.1 93,3 |00 2,0]| 98,0
July 7.5] 13,4179,0] 2,4 5.,2}92,6]17,1}24,2| 58,7§12.6 | 13,2]74.1 | 0.5] 09| 936} 1.7 52{930]1.4 0,5}98.2| 26} 158 81,8] 8,2} 12,5]{791} 1,6| 5.2{93,3 (0.0} 59} 94,1 |0.0] 1.2]|98,9
Aug, 541 13418121 1.9¢ 4,2194.2117,3{18.2| 64,4{158}11,3173,0{0,0} 0.9 99,1} 0.7 s3394.1100 0,0[t00,0} 3,2y 13,9{ 828} 6,5} 14,1 17968} 10| 4.5{946 {0,0] 2.2} 97.9 |0,0] 0.0 00,0
Sep. 1,7] 12,8185.6 153} 8.3|86.4]11,7119,7] 68,6} 32,6} 12,754,705} 05{ 99,1{3.0| 69790.1}1.0 2,41 96,7| 7.4} 11,5/ 809126} 159} 71,7} 53] 9.7{850 {1.,1| 3,3} 956 |1.4]| 2.0] 96,7
O:t, 11| 12.496,613.8113,4}83.0] 6,8{14,2] 79.0140,7]155|43.9]00} 5.1] 949{441103{85,5}5,1| 13,8]81,16,4] 21,2} 72,5{13.8]17,7(68.6}10,0)126}77,6 |16} 6,5191,9 |0,6 |11.0]88,5
Nov. 1.1} 16,1182,8]3,3] 9.7|87.1} 3.2{17.6| 79,4 41.4] 1231463105} 6.2] 93,3}3.3| 12,6 {84,0{6,2] 22,9{71,0| 9.6 27,6{62,8;18,9] 13,8 67,4 8,2} 1561764 11,7} 6,1 ] 92,2 |3,3 |]12.0] 84,8
Dec. 2.2] 11,3{86,6]3,2| 9.4|86,6] 1.6} 9.4| 89.1]355] 18,1 |46,,10,5} 55| 94,0} 2.5 | 12,9 | 84,7 [12,0| 30,4| 57,6| 8,1| 28,8 63.2 19.7 18,1 (71,2} 6,5] 19.0|74.4 |1.6,} 7,0 | 91,4 [3,2 [22,0] 74,9
Yeor 221 12,4 |85.4 | 5.0} 8.3{86,8} 0,0{15,8] 75,3{24.4}15,7|60,0|0.6] 4,6} 84813,0110,2|87.0{4,2} 13,5{82,1}6,1} 21.6§72,3}{11.8} 15,2}73,1{ 6,5§11.3{82.4 |1,4]6,7 920 {16} 9.2]89.2
No. of 6 10 10 10 7 14 7 | 13 10 10 6 5
years
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2.5. THE POTENTIAL OF SOLAR ENERGY IN SQUTH AFRICA

The utilization and_efficiency of any solar heating system is
dependent on climatic conditions.

South Africa's.climatic conditions are almost ideal." Most'parts
of the country have summer rainfall with cloudfree winters and thus
- _solar energy is available when it is most required.

Tables 2.5.1. and 2.5.2. (10) show solar radiation and mean duration
of sunshine at different parts of South Africa. The tables show '
that diffusé radiation amounts to a large percentage of the total
solar radiation, and -it is therefore important that solar collecting -
devices utilize diffuse as well as direct (beam) radiation. Flat

' pjate collectors fulfill this requirement.

Solar water heating can be effectively used on days which the
sunshine hours exceed 50% of the total possible sunshine. Table
2.5.2. reflects that for most stations more than three quarters
of the year will be effective for solar heating. - '

2.6. THE SOLAR WATER HEATER

| The heating .of water for domestic purposés using solar energy is
quite common in Israel, Japan, Australia and the United States of
America. MWith the present escalation in fuel prices, the moderate
cost of solar water heating systems, their simplicity and freedom
_ from maintenance have made them competitive with conventional
systems and they are now being utilized in many other countries.

Many variations in solar water heater designs exist. However,
these can be divided into two types, both of which utilize the
~flat plate collector principle (whereby solar energy 1is absorbed
on plane surfaces which are in thermal contact with the water
being heated).' One type consists of -separate solar heating and
water storage facilities whilst the other is a single unit
combining the heating and storage functions.

The most /...;
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The most commonly used design consists of a blackened metal surface
in contact with the water (or water tubes) above which a transparent
cover is supported forming an air gap. A box-type frame, with
insulation at the sides and back provides a relatively air—tighf“
enclosure. This solar collector is connected via pipes to an |
insulated storage tank. '

If the tank is mounted above the top of the collector natural ‘
(thermosyphon) circulation of water occurs, and if it is positioned _
below the collector, a pump is necessary to create water circu]ation,'

A thermosyphon system operates on the following principle. The
water in the collector is heated by solar radiation. Since the

. density of water decreases with increasing temperature, the
difference in relative densities of the water in the system causes
circulation to occur. Hot water rises up into the top of the tank,
whilst the cold water in the tank descends into the bottom of the
collector (see Fig. 2.6.1.). Hot water is drawn off from the top of |
the tank as cold water enters at the bottom of the storage tank.

. hot water.
om‘let

sforage

tank

cold water
inlet

_—

flat plate :
coltector

Fig. 2.6.1. Thermosyphon Solar Water Heater

‘The combined/.....
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The combined collector-storage tank solar water heater (Fig. 2.6.2.) -~
‘comprises of a transparent cover and a blackened surface, below which
the water is stored and heated. The operation is not continuous
and water is usually drawn off and used in the late afternoon.

transpaerent
cover

inlet

: water fank”fi .
‘blackened '
1ot surface .
outle .

Fig. 2.6.2. Combined Collector-storage type Solar Water Heater

Conventional auxiliary heat is necessary if a completely dependable
source of hot water is required. Electricity or fuel can be .
employed to increase the temperature of the hot water supplied by
the solar heated system. Another technique . is to use an electrical
resistance in the solar storage tank itself to obtain water at a
preselected temperature. v ‘

2.7. COLLECTION OF SOLAR ENERGY

A solar heat collector incercepts solar radiation, converts it

to thermal energy and transfers this heat to a working fluid. Some
collectors utilize mirrors or lenses to increase the flux density
of solar radiation. The most successful for domestic water heating
so far is the flat plate collector. ‘

The flux incident radiation has a maximum value of about 1100 W/m2
(without optical concentration) and is variable. The wavelength-
range is from 0,3 to 3,0 ym , being considerably shorter than

the emitted/...
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the emitted radiation from most energy absorbing surfaces. Thus
problems of lTow and variable energy fluxes and radiation p]ay a
large role in the analysis of solar collectors.

'/2.7.1. Flat Plate Collectors

Flat-plate collectors can be designed for applications requiring
" moderate temperature de]ivefy (up to 100°C). They use both beam
and diffuse solar radiation, not necessarily requiring continual
orientation towards the sun, and needing 1ittle maintenance.
‘Present app]1cat1ons 1nc1ude water heating, building heating and
air conditioning. '

A flat plate collector consists of a sheet of flat material con-
structed such that channels are formed where a fluid medium can:
_ circulate.

The surface of the collector should have a high absorptance and
therefore a blackened surface is required, and should not emit low
temperature réﬂiation. This can be achieved by using se]ectiye
~surface coatings (usually polished metal surfaces coated with thin
layers of metal oxides). ' |

Heat losses caused mainly by radiation from the plate, air convec-
tion below and above) and conduction losses via direct contact with
the outdoor air must be reduced. To the rear of the plate, insula-
tion is used, and above it transparent covers keep out rain and
snow, and reduce the cooling effect of oufside air movement. An
air gap between the plate and cover provides an insulation layer
for retaining the heat of the plate. The transparent cover should
-~ also possess characteristics of selective transmission of radiation
(glass is the most common). This allows short wave solar radiation
to pass through the cover while long wave reradiated heat from the
plate surface cannot pass through, creating a greenhouse effect in
the air gap. The ideal angle of operation is such that the
collector is continually perpendicular to- the sun's rays. This
requires a sun tracking system for which the cost is high. A

stationary/...
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stationary system should face due north (in the southern hemisphere)
and for year round performance should be inclined at an angle 10°
larger than the atitude angle. (This fa?ours heat collection during'
the winter when heat requirements are greater.

Due to the intermittancy and low flux density of solar radiation,
thermal storage is necessary. For solar water heating a well

insulated tank is required.

Figure 2.7.1. shows a typical flat plate collector.

SUN'S

: o ‘/// ‘)//, "/// )/// ’/// Vg transpareni

blackened % ' = covers

gbsorber‘\\\\\;% - eir gap % g - _
gi;;e ;Z fluid medium ‘ ‘4 lniota #cn |
inlet T T T T I T T T A cutlet

Fig. 2.7.1. A cross-section of a typical flat plate collector.

2.7.2. Concentrating Collectors

The incoming solar rays are refracted or reflected by lenses or
mirrors on to a collector or boi]er,

These optical systems are utilized to increase the intensity of
solar radiation on the energy absorbing surface. Higher energy
flux implies a smaller surface area for a givén amount of energy,
and correspondingly reduced thermal losses. However, most -
systems operate only on the beam component of solar radiation and

, the diffuse radiation is lost. Additional optical losses also
become significant and sun tracking systems are required.

Due to the extra cost and maintenance required, these types of
systems are not commonly used for domestic or commercial purposes

and will not be considered in any further detail.
: Fig. 2.7.2./...
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sun's
rays

collector
| \ lane mirror . boiler &t the 7 . .
P , , focal point

a) Plene mirror reflection

parabolic
o " mirror
boiler . _ '
//’ at the 9) errcr concen§rat1on

- focal point

b) lens concentration

Fig. 2.7.2. Concentrating Collectors.

 2.8. ENERGY STORAGE

The radiant energy collected during‘daylight hours needs to be
stored, so that it may be utilized at times when it is required. .

Energy storage must be considered With respect to the solar process
system. It may be in the form of sensible heat of a solid or
liquid medium, as heat of fusion in chemical systems or as chemical
energy of products in a reversible chemical reaction. The choice

' - of the /....
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of the storage medium depends on the process.

For solar water heating, it is logical to use water as the energy
storage medium. For a thermosyphon flow system the fo]]ow1ng
reduirements are necessary to obtain optimum conditions :
(1) The storage tank should be at least 600 mm above the top
of the collector. :
(i1) The flow pipe from the absorber should be situated at a
height of 2/3 that of the tank (see Fig. 2:8.1.).

> Eﬁhef. ‘
solar L |
storage h. ‘
+ .
ank cold
‘inlat
600mm

Fig. 2.8.1. Basic Layout of a thermosyphon flow, solar water
heating system
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CHAPTER 3.

THE MATHEMATICAL MODEL -

3.1. INTRODUCTION

The purpose of building a theoretical model of a so]ar'water'heating .
system is to enable the prediction of the thermal performance of an ¢
factual system to be designed.s :Conversely, it can aid in the design
of a particular system with certain performance requirements.

In designing the model it is necessary to know how the energy flows#
through the system? It is therefore essential to simulate each part
of the entire system so that heat losses can be calculated accurately.

The incoming solar radiation strikes the transparent cover of the
collector at a certain angle (the angle of incidence). This angle- .
| .chénges.constantly throughout the day and is different for each day-
of the year, due to the change in declination of the sun: Pért of
this radiation is transmitted through the cover, some radiation is
reflected back into the atmosphere, and a small quantity is absorbed
into the cover. The amount reflected is dependent on the angle of
incidence and the refkctivity of the transparent cover. It is
therefore essential to know this angle of incidence at any given
moment. '

To determine the amount of radiation transmitted and absorbed by the
cover, it is necessary to analyse in detail how the solar radiation
interacts at the two interfaces of the cover.

rRadiation'heat losses occur from the cover to the atmosphere, which
must be considered.

Once the solar radiation has passed through the collector cover' it
traverses the air gap and strikes the absorber plate. It is
necessary to know exactly how : (i) the heat is transferred across

' ' this air/...
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this air gab; (ii) the losses occur in this space due to conyection
and radiation between the pIQte aq@ thé cover. -~ -
The heat is then conducted through the plate and stored in the water?
in the collector. The heat capacity of the water is determined and 7
the amount of energy stored is calculated. #

Heat losses from the sides and bottom of the collector by conduction,
and convection losses due to the prevailing wind, must -be assessed.
‘The overall heat Tosses in the collector can then be calculated.

Heat losses also occur in the pipas and the storage tank due to /
“conduction through the insulation, and are determined using the thermal,
conductivity of insulation of the respective components.

To determine the mass flow rate of the water through the system, the
temperétures throughout the system must be known. By dividing the
systém into components and assuming constant water temperatures in
these sections, the pressure difference due to the diffgrente in
density of the water in the sections, can be calculated at the inlet
to the collector. | '

Using an equation (experimentally detefmined) of the relationship
between this pressure difference and mass flow rate, the thermosyphon.
‘mass flow rate can be assessed.

The mathematical equations simulating the heat transfer processes
in the solar water heater system are presented in this chapter.

3.2. RADIATION AND ANGLE OF INCIDENCE

Since the sun is constant]y changing its position throughout the
. day, the angle at which the beam radiation strikes the collector is
constant1y changing. The amount of radiation transmitted through
the transparent cover is therefore constantly varying. '

The angle between the beam radiation and the normal to the plane of
_ the collector, is known as the angle of incidence 6,and can be
described/...
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described in terms of several angles (see Figs. 2.3.2. and 3.2.1.).

_normal to collector

~angle of incidenée
direction of beam radiation '

v cdllectorf_

Fig. 3.2.1. Angle of Incidence

cos 8 =cos (L -s ) cos § cos w + sin' (L - s) sin ¢ (3.2.1.)

from (9)

where L = the latitude of the place (south is negat1ve)
§ = declination of the sun ' Y,
s = the angle between the horizontal and the plane of the

collector (angle of tilt; negative for north facing)
w = hour angle (solar noon being zero and each hour equalling
15° of Tongitude; mornings positive and afternoons negative)

. To account for difference between the longitude of the location in
question L]oc and the longitude of the standard meridian for the
local time zone-LSt an equation is introduced:to determine the solar

time T.

= - ' 2
where TSt = the standard time (or local clock tiﬁé)
and E = the equation of time (in minutes)

The equation of time E 1s a correction factor introduced to account.
for the various perturbations in the earth's orbit and the rate of
rotation which affects the time the sun appears to cross the
observer's meridian. The value of E is obtained from published _
charts and Fig. 3.2.3. shows the variation of E throughout the year.-

Fig. 3.2.3./.....
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min

equation of
time,
L
o wu
]

N

7

T FMAMIJJT ASONTD
" month

Fig. 3.2.3. The Equation of Time for the Year
The hour angle w = (12 - T) x 15 ' (3.2.3.)
since the earth rotates 15° longitude each hour.

The declination § is obtained fkom the following equation (from(9))
5 = 23,45 sin ( 350 223 LN | (3.2.4.)
where n is the day of the year. '

The radiation falling on the collector occurs as beam and diffuse
radiation (see section 2.4.). '

The direction of the diffuse radiation is extremely difficult to
assess accurately, since it comes from parts of the sky dome other
than the sun. However, Lui and Jordan (11) have derived equations

to assess the amount of diffuse radiation fa]]ing on a ti]ted surface.
Since, experimentally, no equipment was available to constantly
determine the diffuse and beam radiation separately, this equation

is not considered. The error in assuming all the radiation measured
on the ti]ted(surfaée to have the direction of the beam component

‘is very small (see appendix 8.7.). | '

“To pfedict the collector performance it will be necessary to determine
the exchange of radiation between the collector surface and the sky. v
The Sky can be considered as a blackbody at an equivalent sky tempera-

ture T . This temperature accounts for the fact that the atmosphere
sky ' ' - is not/...
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is not at a uniform temperature and radiates at certain wavelengths
only. Several teéhniques have been presented to relate this tempera-
ture to the ambient air temperature. However influences of clouds
and ground reflectance were not considered in these interpretations.
The various techniques prove to have negligible difference in effect
on the final performance of the collector. Whillier (11) assumes

the sky temperature T to be 6°C 1éss than the ambient temperature,

sky
This value is used in this model

TSky = Tamb - 6 ’ . ‘ ‘ (3.’2.5.)

The radiation betwéen a plane surface at temperature T, wfth
emittance E, ‘and area A and the sky is then

o q EA»q(TSky4 -t (3.2.6.) |
where o = Stefan Boltzmann constant = 5,6697 x 108 w/m2 ol

3.3. FLAT PLATE COLLECTOR

For a flat place collector without optical concentration the flux
of incident radiation is 1100 w/m2 maximum and the wave length range
is from 0,3 to 3,0 um. | ‘

| §.3.1. Energy Balance

To begin this analysis, an energy‘ba1ance is considered on the
~collector. The radiant heat absorbed into the collector is
distributed into useful heat and various losses.

0out
outlet -
collector

0lnss

cold
injet

oin

Fig. 3.3.1. The Flow of Energy through the Collector .
An energy/....
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An energyvba]ance from Fig. 3.3.1. gives

Up + Q =_Qs * Qyoss * Qout _ (3.3.1.)
This becomes o v _ o
Rad (Td)e A= Q.+ Qe + Q . (3.3.2.)' .
Where Q, = radiant energy absorbed = Rad (Td)e A,
Rad = the radiation falling on the collector

(Ta)e= the effective transmittance-absorptance product of the
| collector cover

A. = the collector area . X
QS = the energy stored in the collector
Q, = the useful heat transferred by the working fluid =
%ut = Qn v -
Q]oss = the energy losses from the collector to the surroundings.

The collector performance cén be determined using the collector
efficiency s defined as the ratio of the useful heat gained over
a period of time to the incident radiation over the same time period

ne =/Qudr . | (3.3.3.)
o | s Rad x ¢ T |
outlet radiation
—_— o : P transparent
B N cover
' ’ N/ :
' - g%
A _ 4 \ air gap N
t 1 N« . ¥ t
: : Nfluid medium |y . = .
: : : ANNNRN T i
' black -
: absorbing ‘
— — - surface. insulation

Section A—A-

'Fig. 3.3.2. Collector Model

Fig. 3.3.2. shows a simplified diagram of the model. The analysis

~ which-follows is based on derivations presented by Whiller (11) and
Duffie and Beckman (9). .
- o 3.3.2./...
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3.3.2. The Transparent Cover

For a surface transbarent to incident radiation, the sum of the
absorptance, reflectance and transmittance is unity. These

- properties are a function of wavelength and angle of incidence 6

of the incoming radiation, the refractive indexn and the extinction v
coefficient K of the material. K and n for solar energy applications -
are assumed to be independent of the wave length. (14)

medium 1
medium 2

ny

I,

Fig. 3.3.3. Angle of Incidenceey, and Refraction 6,.

For mediums with refractive indices n; and n, respectively, Fresnal
derived a relationship for the reflection of non-polarised radiation
(14).

I oy in2 g | o
r P a2y -1 | sin® (e, - 61) tan2 ( 6,- @ ﬂ
I, ~ (89) [sinZ (o, + 8,)  tan?( e;+ eiilv (3'3'37)

2

and by Snell's law (14) =
n sin 6, - - o :
1 = 2 .
—_ _ v , (3.3.4.)
n, sin 8, . ‘ _
then for radiation at normal incidence (i.e.eI = 09)
0 (%) = oy -n, 2

+

| (3.3.5.)
2 .

Ref]ectipn losses occur at two interfaces of the éover

Fig. 3.3.4./...
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Fig. 3.3.4. Transmission through the Cover.

Neglecting absorption, -and assuming air to be on either side of the

cover, the beam depletes by the same amount at each surface. (1 -p ) ~-

of the initial beam strikes the second surface. (1 -p )2 passes
through and (1 -p )p is reflected. So the beam continues to deplete
~ at each surface. ' '

A sum of all these terms gives the transmittance of the cover,
neglecting absorption.

L - 2°°2n.1_
t.= (1 -9)" 2% =1-p

n=o0 +p

i.e. . having accounted for reflection only, the transmittance, at
an angle of incidence & , is ‘

T =1 |
r(®) ﬁ,H%% S (3.3.6.)

To détermine'the transmittance due to absorption, Bougef's law is
applied (14). This assumes that the absorbed radiation is propor-
tional to the local intensity in the medium and the distance the
radiation travels through the medium, x.

dI = IKdx _ _ -
K is the extinction coefficient assumed to be éonstant. Integrating
~across - the cover thickness,’the transmittance due to absorption
only is found to be -

I : _
(e == Kte/cos o, C(3.3.7.)
and the total transmittance t (8) =7 (8) 7 (9) ’ (3.3.8.)

Fig. 3.3.5. /....
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cover

(]-a)rpd air gap

absorper plate

™

Fig. 3.3.5. Absorption of Solar Radiation by the Absofber Plate

vSome of the radiation that passes through the cover and impinges

on the absorber is reflected back to the cover and in turn reflected
back to the absorber. The situation is similar to fhat described

in Fig. 3.3.4. and is illustrated in Fig. 3.3.5. O0f the incident
energy to i3 absorbed by the plate, (1 - o)t is reflected back

to the cover. This is diffuse radiation and (1 - a)rp‘»is again
relected. Py is the relection due to diffuse radiation,

This multiple reflection is.summed as the transmittance absorptance

product
RORE (R (3.3.9.)
) = To ~a)odl T = T 3.90).
n=o T-(1 -a)pd o '
where o4 = T - o | ‘(3.3.1Q.)

3,3.3. Heat Loss Coefficients

To assess the heat loss, Q]oés an overall loss coefficient, Uy,

is introduced to simplify the analysis, and the following assumptions

are made. ' '
(i) Flow is steady.

(ii) Heat flow through the cover and insulation is one

dimensional. | .

(i11) /. ...
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"(iii) The temperature drop through the cover is negligible.
(iv) Ambient temperatures are the same all around the collector.
(v) Dust and dirt on the cover have negligible effect.
(vi) The entire collector is'at the mean plate temperature, Tb;

Consider thé thermal network in Fig. 3.3.6.

7;:Imb
R
,7:20'/.0!‘
' Reflecti
R on
Rad 2 Loss :
a ______’_<j£::r |
Qusetut
R3 . eIy
Thottom
R
) 7:lmb
Fig. 3.3.6. (a) Thermal Network (b) Equiva]ént Thérmal
for the Collector. Network.

Solar energy, Rad, is absorbed into the plate. This is converted
into useful work Qu and losses occur through the top, bottom and
edges of the collector..

Bottom and edge losses are represented‘by R3 and R4. R3 represents
the resistance to heat flow through the insulation, while R4
represents the convection and radiation resistance to the ambient
air. Since R3>>R4, R4 is assumed to be negligible and equal to zero.

The bottom loss coefficient Uy = k/t, - (3.3.11.)
where k is the thermal conductivity and ti is the thickness of the .
insulation. '

The edges loss coéfficient Ug =k tx périmeter (3.3.12.)

t. A
i c
where t is the thickness of the collector, and one dimensional

sideways heat flow around the périmeter of the collector is assdmed..

The losses/...
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The losses through the top of the collector, by radiation and
convection are represented by R] and R2' |

Rz'represents the resistance to loss between the plate and cover.
“These are considered as two parallel plates in assessing the heat
transfer between them. ‘ '

R, = - 1+ - e (3.3.13.)
_ p-c r,p-c _ ' ' : ‘
where hp-c and hr,p-c are the plate to cover convection and radiation
coefficients, respectively.

R]-is the cover to sky resistance to radiation and convection. The

convection term is represented by a wind coefficient hw and hr c¥
. ’

S
is the cover to sky radiation coefficient.
R] = 1 ' ' (3.3.14.)
My * P s
Thus, the top loss coefficent _ _
_] '
U, = 1 = 1 1 : .
t  — ——— + 1 (3.3.15.)
Ryt R [ hp-c ¥ hr,p-c hy ¥ hr,c-s ‘ -

The plate to cover conVection coefficient hp-c’ can be found by
considering the heat transfer, with natural convection, between two
parallel flat plates, inclined at an angle to the horizontal. For-
solar collector calculations the data presented by Duffie and Beck-
mann (9) shows a re]ationship between Nusselt and Grashof numbers,

for 45°p1anes, with heat flow upwards and 104<Gr<]07
Nu = 0,093 (Gr)02310 o (3.3.16.)
where Nusselt No. Nu = hg (3.3.17)
d  Gr=,8AT 23 |
an r gfg‘fG?"‘ - (3.3.18.)

heat transfer coefficent.
plate to cover spacing
thermal conductivity
gravitational constant

]

T @ X T
]

volumentric coefficient of expansion of air
AT /ooa.
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AT

v

temperature difference between the plates (OC)

kinematic viscosity

thation (3.3.16.) can be expréssed-in dimensional form for a tempera-
ture of 10°C (9) -

hyg = 1,14 2122310 o (3.3.19.)
40,070
For other temperatures
hy :
hyy 10,0018 (T -10) | " (3.3.20.)

Where T is the éverage temperature between the two plates (in OC)

ey ot 1,14 a10>310 [1 - o,oo1sv(T-1oﬂ (3.3.21.)
P ,05070 :

(where & is the plate to cover spacing in cms.)

The radiation coefficient from the plate to the cover is

2.
(T + 1)
‘+ ]/Ec -1

- 2
hrsp—c -0 gp * TC
’ 1

(3.3.22.)"
/€p .

- and the radiation coefficient from the cover to the sky is'

_ 2 2
h =0 ¢ (TC

+ T
Y‘,C'S Cc 'S

(T, + Ts)' (3.3.23.)}
The heat loss coefficient for flat plates exposed to winds (9) is
given as . ' _ '

h =5,7+3,8V o » (3.3.24.)

W W A

where Vw'is the wind velocity.
o is Stefan Boltzmann constant.
Tp and TC are the plate and cover temperatures, respectively.
€p and €. are the plate and cover emissivities, respectivelyf

The cover temperature can be found by an iterative technique,
assuming the initial cover temperature and using the following
“equation _ '
TC = Tp _ Ut (Tp - Ta)
+ h

| (3.3.25).
h
p=c  Trypmc Using the /.....
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- Using the assumed value of TC; hp-c’ hr,p-c’ hr,c—s and U, are
calculated. TC is then assessed using equation (3.4.25.) This new
~value of TC becomes the assumed value of TC and the iteration .

continues until the assumed and calculated values are equal. .

The overall loss coefficient Uo is then evaluated.

U0 = Ut = Ub + Ue B (3.3.26.)
These loss coefficients were calculated assuming no absorption |

occured in the collector cover.

To éccount for this absokption of energy an effective transmittance-
absorptance product»(m)e is introduced.

‘Returning to Fig. 3.4.6.(a), the solar energy absorbed by the cover
is Rad (1 - Ta). The loss without absorption is %_ (Tp - Tc) and

with absorption is 1 (T_ - T *). 2
_ R, P ¢

2
Where TC’ > TC since a small amount of energy is absorbed in the
cover. If U, =1, U, =1 and Uy = 1 then the difference
'R2 R] | Ry + R2 '

y .

between the two loss terms is

p=

| D = U, [(Tp - TC) - (Tp - TC’)] which is shown (2) to be
Rad (1 - 7,) U,
. UT

This gain in energy is thus .considered in’the following equation

(ta)g = (ra)+ (1 -1) U ' | (3.2.27.)

and U

il
p
+
=

1 W r,c-s

A finite /...
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A finite difference technique is introduced to determine the mean
plate temperature after a time interval Ar.

Returning to the energy balance equétion (3.3.1.) and using the
following values : ' '

Energy stored in the collector in time interval At
Qs N wc EI
dt

where NC is the thermal capacity of the collector

. (3.3.28.)

dTp»is the difference in plate temperature over the time
~ interval dr. ‘

Energy.]oss Q]oss = UbAc (Tp -'Tamb)i : _ (3.3.29.)

Useful heat transferred Q, = m.c -7 (3.3.30.)

cp (Tco ci)

where TCo and Tci are the collector outlet and inlet temperatures,
respectively. '
then (3.3.2.) becomes ' .

W, dTp

= Rad (ra ) Ac - mCpTeg™ Tey) - UOAC(TP ™ Tamb)

dr o
(3.3.31.)
The new mean plate temperature is then
Tonew™ Tpold +.%1v[Rad (ra Yo Ac = mcLp(Teg = Teq) —_UoAc(Tpo]d'Tame
_ c - : B |
(3.3.32.)

From equation (3.4.2.) the instantaneous collector efficiency is then

ne = Mly (T - Tey) o (3.3.33.)
Rad x AC o

while the efficiency for the whole day

~solar © Y5otar 8 .
| Tot.Rad. (for the day) x A, (3.3.34.)

where Qso]ar‘ / .-
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mm C_ AT

solar = I by Algorap AT

where Q

AT
solar
and entering the solar tank during draw off.

(3.3.35.) k

= the temperature difference between the water leaving

At = the time period for which water is drawn off.

3.4. THE SOLAR STORAGE TANK

The storage tank can be modelled in two ways.

(a) Non-stratified simulation

°

This type of solution assumes that the tank is at a uniform tempera-

ture (throughout its vertical height). -

aloss
B =53 ) T .
d 15 o5
— i
. Mc -
a;, £
= 3L
) iy : , ¥}
— Qu - : 5 X
m, ‘ T
c in .
Oouf - - - S et m
- B st i ] t

Fig. 3.4.1. WNon-stratified Tank model

e OL-—'-—.p

The energy storage capacity of a liquid storage unit operating over

a finite temperature difference ATS in time Aot is .

Qg = (MCy) (aTs
At

(3.4.1.)

where M is the mass of liquid with specific heat capacity Cp.

Thevrate of energy gain from the collector

Q= QG - Qe = My (Tco_‘ Ts)

| (3.4.2.)

where mc is the thermosyphon mass flow rate through the collector
and T_ is the temperature of water from the collector.

The rate /....



The rate of energy removal to the Toad is

Q = mLCp (TS - Tin) : (3.4.3.)
where hc.is the draw off flow rate and Tin is the inflowing water
temperature. - '

- The thermal losses Q]oss = (UA)S (TS '_Ta) (3.4.4)
where (UA)S is the loss coefficient area product.
Applying an energy balance to this system _
W éIé =Q, - Q - Q]oss. o _ (3.4.5.)
At ' ’

where the thermal capacity is ws = Mcé and

ATS is the témperature difference over the time period At

AT =T (3.4.6.)

s,new Ts,o]d

T 'and TS new are the temperatures of the tank at the beginning

s,old
and end of the time period dr, respectively.

For a finite time increment this new tank temperature is then

Ts,new = Ts,o1d ¥ %1 _[Qu - Q- (A (Ts o1q '.Tai]
s (3.4.7.)

(b) Stratified tank simulation
This type of model does not assume a uniform temperature over the

entire vertical dimension of the tank. .

The tank is sectioned as shown in Fig. 3.4.2.

The equation (3.4.2.) then hb]ds for each section of the tank (which
is assumed to have constant temperature over its vertical height).

This simulates the real situation in which the incoming water seeks
its own density level (provided that it enters at a low velocity).

Fig. 3.4.2. /...
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Tst
Mg ——p» ;

Ts2 ;

; :

L}

]

1

'
: - T, . °
me €—ti 50 e 7

Fig. 3.4.2. Stratified Tank

The criteria for tank sectidning is based on experimental data (8)
in which the water temperature of the upper tank section was found
to be quite uniform down to the upriser pipe level. Below this

the temperature profile was nearly linear down to the tank bottom.

- .
[

me T Vi3t o
— st : ¥
Teo *
T !
Ts2 :
v I
}
]
)
)
1 .
]
Mme | . , 7'. f _." m ,'
] 5 : . f
En ) Z - . Tin ‘

Fig. 3.4.3. Tank Sectjons

The water from the collector enters into the upper section 1, of

“the tank/...
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the tank. The-sectiohé 2 to n are of the same size. ‘
The thermosyphon and load mass flow rates are assumed equal for all
sections. , | ,
The new temperatures for each section are obtained by applying
equation (3.4.7.). ‘
For the jth section , o
Tsj;lew - Tsj,on +-%1. [chp (Ts(j-i)o1d_- Tsj,qld) * mch
‘ sJ ' 4

(T(sei)old = Tsj,ora) = ()5 (g 014 - Tamb)] © (3.4.8.)

3.5. . THE PIPES

' upriser
pipe

/

down flow

7¢-¢' pipe

Fig. 3.5.1. Thermosyphon Flow Circuit Pipes

S - o - ) ’_rr'/ insulation Ub o
- Oy e ,( 06 ' @ e ot

Fig. 3.5.2. Pipe Simulation

An energy /....
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gy balance from Fig. 3.5.2. gives Qih = QS +_Q]OSS+‘QOUt'

u _Qout - Qin .y Where AT . =T

, and Q= Wy, AT, pi = Tpi,new” 'pi,old
. At ) »

temperature difference over a time period At, then

il Tpi = & 7 Qo5 . ' (3.5.1.)
At

W

i,new Tpi,o]d t Lot [mccp(Tin B Tpi,o]d)_(UA)pi(Tpi,old_ Tamb)]
| o | T

(3.5.2.)

ns (3.3.32.), (3.4.8.) and (3.5.2?) are used to determine the
ate temperature, tank temperatures and pipe temperatures '
out the day, given the initial temperatures at start of the
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CHAPTER 4

THE COMPUTER SIMULATIGON MODEL

The Wang 2200 computer was programmed for the solution of tempera-
“tures, flow rates and efficiencies. The program was based on the
theory presented in Chapter 3. ' '

A systems diagram of the model is shown in Fig. 4.1.1.

hrank -

Fig. 4.1.1. Systemé Diagram of the Computer Model.

4.1. ASSUMPTIONS |
The following assumptions were made in developing this model.
(i) The entire collector is at the mean plate -temperature T
Ty =(Tey + T ) /2 (4.1
(i1) No absorption of radiation or heat loss due to wind occurs
in the/....
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, in the pipes. _ _

(iii) The storage tank is mu1t1sect1oned each section representing

a portion of the tank wall, insulation and water. The top

section, sy, is from the top of the tank down to'the upriser

pipe inlet. The other sections are divided equally, whi]e
~the bottom section, s5, includes the bottom of the tank insula-

~ tion and the down flow pipe exit. ‘

(iv) The ambient temperature, T_ ., is assumed to be the same for

amb
the tank and collector.

(v) At the initial starting time of the program, for each day,
T =T T, . =T

up co® dp ~ ‘ci

(Vj) After each time interval at';rT4 = po R TCo = 2Tp - Tci |

4.2, L0SS COEFFICIENTS

The loss coefficients for the pipes and tank were determined
experimentally. A known quantity of water was trapped in the pipes
(and tank) and the temperatures were observed with respect to time.

Using equations (3.5.2.) for the pipes and (3.4.5.) for the tank
with zero flows, the factors Uup,-Udp'and US were calculated.

4.3. THE THERMAL CAPACITIES

Thermal capacity = W = MCp

o =V xpxCp (4.3.1.)
The volumes V, were calculated from the physical -parameters of the
system components, while the values of density ,, and specific heat
capacity Cp were determined at the temperature of the water in the
, part1cu1ar section.

4.4. THERMOSYPHON MASS FLOW RATE

A U-tube principle was used to assess the thermosyphon head causing
flow. ' ' '

The pressure difference at point P (see Fig. 4.1.1.) was calculated
using the weight of water on either side of P.
’ The tank/....
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(T, h,)

The tank temperature T _ -
33 Pank (4.4.1.)

tank

n~M o

where hj is the height of each section of the tank.

The pressure difference causing flow is

5 3 - - ‘ ] . "
AP = [(% hj pJ)(htank + hdp pdp hCOHOCOH huppUp)] (4.4 2 ) |

The relationship between pressure head and mass flow rate was
determined experimentally. Flows were mostly inside the laminar
flow region and had the relationship of a geometrical regression

m, = asp® ' (4.4.3.)

where a and b wefe constants.
(See appendix 8.4. for further details)

4.5. THE PROGRAM

A flow chart of the'program is shown in Fig. 4.5.1.

Various size stratification models were tested in the early stages
of building the tank model. A 4-stratified tank appeared to be
the most accurate. However, a 5-stratified tank system proved to
be more accurate. |

A time interval of At of 5 minutes was found to be adequate except
during high'flow rate draw off periods where 1 minute intervals

were used.

Initial system temperatures, hot water draw off times and flow
rates, were recorded and stored in data files. Radiation, Wind _
velocity and ambient temperatures, experimentally measured, were -
averaged out over hourly periods and stored in the same data files.

Computation was started at 0730 hours when thermosyphon flow was
about toAbegin and collector and tank temperatures began to rise. -

The calculated temperatures, flow rates and efficiencies were
printed out as the time was incremented throughout the day.

4.5.1. /...
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|

Fig. 4.5.1. Flow Diagram of the Computer Program

Start

Y

Specify~: initial starting time.
step size A"’;r

|

" Read : date, day n, equation of time E, _
' initial temperatures, radiation Rad,.
“wind velocity V _, draw off flow rate mL'

Y

Calculate : densities, specific heat capacities C_
pressure differen;e Ap

mass flow rate ﬁé ‘
efficiency e
- angle of incidence 6

L

¥

Cajgulate : loss coefficients h

p-c’

h

r,p-c’Ut

1

Read: Draw off flow rate (mL)
Radiation (Rad)
Wind velocity (Vw)»
Ambient temperature Tamb _

Y

Re-estimate : cover temperature TC

|

Final cover temperature

Y

Calculate : new temperatures

[

Increment by time At
3

Print out and store data

f

Calculate : Effective transmissivity absorptivity product (Ta)e

Heat losses Q]oSs

Radiant heat absorbed Qa
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4.5.1.. A step by step detailed description of the operation of the
- program, ‘

This description of the program is an expansion of the flow chart
of Fig.4.5.1., giving the step by step proceedure and equations
utilized.

(i) It is required to specify the initial starting time, so that
the data at that time can be obtained from the data file. The step
size At must be spec1f1ed

©

(ii) The data file is then inserted and the following information
is read : date; day of the year (n); equation of time (E); initial
temperatures T o’ T i TA’ TB’ TC’ TD’ at the initial starting time;

rad1at1on (Rad); wind ve10c1ty(V ); ambient temperature(T mb)’ and

the draw off flow rate (mL)

(111) The values of Tps Tps Tes and TD’ the tank temperatures are

T T ., and T55 using equations (8.6.1.)

s2’ 's3’ 's4
described in the appendix 8.6.

converted to TS], T

The initial upriser pipe temperature Tup is assumed equal to the
collector outlet temperature Teor

The initial downflow pipe temperature po is assumed equal to the
collector inlet temperature T _. ' '

The mean plate temperature Tp = (T +_Tco) /2

(iv) Using the temperatures in the various sections, the densities
p and the spec1f1c heat capacities Cp are calculated with equat1ons
(8.6.2.) and (8.6.3.) (see appendix 8.6.).

The pressure difference Ap at point P (see Fig.'4.1.1.)'is then
calculated with equation (4.4.2.) and hence the thermosyphon mass
flow rate mc is obtained utilizing equation (4.4.3.).

o " Tci) is thencalculated

The instantaneous efficient n = m C (T
o Rad x A_

¢ cp

from equation‘(3.3.33;)-
. : (v) The time /..
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(v) The time is converted to solar time T, using equation (3.2.2.),
The hour angle w = (12 - T) x 15 from equation (3.2.3.), and the
declination & is obtained from equation (3.2.4.).

The angle of incidence is calculated using equation (3.2.1.).

(vi) A value for the cover tempekature TC is assumed and the loss
coefficients hp-c"hr,p-c’ hr,c-s’ and h,, are calculated using -
equations (3.3.21. to 24.) The top loss coefficient Ut is then

- obtained with equation (3.3.15.). The cover temperature is now
calculated using equation (3.3.25.), and if it is not the same
as the assumed temperature the iteration continues until the value . o
of T.C is the same before evaluating the loss coefficients.

t(yii) The angle of refraction eé of the radiation through the
transparent collector cover is enumerated from equation (3.3.4.)

and utilized to determine the reflectance p(8) from equation (3.3.3.).

* The transmittance due to reflection only Tr(e) , absorption only
ra(e)_and the total transmittance t(6) are obtained from equations
(3.3.6. to 8.). The transmittance-absorptance product (ta) is
then calculated from equation (3.3.9.). |

(viii) The bottom loss coeffictent U, and edges loss coefficient Ue
are assessed from equatioms (3.3.11. and 12.). The overall Tloss
coefficient U0 is then determined with equation (3.3.26.) and the
effective transmittance absorptance product (m)e with equation
(3.3.27.). '

i

(ix) The heat losses Q] » useful heat Q and heat absorbed Q_ in
. -*loss u , ) a

the collector are determined using equations (3.3.29.), (3.3.30.)
and (3.3.2.). " -

(x) The required data is printed and stored.

The time is incremented by At

(xi) The new mean plate tank and pipe temperatures are then ‘
‘ o . calculated /...
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calculated using equation'(3.3;32.), (3.4.8.) and'(3.5.2.)
réspectively. : -

The new collector inlet temperature T . = po and outlet temperature

T, = 2T

c = Tei.

P
(xii) At this new time, the draw off flow raté‘(ﬁL), radiation
(Rad), wind velocity (Vw) and ambient temperature (Tamb)_is read
from the data file. ' |

(xiii) The program then returns to step (iv) and continues until
all the readings in the data file are processed..
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CHAPTER 5

THE EXPERIMENT

A solar water neating system was designed and built to simulate a
domestic system, and to compare the results with those obtained
using the computer model. '

5.1. APPARATUS = | .
Fig. 5.1.1. is a éystems diagram showing the basic layout of the
apparatus. '

water is supplied to the system from the mains.

The time clock was used to operate the solenoid valve, to supply

~ water at preselected times, chosen to simulate domestic conditions.
This water then flowed through the water meter, measuring the
quantity of water supplied, and before entering the bottom of the
~storage tank the temperature of this cold water was measured with a
thermocouple connected to a chart recorder.

The tank temperatures were measured at four different heights with
thermocouples connected to the chart recorder. The cold water at
the bottom of the tank flowed out into the downflow pipe to the '
collector. About hé]fway along this pipe the thermistor and a
thermometer were inserted. The thermiétor was connected to a
specially designed circuit, from which the thermosyphon flow could
be assessed.

CToser to the collector, along this downflow pipe, two valves were
located, one to drain the system, the other to seal off the pipe s0
as to create a no flow situation (this was required for the calibra-
tion of the thermistor). | B

At the pipe entrance to the collector, the collector inlet tempera4
ture was measured. The water then passed into the collector where -
' it was /....
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it was heated by solar radiation. The heated water seeking its own
density level rose to the top of the collector. In passing into the
upriser pipe, a thermocouple connected to the chart recorder meashred
the collector outlet temperature. This pipe carried tﬁe watér.back'
into the solar storage tank. |

- This completed the thermosyphon flow cichit. :

Hot water was drawn off from this solar storage tank by a push through

| ~ system, whereby cold water was fed into the system pushing the hot‘_'

“water out at -the top of the tank.

‘This hot water was fed into the bottom of an electric geyser; The
amount of e]ectrica]'energy consumed to maintain the water at a
constant preSe]etted temperature, was measured on a kilowatt-hour
meter. The exit temperature of the water at the top of this geyser
was recorded with the aid of a thermocouple. . |

'5.1.1.. The Collector

The collector ( see Fig.5.1.2.) was a 2 square meter Hamworthy/Vén'
Leer solar . heat exchanger. (see épecifications in appendix 8.8.).

This particular collector was available fof use at the start of the
- project and provided the basic collector requirements. '

According to Chinnery (10), the use of a solar water heater with
electric auxilliary heating for four people, requires a minimum
absorber area of ],8m2 and a minimum total tank capatity of 180
lTitres. This collector was therefore suitable for simulating these
conditions. ' | ‘

The absorber plate was a stainless steel envelope coated with matt
black paint. It was insulated with 25 mm thick polyurethane foam.
3 mm perspex was used as & transparent cover. The absorber frame
was made from aluminuim with a base sheet‘qf galvanised steel.

Thé collector /....
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The collector support was designed and built such that the angle of
tilt could be adjusted. The mechanism was placed so that the collector
was facing due north, and an angle of tilt of 44° from the horizontal
was set for the tests.

5.1.2. Storage Tanks

To simulate domestic conditions it was necessary to select the
appropriate type and size of storage tank. Most existing middle
class 'white' houses in South Africa have an electrical hot water
heating system. Also for families to be assured of a constant hot
water supply, solar energy is not totally reliable (especially
during winter in the Cape). The type of system sélected was there-
fore a solar tank feeding an electrical geyser. |

A2 m2

Chinnery (10) recommends, with electrical auxilliary heating, a
total minimum tank capacity of 180 litres for 4 people.

absorber requires approximately a 100 litre tank, while

A 135 Titre solar tank and a 90 1itre electrical tank were chosen
for the experimental circuit (see Fig. 5.1.3. and Fig. 8.3.2.).

The solar tank was a "Kwikot" Solar Water Heater, code 21355 and the
electrical tank was a "Kwikot" Vertical Multiple electric water
heater, code 2020.

The solar storage tank was placed more than 600 mm above the top of
the collector (at a 44° angle of tilt).

The heat loss coefficient was determined experimentally (see
appendix 8.3. ii ).,

5.1.3. Pipes

The thermosyphon flow circuit was connected using 1" diameter
reinforced nylon hose. Asbestos rope was wound around the pipes
providing insulation.: '

The loss-coefficients were determined experimentally (see appendix
8.3. iii). '
5.1.4. /...
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5.1.4. Instruments

Temperatures were recorded on a Phillips PM 5833 multipoint recorder
using copper-constantan thermocouples.

Zeal thermometers with an accuracy of 0,2%C were used as well (as a
double check and during non test periods).

Four therinocouples were inserted into the solar tank at various
heights (see Fig8.3.3.), giving temperatures TA’ TB’ TC and TD.

The thermosyphon mass flow rates were measured using a thermistor

(type FS 230) inserted into the downflow pipe. The thermistor was
connected to an electronic circuit designed so that the change in
voltage across the thermistor due to a certain flow rate was registered
on a meter and the actual flow was then read off on a calibration |
chart. (A detailed explanation appears in section 5.2.3.)

Radiation was measured using a solarimeter mounted on the collector
support mechanism, at the same angle of tilt as the collector, and
recorded on the Phillips PM 9833 multipoint recorder.

Wind velocity was measured on a Casella anamometer, also mounted on
the collector support mechanism. This technique actually measured
only instantaneous wind velocities. '

Hot water was drawn off at preselected times using an Electroboy
Universal Time Switch (Type U 596) connected to a solenoid valve.

A (Kent S.A.) watermeter measured the quantity of water drawn off.

The amount of electricity consumed by the electrical geyser was
recorded on a Landis and Gyr (Type CL 272) kilowatt-hour meter.

5.2. EXPERIMENTAL PROCEDURE

before the actual tests could be performed on the solar water

heating system, it was necessary to experimentally determine the

loss coefficients of the solar storage tank and pipes. To measure
the thermosyphon /..
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circuit at the collector inlet.

The flow was altered at various temperatures, and the pressure head
was read on an inclined v ter monometer.

The theoretical evaluation of these results (appendix 8.4. 1i.)
enabled the prediction of the thermosyphon mass flow rate.

It was necessary to measure experimentally the rate of thermosyphon
flow rate while the solar water heater was in operation.

However, any obstruction 1 the flow line would prevent flow, as
the system operates at e; -~emely low pressures (of the order of
100 N/m?).

A rotameter was tested. t was inserted in the cold water downflow
pipe. The flow was obstructed, and there was insufficient pressure
in the system to create continuous flow, (due to the weight of the
rotameter float, and the <(tra bends required in the flow circuit).

An injection system was tried. Using a hypodermic syringe, water-
proof coloured ink was ir 2cted into the flow line. However, the
colour dispersed, in the 25 mm diameter pipe, and by the time it had
travelled 0,5 meters it w ;5 impossible to evaluate the flow rate.

Another scheme considered was to have a 1ight beam focused on a
reflecting disc, mounted 1 a clear plastic or glass tube, in the
flow 1ine. The disc would spin at different speeds for varying
flow rates. This could be enumerated by an electronic eye and
counter system. The disadvantage lay in the difficulty to produce
a disc and bearing system suitable for a 25 mm diameter tube, and
the involved circuitry necessary.

Another technique of measuring flow was to use a type of hot wire
anamometer. A current is passed through the wire and the water
flow causes the wire to be cocled. The amount of cooling is
dependent on the flow rai and can be assessed by determining

the voltage drop across the wire.

A thermistor was chcsen to determine the flow rate, using the
above /....
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Temperatures and radiation were recorded continually during the |
day while wind velocities were read at half hourly intervals and
thermosyphon mass flow ri es were read at the beginning and end of
draw off periods and at half hourly intervals during non draw off
times.

Test set ITI : This set « testswere conducted during autumn, in
April and May 1977; to ol =2rve the effect of high draw off flow
rates on the experimental and theoretical systems; to compare these
results; to examine how ' : times when water was drawn off would
influence the thermal performance of the systen; and to see how
these test results diffe 4 from test set I results.

The draw off quantities ' ried from 90 to 220 litres. Draw off
flows were high (up to 0,27 litres per second). This meant that
draw off periods were ret ired to be short: in fact too short to
use the time clock. A ¢ te valve was therefore operated manually
(as would be the case in a domestic household). The draw off times
and the quantities of water drawn off were read. Draw off times
were not chesen to particularly simulate domestic draw offs but more
to evaluate how different times would alter the performance of the
system.

The system was operating continuously. Measurements began at 97h30
at sunrise till sun¢ : at about 18h00. (The sun actually was hidden
behind the mountain from 16h30.) '

Temperatures and radiations were recorded continually. The wind
velocity was read off every half hour, while the thermosyphon flow
rate was read during and just after draw offs and at half hourly
intervals at non draw off periods.

Ten days of results for tests I and II are presented in the following
chapter, with detailed graphs of the thermal performance, predicted
and measured, for a day from test set I and a day from test set II.
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(in the previous chapter).

The collector outlet temj -ature was predicted to be lower than in
the experiment, during ti main insolation period.

Mean plate temperatures we : experimentally assumed to be mid way
t ween collectorinlet and outlet temperatures, and determined using
equation 4.1.1. 1i.e. Tp = (TCi +Tco)/2. The mean plate temperatures
were well predicted until 16h00. The theoretical model used the
mean plate temperature Tp and the collector inlet temperature TCi

to determine the collector outlet temperature Tco’ i.e. TCo = ZTp'Tci
Since the collector inlet temperatures were predicted slightly high
and the mean plate tempel tures were correctly predicted, the collec-

tor outlet temperatures were predicted slightly low.

The thermosyphon fiow rates were theoretically determined from the
temperatures in the syste (see section 4.4 and 8.4. for detailed

explanation). The discrepancies between the predicted and experi-
mental flows were a direct result of any discrepancies occuring in
the predicted tank and cc lector temperatures.

Discrepancies could in addition be imputed to the fact that
experimental flows were measured only at an 81% level of confidence.

7'3. TECT CFT 17T

The previous test set simulated domestic conditions with draw off
times and quantities. However, to achieve automatic simulation with
the equipment available - was necessary to have 15 minute draw off
periods using slow draw ¢ f flow rates. This also avoided the
occurrence of "mixing" in the solar storage tank during draw offs,
allowing the system to be mathematically modelled and the thermal
performance to be predicted.

To simulate domestic conc tions more accurately it was necessary to
draw off hot water quick’ and over short periods. This set of tests
was therefore conducted to observe the effect of high draw off flow
rates. The times and quantities of hot water drawn off were varied
from day /...
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top section to below that of the tank lower sections.

Two points on the predicted collector temperature graph appear to be
out of place, at 08h30 ai 14h45. These will be explained in relation
to the thermosyphon mass flow rate.

The experimental flow increased from 07h30 until about 11h00 with
increase in radiation, = peratures and difference in system tempera-
tures. It remained more or less constant until the 14h40 draw off
when it suddenly increased due to the introduction of higher density
cold water into the tank. The flow fhen decreased rapidly to zero

at 17h30. This decrease was due to the fall off in collector tempera-
tures after 14h45. The collector bejan to regain heat between 15h00
and 16h00 but the radiation was too low at that time to raise the
outlet temperature above the top tank section temperature. In fact,
the mean plate temperature was lower than the mean tank temperature
hence flow was almost non existent.

The predicted flows were similar to experimental flows until 14h40,
after which they superceded the latter. Predicted thermosyphon flow
only began after 08hl5. le to the no flow condition prior to this
time, the predicted collector outlet water heated up to well above
the measured temperatures. This created sufficient temperature
difference through the system to generate flow. TI <circulating
cold water from the collector inlet then had the ef”™ = of rc’ :ing
the predicted collector outlet temperature to approximately the same
value as measured in the experiment. Once the predicted collector
outlet temperature had dropped reducing the system temperature
difference again (at 08h45), the predicted mass flow rate dropped
slightly (08h45 to 09h00).

At 09h00 the average hourly radiation was increased and so the
predicted collector temperatures and flow rates began rising. The
flow increased sharply with the higher radiation, and then remained
almost constant for the next hour, following the step-wise input

of average hourly radiation.

At the 12h00 draw off the collector temperatures dropped sharply,
the outlet /...
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mental and theoretically predicted daily efficiencies for 5 days 6f
test I and 5 days of te: II are presented in table 6.1.

These efficiencies were well predicted by the theoretical modé]. The
large fluctuations in ef iciency indicate that there were many
variables influencing the performance of the collector. The main
factors being the radiat »n, ambient temperature and water draw off . °
quantity and times.

Due to the simultaneous influence of all these factors it was
difficult to assess their exact individual effects on the efficiency.
However, a éenera] indir :ion was evident and the following evalua-
tions were made :

(i) The efficiency increased with increasing quantity of water
drawn off, up to-200 litres. The optimum draw off was between 150
and 200 1itres. |

(ii) Draw offs during high radiation periods only affected
the system temperatures for a while and the temperatures were
regained rapidly. The efficiencies increased for larger and more
draw offs during the main insolation periods.

(iii) The rate of draw off did not have any effect on the
efficiencies.

The amount of electrical 1ergy required, Qe]ec’ to maintain the
¢ r'ser water at a pr 2t t. )erature (60°C) fluctt ted according
to the water draw off qui tity and times, the radiation and the

ambient temperature.

Without the solar heating system,Qe]eC was a function of only
~water draw off, quantity and mains cold water inlet temperature,
T. (which on an average was about 21°C in summer and 17°C in

in
autumn).

Qe]ec was found to be about 13KWh/day for a draw off of 152 litres
per day (draw off set C.) without solar water heating, and varied
between 3 and 5 KWh/day v th solar water heating, on clear days.

This presented an 8 to 10 KWh/day savings on sunny days.
7.5. /...
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7.5. ArCUACY

The accuracy of the experimental measurements was as follows:

(i) The temperature measurement in the system, taking into
account thermocouple cali -ation (accurate to O,ZOC) and a chart
recorder error of 0,5%, was accurate to 1%.

(ii) The radiation, using the solarimeter (accurate to 1%)
and chart recorder, was measured with a 1,5% accuracy.

(iii) The ambient t« nerature was measured using a thermocouple
in the instrument box, a few feet away from the collector and below
the wooden hut where the storage tanks were mounted. This meant that
the actual ambient temperature immediately around the collector, that
around the storage tanks and that measured in the instrument box, may
have differed by a few dei ees. A thermocouple was mounted in the
hut next to the tanks and found to have a maximum of 5°C difference,
and an average of 0,5°C difference, to that measuring ambient tempera-
ture in the instrument box. This possible error in ambient tempera-
ture contributed slightly to the errors in the thermal predictions.

(iv) The measurement of thermosyphon mass flow rate had large
errors (up to 19%). The « rors were accumulative, and appeared in :
the calibration of R, with temperature (see section 5.2.3., 3% error);

the reading of thermistor nperature, I, (2% error); the setting of

t
1 osistar Rv (2% error); e accuracy with which I, could be main-

tained at 40mA (2% error); the fluctuation of the gguge reading of
Io’ due to temperature fluctuations (5% error); and the calibration
of Iovwith mass flow rate ﬁc at various temperatures (5% error). It
was found, however, that v th experience of working with the system

the assessment of mc became more accurate.

(v) The water draw ¢ f quantity was measured using a water
meter capable of reading to 0,5 litres. The draw off times were set
on a time clock for test I with an accuracy of 1%4. The draw off
flow rates were then calct ited, having a maximum possible error of
2. | ~
(vi) The electrical energy consumed by the electrical geyser |

was measured on a Kilowatt hour meter with a 0,2% accuracy.
7.6, /...
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From exj; ‘imentation it v ; found that Radd varied between 9% and
100% of the total radiation, on a clear day at 12h30 and sunset

respectively.

The direction of the diffuse radiation is from all parts of the sky
dome and therefore enters the collector from all possible angles.
To theoretically determine the losses due to the angle at which the
radiation strikes the col zctor cover would mean assuming an angle
of incidence for the diff ;e radiation.

The total diffuse radiat- 1 for one clear day was found to be about
14% of the total radiatic . Using the conversion factor, Radd(0,89)
the diffuse radiation is »out 12% of the total. The direction
varies from 0° to 990.

If it is assumed that a 50% error is made in considering the
direction of diffuse rad- :ion to be the same as that for beam
radiation, the total error would then be in the region of 6%, which
is not significant.

8.8. CNLIFCTOR SPECIFICATIONS

The solar collector used 1 the experiment had the following
specifications :-

a) Dimenci~ns Length : 1780 mm

1 ith : 1135 mm
Height : 65 mm
Area . : 202 m2

Weight : 40 kg

b) Pressures Static
Low pressure : Test 70 kPa
h -king 40 kPa
Dynamic low pressure subjected to 400 000 cycks at 27kPa.

c) Temperatures Ur : can withstand temperature range
from 15°C to 14C .

d) Absorbtivity 0., ! or greater to 50 microns

e) /....
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