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ABRSTRACT

The study describes the development of a prototype solar
energy powered water pump. The system was developed in  an
attempt to meet the following requirements and constraints:
Cheap, convenient and easy manufacture, reliability and low
maintanance of the system, no auxiliary power requirements,

and minimum running costs.

The literature survey indicated that a number of pumping
systems have been studied in the past, with variable
successaes, based on numercus thermodynamic cycles. QOur
system operates on the combination aof two constant volume
and two constant pressure processes, on a working fluid
which expands due to input heat from the sun, and contracts
due to heat rejection to the pumped water. This expansion
and cantraction of the flu.d is utilized to move Fflexible

hellows, resulting in the pumping action,

The thermodynamic and heat transfer aspects of the system
have been modelled and the results were compared with the
evperimental data. A number of working fluids were attempted
and the final results show very good agre2ement between the
theoretical and experimental results for Freon 113, Lack of
detailed thermodynamic data did not allow similar comparison
far Methanol. Yet, experiments on another fluid
{Cycloherane) were abandoned because the fluid was found to

be incompatible with the bellows material.



The results also indicate that the pump’™s performance
depends strongly on the utilization ratio, a parameter which
we have defined as the ratio of the amount of water used for
conling, divided by the total guantity of water pumped
during sach cycle. It also became apparent that the choice
ot the working +luid influsnces greatly the system’s
performance. The results indicate that +for higher boiling
point working fluids, the suction depth can be increased
towards the theopretically maximum of = 10m3 however the heat
input requirements are increased, which in turn will require

larger collector and sophisticated tracking mechanisms,

Fraedictions of the pump’ s performance for typical summer
and winter davs were perforsed using the solar radiation
data collected by the Pretoria’ s station (RSA)Y . Bearing in
mind that thig i3 a4 non—-sophisticated system, and the likely
users wonild be “lavmen”, a program has been devised which
with the aid of a very simple chart infores the user of
simple adjustments, NECessary for the pump’ s best

pertormance.

In conclusion not withstanding the fact that gur initial
objectives have been met bevond our edpectations, 1t is
recommended that future work be undertaken along the lines

indicated in chapter o of this thesis.
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CHAPTER 1

INTRODUCTION

1.1. FOREWORD

The idea of using solar energy for ‘pumpimg water
originates as far back i history at  the turn of  the
sixteenth century, but it was only recently that this idea
started to be applied in a variety of pumping systems. With
the emphasis 1in recent vears on investigations to develop
alternate energy resources, solar power has come on its  own
as a replacement or supplement to the more conventional
ernergy  Torms. Solar  power has hecone an atractive
proposition o isolated argas where glectricity is
expnensive, or does not exist at all, and the cost of fuel is
very high dug to transport. Furthermore, solar energy is an
abundant resource in most of the arid regions and it is

quite natural to use this resouwce for water pumping.



1.2. SOLAR ENERGBY

1.2.1. Availability of solar energy.

Before proceeding to the description of solar powered
pumping systems, some background about solar energy will be
presented and specifically toplics retering tey the
awvalilability, the collection, and the uwbilization of solar

gnergy in the fore of heat, will be discussed.

The solar energy per unit time, received on a unit area
of syrface perpendicular to the sun™s radiation, i Bpacs,
at the earth's mean distance From the sun, is assumed
constant and is called the "solar constant”, whose value was

proposed by Thekashkata and Drummond (1} to be 1353 W/mé

The sarth revolves around the sun in & near circular
orpit, the earth-sun distance varving by about 34 from the
mean distance, This variation in distance produces & nearly
sinusgidal variation in the intensity of the scolar radiation
that reaches the earth’s atmosphere, which has been
approximated according to J.Bush and L.Richards (2} by the

following equations

) 360 -(D-2) 1.1
[ = Isc' [1 * 0.033-cos——=ge——




During the earth’s orbit arocunt the sun, a special
geomaetry is involved, giving rizge to important angles such
as solar declination, soclar time, incident angle of sun’s
ravs etoc. which are utilized in the calgulationsg Ffor the
prediction of availaﬁ&e snlar energy. Some elements of this

special geometry are shown in appendix A,

Mot all the energy expressesed by the soclar constant
reaches the suwface of the earth, because of strong
absorption by garﬁbn dioxide, oxygen and ozone present in
the atmosphere. The solar energy incident on the earth’s
surface is also dependent on the atmospheric content of dust
arnd other pollutants. The above 15 illustrated in Figure
1.1, after J.Threlkeld and E.Jordan (3 which indicates the
abisorption effects for a surface at sea level location,

moderate atmospheric conditions, and sun’s incident angle,.

It is useful to distinguish solar radiation betwesn the
solar radiation which s received From the sun without
change of direction, (the so celled beam or Jdirect) and the
solar radiation which 18 received from the sun after its
direction has been changed by reflection and scattering due
to the atmosphere (diffuse!. Senesraly the calculation of the
amount of the available radiation For any soclar energy
application, regquires the kKnowledge of both direct and

diffuse components.






where F/F, is the pressure at the location concerned

relative to the standard atmosphere.

i

——g— - exp(-0.0001184-Y) 1.
O

Manthly values +or the apparent extraterrestrial solar
intensity (&) and the extinction coefficient (B), as giwven

by J.Yellott (3), are found in the table below.

Nominal day A (W/m?) _B
January 21 1230 0.142
February 21 1215 Q.144
March 221 1186 Q.136
April 21 1136 0. 180
May 21 1104 0,196
June 21 1088 G205
July 21 10837 0.2Q7
August 21 1107 0. 201
September 21 1151 Q.177
October 21 1192 Q. 1860
November 21 1221 0.14%9
December 21 1233 a.142
Table 1.1 Values of apparent extraterrestrial solar
intensity (A} and extinction coefficient
(B). (5}

The prediction of the available solar energy at any



locality, mavbe be achieved by a variety of technigues which
utilize radiation data {available from maps and tables! or

other metecrological measuwrements.

Theoretical models {zee +for evample ref. &,7) use
atmospheriggf/ characteristics {such as vigibility,
atmospheric pressure and temperature, relative humidity,
cloud cover etc.) in estimating the direct pﬁf%?&ﬁ and the

diffuse portion of the total sclar radiation.

Models based on meteorclogical data (see for example ref.
8) use empirical relationships that c%%elate sglar radiation
with meteorological parameters, such és the percentage of
possible sunshine and the cloud cover. Byers {9 has
estimated that of the total solar snergy incident at the top
of the atmosphere, 33% is reflected from the tops of clouds
back to outer sSpace, F% i=  lost to outer space Dy
atmospheric scattering, 19% is absorbed by atmospheric
constituents, 274 reaches the earth’s surface as direct
radiation, and 16% reaches the earth’s surface as diftfuse
radiation. Thus 434 of the energy incident at the outer
limit of the atmosphere reaches the earth. These
calculations are based on the average clouwdiness for the

earth, taken asg approximately SZ24.

Finally, since the most common available radiation data
are the daily totals of global radiation on a horizontsl
surface, {(and the howly totals of the same paramebter for

some locations), a number of empirical technigues have been



developed in order to estimate the direct and the diffuse
radiation £ om measured total horizontal radiation.
Accarding to R.Boer (10} the main disadvantage of the sbove
mentioned empirical technigues is their inability to model
the variability of solar radiation. On the other hand, these
methods have been used by solar designers for some vears and
provide a widely accepted method for estimating solar snergy
availability to solar energy powered systems. Most of %&@%@
technigues are bassd on the method developesd by Lié and
Jordan {(11), who used statistical characterization of the

parameters. The pertinent part of their method, for ocur

application, is explained in appendix B.

1.2.2. Collection of solar energy.

Solar energy is converted to heat energy by seans of the
solar collectors. A& solar collector iz thus a heat exchanger
in which energy is transfered $from a distant source of

radiant energy, (the sunl), to a working fluid,

Flat-—plate cvollectors {ie. collectors where the arsa
absorbing the solar radiation is the same as the ares
intercepting it are designed for applications reguiring
genergy delivery at moderate temperatures, dp to perhaps 100
degrees Celsius above the ambient temperature. FP.Hofmann et
al {12}Y bhave shown the approxisate operating temperature

levels for flat-plate collectors as indicated in table 1.2.



Approximate Operating
Temperature Level

Flat-Plate Design {AT Above Ambient)
Cover Absorber Plate °F) o)
One glass Flat black paint 50 30
Two glass Flat black paint 100 535
One glass Selective black 100 55
Two glass Selective black ’ 150 85
\
Table 1.2 Approximate operating temperature levels for

flat-plate collectors. {12)

Another important characteristic ot a +Flat-—plate
collector is its efficiency which is obtained by the widely

accepted formula proposed by Hottel and Whillier (13):

Q.. ~T
——-——-——-—u — - —— * ] a -
N.= BT T T -Q T 1.4

Focusing collectors utilize aoptical systems —-reflectars
or refractors— to increase the intensity of solar radiation
on  the absorbing surface. Higher energy +Fflux on the
absorber means & smaller surface area Ffor a given total
amount of energy, and correspondigly increased temperatures
at which energy is delivered. Approximate values of the
maximum operating temperatures for different non—-tracking
concentrator type collectors are reported by A.Rabl(14) as

shawn in table 1.3.



Approx. Range Approx. Maximum

Tracking Examples of C Operating Temperature
’ - (a)
None CPC 1.5-2.0 Up to 100°C no vacuum
Tilt fixed ) . Up to 150°C vacuum
’ Up to 250°C advanced technology
None V trough 1.5-2.0 Up to 150°C vacuum
2 tilt adjustments
per year CpPC 3.0 Up to 180°C vacuum
None V trough 2-3 . Up to 180°C vacuum
Tilt adjust seasonal
to daily CPC 3-10 100-150°C no vacuum

150-250°C vacuum
Up to 350°C advanced technology

Table 1.3 Approximate maximum operating temperatures for

different non—tracking concentrators. (14)

A very impartant characteristic of a concentrator is its
concentration ratig (C), which is defined as the ratio of
the aperture area over the receiver area. For a particular
aperture area, the higher concentration ratio results in
increasing the collector’s operating temperatures bhecause
the heat losses are kept minimum due to small receiver area.
Wilson and Hinterberger (13) proved that the concentration
ratio is closely related to the collector™s acceptance half
angle ( BC), and that the maximum theoretical concentration

ratio is

C = Y 1.t‘:
max Slni;c -

and proposed the design of a concentrator that can  reach
this 1limit. At the same time Baronov and Melinikov (1é)

proposed indepentently the design of a similar concentrator



using similar arguments and arriving pﬁ the same

conclusions.

The thermal performance of a concentrator can be described
in a manner analogous to the flat-—plate collector and its
efficiency can be as well expressed by the Hottel and

Whillier equation (1.4).

Concentrators have two major disadvantages:
a. They do not collect the diffuse component of
sunlight.
b. They require accurate Ffocusing and relatively
sophisticated sun tracking mechanisms, which
usually are expensive and require auxiliary

electrical power.

However, in cases where the tracking motion required is
linear, the tracking mechanism may be a simple mechanical
one.

K.Bupta et al {(17) have reported on a tracking device
based on & simsple clockwork mechanism which consists of a
falling weight, controlled by a pendulum that drives a sha+t
which is parallel to the earths axis at a rate of one
revolution per day. The concentrator is mounted on this

shaft and it thereby tracks the sun.

E.Farber et al (18) have reported on a tracking device
whose bacic principle of operation centres around the use of

the sun’s energy, to develop a pressure differential between




two opposing cylinders, through which, a linkage system

propels the collector structure.

1.2.3. Closure
P A

It is quite apparent from the literature that significant
contributions to the utilization of solar energy have been
proposed, however it is safe to conclude that for develmﬁed
areas the major portion of energy demands will be provided
by means other than solar. For developing or rural
communities, however, the ocutlook is very different. Here,
because the demands for the provision of energy are madest,
the use of zun powered devices would make dramatic changes

in the fortunes of such communities.

Fraom the countless small tasks at present performed by
manual or animal labour or not at all, water irrigation
stands in the forefront. As with any other innovations, the
introductiaon and acceptance of a solar powered device Ffor
pumping water, or use in irrigation schemes, will largely

depend on economics and simplicity of the device.



1.3. PUMPING SYSBTEMS

The mechanical enerqy needed for pumping may be produced
from solar energy in & number of ways. In the solar thermal
or- the thermodynamic conversion schemes, solar collectors
are employed to raise the i1nternal energy of a fluid. This
fluid may be either utilized direct{y in any of the
thermodynamic cycles such as Rankine, Sg;?ling, Brayton etc.
or through a thermal interface activatémg secondary working

fluid. The mechanical energy produced may operate any

conventional or specially designed water pump.

To illustrate the way a conventional pump works, the
following example of an existing pumping system is shown
bel ow. Figutre 1.2 depicts a schematic af the major
caomponents and fluid circuits of a S?ﬁﬁw (SC0-hp) solar
powered irrigation pump designed and built by Battelle
{(BMI) (12). Refering to Ffigure 1.2, the operation of a
typical conventional solar pump is as follows: In the
morning, whenever the solar {flux reaches a high enocugh
intensity to heat the water in the collector to a usable
temperature, the concentrating c¢ollector automatically
begins tracking the sun. Simultaneocusly, a small electric
motor operates two pumpss one to circulate water through the
collector, boiler and preheater, and another toc pump the
working Ffluid through the various heat exchangers. As soon

as the turbine develops sufficient speed to maintain the



operation, the starting motor is disconnected and the unit
continues to operate on solar energy througﬁimut the rest of
the day. The cycle thermal efficiency of the above described

pump is relatively high (17.64%).

legend

hot water system
concentrator
— freon system

—— ~- cooling water

(L boiter |

pump

turbine I
X
. N
f, ),éfﬁ/ ' 5\
i‘r ’ L ¢
[+
p——
e
)
Figure 1.2 Conventional solar powered water pump. (12)

Conventional pumps can be quite powerful and they are
capable of supplying water for the irrigation of big areas
from deep water wells, however their main disadvantages are:

1. They are not energetic independent since they use
auxiliary power to operate the circulating pumps
and tracking mechanism.

2. The maintenance is not simple. Regurarly the

system requires cleaning the collectors, purging

_..13._




the condenser of non—condensible gases,
maintaining the proper charge of working fluid in
the system, lubricating where necessary, adding
corrosion inhibitors and/or antifreeze to the
collector’s fluid, and cleaning the strainers and

filters.

These disadvantages make the use of a conventional pump
in isolated and rural areas problematic. To avercome these
disadvantages, some specially designed soclar water pumps
were proposed. Up to now these pumps have achieved their
goal of energetic independence and low maintenance, but anly

at the expense of power output.
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1.4, SPECIALLY DESIGNED SOLAR PUMPS

There have been numerous special designs for solar water
pumping systems. Because the present study considers a
special kind of water pump?/ work done previously on these
pumps will be examined in detail. Basically almost all such
pumps make use of the fact that +fluids expand and contract
upcn heating and cooling respectively. The volume increase
when heated at a given pressure may be utilizred to displace
water ta a higher elevation, and the volume reduction at a
lower pressure when cooled, corresponds to a suction of

water from a depth. ™
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1.4.1% The first solar operated water pump was invented by
Salamon de Gaus (1376—1626) a French engineer who described
his machine in 14613. Unfortunately the original reference
proved impossible to locate. Bernard Foret Belidor
{(16497-1761) also invented a form of solar operated pump,
which was shown by Mc Veigh (19) and reproduced for our
purpose in figure 1.3. Belidor’s pump is primed by +Filling
the tank to the level AR. During the day, solar radiation
heats the tank, causing the air to expand and force the
water through the non—-return valve (L), to reach the upper
reservoir. On cooling, either artificially or at night, the

internal air pressure falls below atmospheric, drawing water



into the pump from the lower reservoir through the
non—-return valve (D). No gquantitative results are reported

about Belidor’s pump.
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1.4.2. A madern versicon of Belidor’s solar pump developed
by R.Bernard (20) is depicted in Ffigure 1.4. The system
consists of a thermal device using air and water, working
alternatively on a diurnal cycle utilizing the daytime solar
heat and the nocturnal coocling. A tank is needed which is
big enough to contain the volume of water corresponding to

the user’s daily requirements. In order to obtain a



sufficient high temperature, (=130°C) the tank is put in an

insulated glasshouse.

When the sun heats up the air in the tank, i1t expands aﬁd
part of it escapes through the inlet pipe. As the tank
always contains a small residual quantity of water,
(remaining after the previocus operation’ the water vapour
produced by the solar heat helps to expel the air, which can

be seen bubbling in the water at the lower end of the P.V.C.

pipe.

insulated glass-house

air intake pv.L. pipe

ru r K
bber corks tank

residual water

Figure 1.4 A solar pump by R.Bernand. (20)

At the end of the afterncon the tank cools off and the
bubbling stops. The water is slowly drawn up the pipe due to
the depression produced by the condensation aof the wvapour.

The +following morning, the user removes both corks to drain



the pumped water and stores it in another tank, or uses it
directly in an irrigatimn system., He replaces the corks

preparing the tank for a new cycle.

Maintaince problems of this system are kept to a minimum
due to the fact that there are no moving parts. The
efficiency of this system is reported to be very low ("fifty
times lower than that of an ordinary pump”") but exact

figures are not reported in this paper.

1.%4.3. Two types of pumps using n—pentane as the working
fluid have been described by D.P.Rac and K.5.Rac {(21), as

described below: an air cooled and a water cooled pump.

Alr cooled pump

The pump (figure 1.3) consists of a tank located inside
the well, a flash tank, a working fluid recycle-tank, and a
salar collector. The tank inside the well is constructed
below the level of the water table so that water can +fill
the tank under atmospheric pressure. Water enters through a
non—return valve fitted at the bottom of the tank. The flash
tank serves as a storage for the warking fluid as well as a
separator for the liguid vapour mixture coming out of the

collector.
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Figure 1.5 Air cooled pump. (21)

During day time the working fluid flows due to gravity
inta the collector Ffrom the flash tank where it ig
vapourized and returned to the flash tank. The wvapour From
the flash tank flows down into the tank located inside the
well, displacing water +from the tank as vapourization
proceeds at a pressure corresponding to the head reguired to
pump water. At night the collector acts as & condenser for
the working fluid, rejecting heat to ambient. The condensate
flows back to the +lash tamnk Ffrom the collector wunder
gravity. Due to heat losses to the water and the wall of the
tank, some of the working liquid which is condensed in the

water tank, may not return to the flash tank. This part of




the working +fluid can be pumped into the recycle tank the
next day before new water is pumped. The working fluid from
the recycle tank can be transfered tao the flash tank under
gravity or pressure eqguilisation.

The performance of this pump was discussed by R.Boin et al

(227 and its efficiency was reported to be 0.Bli%.

Water cooled pump
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Figure 1.4 Hater cooled pump. (21)

In the air cooled pump described above, the daily pumping
capacity is limited by the water tank size. The water cooled
pump (figure 1.4) was proposed to overcome this limitation.

Besides the collector and the flash tank, there are two




water tanks located close to the water souwrce and &
condenser at the ground level. The working fluid drawn into

the collector is vapaurized and returned to the flash tank.

We begin by assuming that the water tanks are full of
aater. The vapour from the flash tank is let into one of the
water tanks, thereby pumping is effected. The discharging
water condenses the vapour in the shell side as it goes
through the condenser coils. After the first tank is
emptied, the vapour 1is switched over the second tank.
Simultangously the first tank is connected to the condenser.
The wvapour of the first tank is condensed by the water that
is being pumped Ffrom the second tank. As condensation
proceeds, the pressure in the first tank is reduced and
water enters through a non-return valve. Thus, as the second
tank is being emptied, the first one is being filled. On
raversing the cycle, by manipulation of the valves, the
first tank will pump while the second one draws wateir. In
this manner continuous pumping of water can be achieved. To
prevent the working fluid from going into the water line, a
water seal is always maintained inside the water tanks. The
warking +fluid which 1is condensed in the water tank can be
pumped into the condenser at the start of each cycle.

The efficiency of this pump was repoarted by R.Boin et al

(222 to be approximately 0.24%.



1.4.45. It is also possible to use water as the working
fluid instead of n—pentane or any other low boiling point
liquid. A system using water as the working fluid powered by
solar energy and the Dburning of biomass was presented by

Muthuveerappan et al (23) (figure 1.7).
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Figure 1.7 Soclar and biomass powered pump. (23)
It consists of a flat-plate collector, a4 concentrating

type collector requiring periodical tilt adjustment, a
biomass fired auxiliary energy booster, and a simple pump of
robust construction. The system has no moving parts except
for two non-return valves. The system operates on steam
supplied continuocusly and produced by solar energy and

biomass heating.

Steam Fflowing at a particular velocity strikes the water

surface inside the pump body and creates turbulance so as to




initiate condensation in the pump barrel. Initially the
condensation creates vacuum which sucks the water into the
pump body. When fresh water enters intog the pump body,
vacuum conditions are augmented very rapidly, which creates
a rapid flow of water 1in the suction 1line. This high
velocity water flow 1is suddenly brought to rest by the on
caoming steam, creating high pressure just like in the case
of a hydraulic ram. The pressure opens the delivery valve
and the water is delivered at a faster rate, while the water
flow in the suction line is being continued due to inertia.
Water Fflows Ffrom the pump through the suction and delivery
valves till the pressure dies out. Then, the oncoming steam
pushes a small quantity of hot water from the pump body
through the delivery valve by virtue of its pressure. Once
the hot water has been forced ocut, the second cycle starts
by the initiation of condensation of steam.

The efficiency of the combined engine and pump 1s reported

to be approximately 0.013%.

1.4.5. A versiaon of the above described pump which uses a
compound parabolic concentrator to evaporate the water, and
the principle of a tiquid piston, was designed by

H.Reichmuth and J.Rarnes (24) as shown in figure 1.8,
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Figure 1.8 lLiquid piston pump. {(24)

The water is pumped 1in the {following manner: Steam,
entering the main cylinder under pressure, forces the water
out to a new elevation. Since the top of the cylinder 1is
well insulated, the steam will not condense fast enough.
Therefore some means of cooling and condensing of the steam
are needed. A water spray provided by an injector pump cools
the inside af the cylinder. The injector pump is
automatically filled with cold water from the bottom of the
cylinder during the pressure portion of the stroke. The pump
sprays the water into the top of the cylinder as the
pressure in the cylinder drops after the flow of steam 1is

cut off. The steam, upon condensing draws in water from a




feed pump

laower point, refilling the main cylinder for ancther stroke.
The theoretical efficiency of this system was reported to be

approximately 2.5%.

1.4.6. A salar pump that operates on a thermodynamic
Rankine cycle wsing an organic fluid (methyl alcohol) and
tas a liquid piston pump, has been developed and testsd by

H.Agrawal and S.Pal (25) {(figure 1.9).

condenser

storage tank

LI

\ \ evaporator pipe
/ sofar concentrator

valves

(g///“\\x(m

| fload
valve

(s2) [4]2)

S~

Figure 1.9 Rankine cycle pump. (25}

Superheated vapour of the working fluid is generated in a

stationary compount parabolic concentrator. The vapouwr is




directed in the pumping section where, due to its pressure,
it pushes down the liquid piston of turpentine oil that is
immiscible both in water and methyl alcochol wvapours. The

piston’s downward movement forces the water out through a

non=-return valve (2). During this process wvalve (5) is
closed. When the flpat valve reaches the seat (81), valve
{(3) opens and valwve (4) closes. Thus, the vapour is

exhausted to the condenser. The condensation of vapour
produces a partial vacuum in the cylinder causing suction of
fresh water from the water source or supply. When the float
valve roaches the seat (82), valve (5 closes and valve {(4)
aopens. New vapour is directed in the pump section and the
cycle repeats itself. No qguantitative results have been

reported here.

1.4.7. Another type of solar water pump 1s the one that
uses bellows instead of a piston. A low temperature, bellows
actuated solar pump, was developed by T.Bhattacharyva et al
(26) and it is shown in figure 1.10. It operates on the
Rankine cycle as well, using a low boiling point liguid as

the working fluid.

The pump coansists of an array aof flat-plate collectors, a
boiler drum, few airtight chambers and a condenser to be
caoled by the water being pumped. Flexible bellows in the

bellows chamber form the critical part of the system.
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Figure 1.10 Bellaws actuated pump. (246)

In principle, the heat collected by the collector array
is utilized to boil the working fluid. The generated vapour
is accumulated and its pressure rises according to its
temperature increase. AAfter obtaining the desired pressure
in the boiler drum, the bellows chamber is alternately
connected to the vapour chamber and condenser by means af a
three-way valve. This causes the bellows to expand and
contract in the confined chamber. This chamber is connected
to the actuating water chamber, which 1&g initially Jilled
and equiped with suction and delivery pipelines with check
valves. The suction line dips in the water supply reservoir.
The expansion and contraction of the bellows cause

pressurization and rarification of the trapped air in the



bellows chamber which, in turn, acts on the water in the
water chamber to effect alternately delivery and suction of
water.

After many cycles of operation, the condensate is returned
to the vapour chamber by equilizing the pressures in the
vapour chamber and in the condenser. A commercial quality
rubber bladder was used as the bellows for this unit.

The overall efficiency was calculated and reported to be in

the range of 1-2%.

1.4.9. Another device using bellows as a piston has been
designed and tested by R.Sachdeva et al (27) and it is shown
in figure 1.11. It consists of a metallic tube closed at one
end; the other end of the tube ig fitted with an expansion
bellows. The entire space inside the tube is filled with the
working fluid which is then sealed atter completely purging
it of air. The tube is fixed in a slightly inclined position
with the bellows at the top. A concentrated source of heat
iz applied at a localised spot near the lower end of the
tube. The working Ffluid being a satuwrated liquid will get
vapourised at the lower end. The bubbles that are formed
will travel a short distance upwards pushing out the liquid
column because of a slight increase in pressure associated
with vapourisation. This will cause an outwards movement of
the bellaws. A vapour film is +formed on the hot inside
surface which now acts as an insulator resulting in a sudden

reduction of heat transfer to the fluid.
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Figure 1.11 Bellows piston pump. (27)

Except +for the small heating zone the rest of the tube
surface is cool or kept cool. This causes sudden cclapse of
bubbles. The liguid column moves inwards and also the
pressure decreases. Both these events will lead to the
inwards motion of the bellows bringing it back to the
ariginal position. Meanwhile, the heat sourse is still
active at the localised spoti the collapse of bubbles brings
the liquid column in contact with the hot surface and the
cycle repeats itself. The efficiency of this system is not

reported in this paper.

1.4.10. Yet another design suitable for solar water pumping




is the Minto wheel as described by M.Bahadori (28} {(figure

1.12).
heat output
¢t
heat input
Figure 1.12 Minto wheel. (28)

The wheel consiste of a series of sealed containers
fastened around the wheel’s rim. Diametrically opposite
containers are connected by tubes. A liguid with low boiling
point is sealed into the bettom containers. When a "bottom"
container is heated part of the liquid ewvaporates and the
vapour pressure forces the remaining liquid to rise into the
opposite container. This shift of msass causes the "top®
container to become heavier while 1ts opposite "bottom”
container becomes lighter and as result, the wheel starts

turning, in the same manner as water turns a water wheel.

The Minto wheel runs very slowly and has very low




efficiency. According to P.Adams (29) who designed a Minto
wheel at U.C.T. laboratory, the thermal efficiency was

reported to be 0.34% and the speed 0.16 revolutions per

minute.




CHAPTER 2.
/s

DESCRIPTION OF THE SYSTEM AND AFPPARATUS

2'1f THE PROPOSED PUMP

Analyzing the previously described pumping systems, it
can be concluded that a common characteristic of all these
systems is the very low efficiency. However, low efficiency
may not be the sole parameter for the acceptance of a solar
energy powered pumping system. Some of the gqualities that a
sclar pump should have in order to become attractive to
potential users are:s
1. Cheap, convenient and easy manufacture.

2. Reliability.

3. Easy to operate and minimum running costs.

4. Low maintenance.

5. No auxiliary energy.

6. Relative high efficiency.

Most previocusly mentioned pumping systems show that they
havé}similar structure: namely they consist of a solar
collector, & boiler, a water chamber, a condenser,
non-return valves, piston etc. Studying these systems one

can remark the following:

1. It might be possible that the basic structure, as




described previously can be simplified by combining two or
more processes into one part of the apparatus, or cone piece

of equipment.

2. When the working fluid is in direct contact with the
water it should be non—toxic and immiscible, a fact which
limits the choices of working fluidi: therefore, the use of a
reciprocating medium overcomes the above limitation. The
re;;procating medium®s motion should be as frictionless as

possible so that energy losses be minimized. The use of

bellows serves this purpose adeguately.

3. Auxiliary senergy., when used, serves to power either
smaller pumps to move the working fluid from one part of the
system to anaother, or control tracking mechanisms. To
eliminate any use of auxiliary energy, the design af the
pump should be such that the movement of the working +luid
is due to natural +Flow as a result perhaps of density
changes, and i+ acceptable, the use of tracking devices

should be avoided.

'&:)

-

4, The maintenance reqgquirements are cir:\p:endt—:j{ca‘"j on  how
complicated the structure of the pump is, therefore

mechanical simplicity is alsc a paramount aspect.

The design of the proposed pump is based on the idea that
the heating {in the boiler) and the cooling ({in the
condenser) processes occur within the same place, ie. in

the receiver of the collector. Using this idea two benefits







working fluid, a low boiling point liquid is contained in
the receiver. The pumped water is driven through a
non—-return wvalve into the over-—balanced mechanism and from
there it flows out via the cooling system located within the

receiver.

The pump operates as follows: The receiver absorbs solar
radiation which has been directed to its surface by the
concentrator, its temperature is increased and heat is
transfered to the working fluid. While the working fluid is
being heated, ite pressure rises according to its
temperature rise. When the pressure in the receiver has
increased sufficiently, bellows no.l start expanding which
in turn collapses bellaws no.2 containing the water, which
is pushed out through the non-return valve. The eupelled
water is accumulated in the over—-balanced mechanism which is
adjusted tao operate only when the desirable guantity of
water has been accumulated. This method provides also the
necessary time delay, so that the cooling process daes begin
at the desired time during the expelling stroke of the
bellows. From the over—balanced mechanism the water flows
intoc a container which 1is provided with two outlet taps.
These are adjusted so that the necessary quantity flows by
gravity through the one tap via the cooling system to its
final destination, while the rest of it Fflows directly to
its final destination. As heat is transfered +From the
working fluid to the cooling water, the temperatuwre of the
working +luid 1s reduced and consequently its pressure is

decreased below the atmospheric level. When sufficient



vacuum is achieved, bellows no.l start contracting, sucking
fresh water from its source into the bellows no.2. When all
the cooling water has left the condenser part of the
receiver, the working fluid heats up again and the cycle is

repeated.



/  DESCRIPTION OF THE MODEL

N

The following description, with sketches and drawings of
the system is based on the final model developed constructed
and tested by the author.

-

2.3.1., Receivear

Figure 2.1 depicts the design of the receiver. Part (A)
that serves as a suppart +or the cyvlinder, bellows, the
necessary charging and evacuating valves, thermocouples, and
pressure gauge, was manufactured using brass tubing. Part
(E} that serves as the absorber of solar radiation was
manufactured using thin galvanized sheet metal.

A matt black ‘p?int was used as the receiver’s absorbing
coating, because)is cheap and readily available, and has
high absorptance: (X =03.91)
A= glaring cover, & glass tube was used for its excellent
weatherability, low cost and high transmittance. ( T =0.88)
o, Ac wja <4 K
The cooling system is incorporated within the receiver.

Among the different cooling systems that were attempted and

tested, the one that proved to be the most suitable for this

i

4
ﬁ Its design ensures the

application, is shown in figure 2.1
wniform flow of the cooling water into the four copper

tubes.
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Figure Z.1l.a Receiver (RB) and bellows support (A).
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Figure 2.1.b Cooling system within the receiver.



2.3.2/ Bellows

The main function of the bellows, is to provide a moving
boundary (piston) between the receiver and the enviroment.
Ideally the bellows should be of an inpermeable material, so
as to ensure that air does not penetrate into the receiver,

resulting in deterioration of the pump’™s operation.

Table C.1 in appendix C gives the permeability of various

e I
types of rubber in air. Unfortunately, readily available
bellows were made out of natural rubber, and although their

permeability coefficient for air is guite high, they were

chosen for this application.

The final configuration of the two bellows 1in series,
hecame a necessary Ffeature of the system, because of heat
transfer considerations. At first the pump operated with one
sat of bellows contained within an airtight perspes
cylinder. Water was drawn in and expelled from this cylinder
simply by the contraction and expansion of the bellows.
However in this manner the working fluid was exposed to
unecessary cooling by the pumped water across the bellows’
wall, viﬁﬁ the result being long cycle times and greater

heat input demand.

When testing began it was observed that during the
cooling process, bellows no.2 collapsed in a radial manner,
a +Fact both undesirable and inadmissible for the proper

operation of the system. This problem was solved by



inserting thin brass rings in bellows no.2, as shown in

figure 2.2.
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Figure 2.2 Bellows no.2 anti-callapsing device.

2.3.3/ Non-return valves,

The non-return valves serve to ensure the water flow
through the suction line during the suction stroke, and
alternatively through the delivery line during the delivery
stroke. It is obviously desirable to have the pressure drop
through the non-return valves as small as possible, =a

problem not necessarily solved with the types used in this

investigation.



A non—return valve can also be emploved as a water head
gimul ator by adjusting the pressure drop across it, so that
it equals the pumped water head requirements. To achieve
thig, an existing valve was modified as shown in figure 2.3
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Figure 2.3 Head simulator non—return valve.



The valve operates only when the pressuwe difference across
it equals the desired head. The simulated head is achieved
by means of a spring, whose lengh can be adiusted through

the adjusting screw (8), part of the valve’s modification.

2.3.4. Over-halanced mechanism,

The over—hal anced mechanism was constructed using
galvanized sheet metal and is shown in figure 2.4,
The pumped water is first accumulated in a smaller container
(C1) that can be rotated round an horizontal shaft (8). The

adjustable weight (W) is used to regulate the amount of

P
water in the container {(CJ). Nhenjsuf%icient amount of water

I
-

has collected in order to over—balance the mechanism, the
water 1s directed to container (C2). From there, it flows
through tap {T1) wia the cooling system to its +Final
destination. Tap (T2) directs the amount of the remaining
water (not needed for coocling) to its final destination (the

user’.

Al though the ovetr-—balanced mechanism has a moving part,
it proved to be a very reliable, and easy method of

regulating the coocling water flow rate.
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Figure 2.4 The over-balanced mechanism.



2.3. ‘5/.’ Parabolic reflector,

The parabolic reflector consists of a wooden base, En
which an easily bent polished mild steel plate is placed as
shown in figuwe 2.5. The aperture area 1s 0.4m%. The
parabola was designed to have a focal length of: +=0.1%9m.
Analytical calculations for the geometric characteristics of
the reflector are given in appendix D. The particular
reflecting surface was chosen simply for its high
reflectance (approximately 0.90, measured with & Lesley
cube, in & manner similar to P.Bam (30)), axtremely low

cost, market availability, and expected long life.

reflecting
surface 800 -

r 4
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Figure 2.5 Parabolic reflector



2.3.%;/501ar simulator

Since sunlight is subject to large fluctuations, the sun
is an unsuitable source of radiation for a multiplicity of
tests requiring repeatability. Therefore it was necessary to
use a solar simulator to provide the necessary radiation for

the testing of the system.

The s0l ar simulator employed +or the tests, was
previously\constructed and used in another solar energy
investigation by P.Bam (30). It consists of two C.5.1. lamps
mounted on a trolley that cam move along a semi-—circular
track. This provides altitude variation. Azimuthal variation
iz achieved by rotating the collector on an horizontal
plane. Radiation intensity is controlled by varying the
input voltage to the lights, while the input voltage is made
independent of mains supply Ffluctuation by means of a
voltage stabilising device.

The simulator is shown in photograph 2.2 of the general

lay—out of the experimental apparatus.






CHAPTER 3=

THEORETICAL ANALYSIS

3.1/ DESCRIPTION OF THE THERMODYNAMIC CYCLE AND ANALYSIS

The pump’s operation can be described by means of a
thermadynamic cycle as follows:
Before the collector is exposed to the salar radiation, the

temperature of the system and of the working fluid is equal

PR
Lo

to the ambient temperature. At this stage, bellows no.l are
collapsed and the volume of the receiver is V,. When fhe
receiver starts absorbing radiation, heat is transfered to
the working +laid increasing its pressure, temperature and
internal energy. However, the pressure in the receiver is
still less than the necessary pressure F, to expel the water
out of bellows no.2 i1intc the over-balanced mechanism.
Therefore we have a constant wvolume process, until the

~

pressure equals P, (point 2 in figure 3.1).

When the pressure in the receiver becomes slightly
greater than ﬁz’ bhellows no.l start expanding, pushing the
water out of bellows no.Z. This expansion lasts until the
desired volume of water (Vg 3} 1s discharged into the
aver—balanced mechanism. At this state, (point 3 in figure

3.1} the volume of the warking fluid is:



During the expanding movement of bellows no.l, the pressure

in the receiver remains constant, so the process 2-3 is an

isabaric aone.

pressure

P=const.

wv

enthaipy

Figure 3.1 Thermaodynamic cycle.

Having obtained the desired amount of water in the
aver—bal anced mechanism, some of the water is nchdiverted
through the cooling system, where heat is rejected from the
working fluid, thus decreasing its temperature and pressure.
As long as the pressure in the receiver is greater than F,,
{the necessary pressure to draw the water in the cylinder
from the water source) bellows no.l remain expanded {(ie,

constant volume process).



When the working fluid’s pressure becomes slightly less
than P, (point 4 in figure 3.1), contraction of bellows no.l
begins. Mechanical work is generated and water is drawn into
bellows no.2. While bellows no.l contract,the!pressure in
the receiver remains constant. The amount of the cooling
water is regul ated sog that the cooling process is
terminated, only when the necessary volume of water is drawn
into bellows no.?2 {(point 1 in figure 3.1). The process 4-1

is an iscbharic one.

Before praceeding to the calculations of the heat
requirements, let us consider that the working fluid belongs
to a thermodynamic system, whose boundaries are the receiver
and bellows no.l. Since the system does not admit the
transter of mass across i1ts boundaries, it is a closed
thermadynamic system. The energy equation for this system

—~zea J.Holman (31)— can be written as:

d'q + d'w = du 3.1

For the analysis, the following sign convention was
adopted:

"Work and heat when added to the system are positive.”

From the defining equations of enthalapy and work, the

tallowing expressions will be used:

H

dh = du + pdv + vdp

dw = pdv



Applying equation 3.1 to the cycle, as depicted in figure
3.1, the following eqguations per unit mass of working fluid

are derived:

Process 1-2:

v=constant..... 07, = h2 - hl - Vl'(pZ_Pl) I.1.a

-~

FPraocess 2—3:

P=constant..... 933 = hy - h, 3.1.b

Process 3—4:

v=constant..... 934 % - [:h3 - h4 - V3(P3'P1):] 3.1.c

Process 4-—1:

P=constant..... dq1 = - (h4 - hl) I.1.d

L LI

Far the cycle/{%
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Heat added:

3.2
=hg -hyp - v (Py - Py
Heat rejected:
qrej - U934 t 923 _
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Work output:




3.2. HEAT TRANSFER ANALYSIS

In the previous chapter, we introduced the description of
the experimental model of the solar pump, employed in this
study. In this section we will proceed to develop the
equations describing the heat transfer processes taking

place while the system is pumping water.

From the description of the system’s operation, it is
evident that the heat transfer processes occur in different
stages. For example, for a certain period of time, emphasis
may be placed on the heating cycle, which results in the
dalivery of the water. Later, when this pumping action comes
to an end, the emphasis may be shifted to the cooling
process, which results in the suction of the water. Yet it
is obvious, that during the cooling operation, the heating

pracess continues.

The general equation for the heat balance of the systenm
at a given instant is:
{input heat)={(heat losses)+(change of internal energy of the

system) or:

Qinsz th+ 8Us I.6

The input heat 1is the net heat transfer by radiation
reflected by the retlector and arriving at the cover.

Heat losses are +From the cover and bellows no.l to the



enviroment as well as fraom the
The internal energy of the
internal energies of the cover

system (Up), bellows (Up), and

cooling system.

system

{Ug) consists aof the

U.), receiver (U,), cooling

working fluid (Ug).

Before proceeding to a8 detailed heat transfer analysis of

the system, the following assumption was made:

Conduction through the cover’®s

cooling system’s pipes and the bellows is

Tco - Tci - Tc

T =7 . =
po pi T Tp

Energy balance

T

T

ro

bo

T

T

wall,

ri

b1

the receiver, the

negligiblie, ie:

= T
-

for the cover. e

receiver

Figure 3.2 Energy balance for the cover

cover



The input energy is the incident radiation plus the

transfered from the receiver. (figure 3.2}

heat

The radiation reflected by the reflector and arriving at the

cover, at a given instant is given by:

Qiﬂ,c = yia

A small portion of it will be absorbed,

&
N

some will be

reflected, and the rest will be transmitted to the receiver.

Heat transfered from the receiver to the cover,

given

instant, is due to radiation (&, ,), and convection (Q.,).

Qr,r N hr,r'(rr ) Tc)
QC,T E hc,r°(Tr B Tc)
where:
4
T
-1 r
h = (._1—- + ———L—-—-——- 1) T
as recomended by A.Rabl (14), and
h :___L___O SSEPr.gﬁ(r -7 )3.
C,r .- ) c r

i
(83

o
<

.10

il

for free convection in horizontal cylindrical enclosures, as

recomended by Evans and Btefany (32). The properties of air

are evaluated for the mean temperature:

—E -



The reflected radiation from the receiver to the cover
izms

Qref,r = P TV 3.12

which is assumed to be absorbed completely by the cover
(long—wave radiation blocked by glass).
Heat losses from the cover to the enviroment, are due to

convection (Qc¢) and radiation (R, ). {(figure 3.2}

QC’C = hc,C (TC - Ta) 3.13
= . - 3.14
Qr,c hr,c (Tc Ta)
where:
4 L4
= . c a 3 =
hY‘,C Fc—a g EC - 3.15
c a
T - T 1
h = 1.32.( & @ /4 3.18
c,C ' dC

for free convection from horizontal cylinder to air and for
laminar flow, as recomended by J.Holman (33).

For the cover, the change in internal energy is given by:
ST,
dU_ = (mc . 3.
c (' D)C st 3.17

The resulting energy hbalance for the cover is:
Pla tvpetla + (T -Tg)-(h * h

8T 3.18
— P . o e . ._—___C
(T, - T7,) (hr,c + hc,c) Y Tpla topoply t (mcp)c 5t



Energy balance for the receiver.

The input enerqgy, to the receiver, 1is the energy
transmitted through the cover, arriving at the receiver’s
surface under the assumption of nill multiple internal

reflections or losses. {(figure 3.3}

Unr = 0¥, 319

receiver

0000

working fluid

cover

QLf

Figure 3.3 Energy balance for the receiver.

The heat losses from the receiver o the cover (as
described previously) are given by esquations 3.8, 3.9, and

3.12.

Heat transfer from the receiver ta the working fluid is

assumed to be only due ta convectiaon (boiling).

Qr,f B hr,f'(T' - Tg)

o
k)
o

o 5 o e



{the heat trancsfer coefficient in equation 3.20 could be
evaluated from bailing heat transfer conciderations;
however, it is unecessary, since it is not used in the final
equation 3.40)

The change in internal enerqy is:

bTr'
(SUr = (mcp)r-—(rt z.21

resulting in the following equation for the energy balance:

ST
- Te)d + (me) — 3.22

(T .
rost

r C r,r C,r r,f r

Energy balance for the working fluid.

receiver
i

cooling system’s
pipes

workin
fhndg

Figure 3.4 Energy balance for the working fluid.

The heat input to the working Ffluid 1is expressed by

equation X.20 {(above).




transfer to the cooling system and to bellows

The heat
no.1, is both due to convection. (figure 3.4)
U p ~ hf,p'(Tf i Tp) .23
Qe p = ey (Te - Ty) .24

{gimilar comments for the heat transter coefficients in

and 3.24 to those in equation 3.20 can be

-“*

- -3
o

equations

made)

For the working fluid, the change in internal energy is

given by:

| 5T,
(SUf = (me)f““‘S“{— 3.25

and the working fluid’s energy balance becomes:

Energy balance for bellows no.tl.

The input energy is by convection from the working fluid,

and it is given by equation 2.24. The sclar radiation

impinging on bellows no.l1 has been assumed negligible.

Heat losses from bellows no.l1 to the enviroment, are due

to convection (Q ,) and radiation (& ,J.



= h
b c,b (T, - T)) 3.27

U = Py (Ty - T 3.28
where, assuming the bellows to be a vertical cylinder, the
radiation heat transfer coefficient is given by:

4 4
T -7
h = F . . b a .29

b Tbia T 6O T
and the convection heat transfer coefficient is given by
Holman (33):

h =132 b Ta T 3.30

c,b ' L

— b
Y\\\\ bellows no 1
working fluid /
/ M—«m./-’\
Qyp
\ / Qrp
Figure 3.5 Energy balance for bellows no.l.
bellows no.l is not constant

Since the length of

during the pumping process, the calculations were based on a




mean length defined as:

_ LDpen * Lc]ose 3.31
b~ Z

The change in internal energy is given by:

6T,
dU,_ = (mc_) - S—
b p’'b &t R
and the energy balance equation is:
o
he - (Te - T) = (T, - oty 3
fob V' f b) ( b Ta) (hr,b + hc,b) + (mcp)b'-&— 3. 33

Energy balance for the cooling system.

. o cooling water
cooling system’s 9

‘15? pipes

&S

3

S

QW
working fluid
receiver
Gy p
Figure 3.6 Energy balance +or the cooling system.

The input heat 1is transfered from the working fluid by

convection (condensation), and is given by equation 3.23.



Losses from the cooling system are, as seen 1in figure
3.6, only due to convection (@, ). It is assumed that during
the heating process,nthere is no heat loss through the air
in the pipes of the coiling system {(very low heat transfer
coefficient of stagnant air inside the pipes). Therefore the

heat losses from the cooling system are given by:

where:

" Re Pr dp . L. 2 654 . -1
hW - d 4 L PO.167‘(R8PF‘[‘P—' )0.5
' p

for laminar flow inside short tubes as recomended by Kreith

(34). The Reynolds number defined as:

4'mcw 3.36
Re = n-p-d
p
Froperties of water are evaluated Ffor the mean bulk
temperature
T = Tw,m Tw,out
W 2

Finally, the cooling water outlet temperature is established

from the energy balance equation:

- .z
(Tw,out Tw,in) ’

nhooned oL (T -T ) =m )

W pp P W cw'(cp w

he
o TP


http:pO.167'{Re.Pr

The change in internal energy for the cooling system is:

S = (mc ) -

Based on the above analysis, an expression of the energy

balance for the whole system can be obtained by combining

equations 3.6, 3.7, 3.18

Yla = poyla ® (00 - T,) (hr,c ¥ hc,c) AT, - T (hc,b thepy *
ST 5T 5T,
+ (mcp)c-——gfg—— + (mcp)r'T + (me)f'T + 3. 40
+ (mc.) oT 3Tb

D p.__SEE_ + (mcp)b.T + hw.(Tp - Tw)*

(¥ this term only applicable during the cooling process)

The above equation is further simplified according to the

following assumptions:

1. The temperature of the working fluid is assumed very near

that of the solid partitions (walls of reveiver, bellows and




pipes). During the boiling and condensation processes, the
heat transfer coefficient is very high, of the order of 108
-10* W/m2°C, and since the net heat transfer between the
working fluid and the system is of the order of 10% -10
Ww/m2 °c, (estimated from appendix F), the temperature

difference between the solid partitions and the working

fluid is neglected ie:

2. Because the svstesm’™s temperatuwe {fluctuates between the
temparatures coresponding to the pressures Py and P, {as
indicated in figure 3.1, all heat transfer guantities will
he evaluated at an average temperature, which in reference

ta figwe 3.1 is defined as:

According to the above assumptions, and using squation

X.18, equation 3.40 becames:

: OT ST
* m m I.42
nC;18.+ Q1+ Qw— (me>—ST_‘ + (mcp)fT
where:
Q = (hr,r * hc,r) (Tr - Tc) ¥ (hr,b th ,b) (Tb i Ta) 345
(me)) = (me )+ (me ) +(mc )y 3.44



Introducing the concept of

optical efficiency, defined as:

Q

abs,r

concentrator’s

/r]o 4 —__I—_.._.._ = V-Tc.a'r

C

equation 3.42 reduces to:

heating process:

T3
t

- T

o

770'13-*- QI, = (mCP) ; —hg;;“

coaling process:
no‘Ia-*. Qw+ Ql = (mcp)

where G99 and O are given

raespectivel y.

from equations 3.2 and 3.3




Z.S/A FROCEDURE TO PREDICT THE PUMP®S PERFORMANCE

The obvious question that we should be able to answer is
HOW MUCH WATER does the pump deliver in a certain period of

time. This is possible if the following data are known:

1. The valume of water pumped per cycle, {a
characteristic of the pump’s bellows displacement;
a constant)

2. The area of the solar concentrator. fa physical
parameter of the system; a constant)

3. The cooling water Fflow rate. (an experimentaly
predetermined system’s parameters a constant)

4. The optical efficiency of the coallector. (a
predetermined parameter of the system)

5. Direct solar radiation impinging an the
concentrator. (as calculated in appendix F, based
on the time of the year in questian)

6. The concentrator’s position relative to the sun.
(a parameter which may be set periodically by the
user)

7. The total head requirements of the pumped water.

{(the user’s reqguirement)

With the above data known, we proceed as follows:




Equations 3.46.a and 3.456.b can be rewritten:

teool v(mCQ)S'(T3 U lQYei1 z.47.a
o, + Qr,sl‘ URE
¢ _ (mcp)s'(TB j Tl) " Qadd -
heat 3.47.b
770'13 - ,.Q[,si

where the variables T,, T3, @44 @ s & 4 @, can be

rej |

calculated when the thermodynamic cycle is known (see

previous sections 3.1, 3.2}

The cycle time is the sum of the times invelved in  the

heating and cooling process.

= + .48
tc tcocﬂ theat
The wvoluma of water pumped per unit time is:
v
o
R 3.49
t
C
and the pump’s efficiency as defined:
©
> oH -V
N = Pw d 3.50
P I
a
The procedwre is continued bearing in mind that:
i. The amount of water allowed to flow through the cooling

system must be sufficient to condense the working fluid and

thus collapse the bellows, specially during the time of



maximum or peak solar radiation.

ii. Because of practical considerations the coaling water

adjustment could be effected as often as on & daily basis.

iii. Again because atf practical and economical
considerations the concentrator’s position (tracking) could

be effected as often as on a daily basis.

iv. Because of (i) above, it is obviocus that during the
off peak solar radiation periods, even on & daily basis, the
conling water will be in excess of that required for the
ideal thermodvnamic cycle depicted in figure 3.1. The excess
water will result in "subcocling” the working +Fluid and
consequently increase the gap between the minimum and the
maximum cycle temperatures as shown in Ffigure 3.7. The
effect of this will be to alter the average temperature T as
well as  the heat requirements af the thermodynamic cycle.
Consequently, the solution of the energy balance eqguations
3.47.a and 3.47.h which enable us to solve for the system’s

cycle time is affected.

For peak radiation conditions the pump works in  an
*ideal" thermodynamic cycle as depicted in figure 3.1,
Points 1, 2, 3, 4 are depended only on the pump’®s
characteristics as well as the pressure head {H). The
thermodynamic cycle’s heat requirements are calculated from

equations 3JI.2 and 3.3. The time required for the cooling



process is found solving eguation 3.47.a. Subsequently the
volume of cooling water is established since the coocling
water flow rate is an experimentally predetermined parameter
af the system. Finally, the sclution of eguations .48,
3.49, and 3.350 gives the pump’s performance +or peak

radiation conditions.

For off peak radiation conditions, the thermodynamic

cyvcle is depicted in figure 3.7.

P
L o

pressure

e

enthalpy

Figure 3.7 Thermodynamic cycle for off peak radiation

canditions.

Foints 1, 2, 3, 4 are the same as in the PYideal" cycle.
However point 5 is the final state of the working fluid, as

a result of "subcooling” due to relatively excessive cooling




for the given input sclar radiation (obviously lower than
peak). Since the time of the cooling process (t ., ) has
already been established, eqgquation J.47.a can be solved by
the following itterative technigque. Assume a value for T;,
splve squation 3.47.a, and match the calculated value of the
time of the cooling process (teeoi? with idits already known
value during peak conditions. UOnce T, has been established
by the above technique, equation 3.47.b can be solved for
the time of the cycle’s heating process. Finally, by solving
eguations 3.49 and 3.50 the volume flow rate of the pumped

water and the pump’s efficiency can be calculated.

In order to clarify +further how the above technique is
applied, an numerical example in appendix F helps to explain
the procedure in predicting the daily pump’s capacity for a

given day of the year.




I.4 PROCEDURE TO CALCULATE THE SYSTEM™S ADJUSTEMENTS AS

REQUIRED RBRY A USER.

Two important features for the pump’s operation are the

concentrator®s angular position ( ﬁ), (tiit), and the amount
fo

of cooling water (V.,). The former inﬁhences the radiation

(I, impinging on  the ccncentrator,{ while the later

determines the heat rejected by the working fluid as well as

the time of the cooling process (tgge ).

Both, the concentrator’s tilt and the amount of the
cooling water can be adjusted by the user in order to
improve the pump’s efficiency, and ensure trouble free
operation. Tables are provided for the user, indicating how
these adjustments should be done. These tables, based on the
frequency of adijustments the user requires, are ogbtained in

the following manner:

1. Fregquency of system’s adjustments,

For a given period of time, it is ocbviously desirable to
maintain the concentrator’™s atitude with respect to the
sun’s rays at solar noon as perpendicular as possible, as

shown in figure 3.8.

~-70-




~ earth’s surface

A6~

-

(n+2)adjustmont/

////

Figure 3.8 Concentrator™s periodic adjustments.

During one vyear, the sun travels an angular distance of
4#2%.44 degrees, where 23.44 degrees is the maximum absolute
value of the solar declination. I+ n is the number of
adiustments the user reguires, then, in order to maintain
the concentrator’s position as perpedicular as possible to
the sun’s rays, the time between consecutive adjustments
must be equal to the required time for the sun to travel an

angular distance of

AS = (_.f}_’?_r%_-_":‘i_} 3.51

For example, if the user requires twelve adjustments per

year, the period between consecutive adjustments is the one,



during which the sun travels

.23.44
AS= 2-e3.44

]
15 = 7.81

Assume that the first adjustment is to be done at the winter

solstice, ie the 215 of June, when the solar declination is

b,= 23.44°

Thern the second adjustment must be done on the day when the
solar declination is

8,= 23.44-7.81= 15,63
The number of this day, calculated from equation A.1, is 123
and the date, obtained from table A.1 is the ZNiof Mavy.
The third adjustment must be done on the day when the solar

declinatiaon is

0,= 15.63-7.81= 7.82° etc.

g Concentrator’s tilt adiustment,

I+ D, is the number of the day when an adjustment is
required, and §(Da) is the solar declination for the same
day, (see Ffigure 3.9) the concentrator’s tilt must be

adjusted to be

B= 8(D )+ 5%1 - Z.52.a

from summer solstice to winter solstice, and

Ad
B= (D)~ == - 3.52.b


http:15.63-7.81
http:23.44-7.81

from winter sclstice to summer solstice.

esarthssurface

(n) adjustment

>

Ad

S}

Figure 3.9 Tynical concentrator’s tilt adjustments.

To coantinue with the above example, at the first

adjustment (the 215't of June) the concentrator™s tilt must be

adijusted to be

7.81
Bi= [23.44- == _(-26)] = 45.54°

At the second adjustment the tilt must be

7.81
;32:: [15.63- —5 -(-26)] = 37.72°

Cooling water wvolume adiustment,

3.
f

In order to ensure that the amount of cooling water

available for the heat rejection by the working fluid is


http:23.44-7.81

sufficient, specially during periods of maximum or peak
insolation, the following procedure was adopted:

We assume that the maximum possible direct radiation on the
earth’s surface 1is constant, during the pericd between
consecutive adjustments. (relatively short period of time
and therefore similar radiation and atmospheric conditions)
The maximum possible direct radiation, calculated from
equation 1.2, reaches the reflector at the solar noon of the

day when the solar declination, as shown in figure 3.9, is

5= 0+f 3.53

Ta continue with the same example, the maximum possible
direct radiation for the period between the first and second
adjustments is based on the day when the solar declination
1%

§= -26+ 45.54= 19.54°

This is the 138'" day of the year or the 18" of May. at the
=glar noon of the above day the direct normal radiation,

calculated from egquation 1.2, 15

B 2
ID,nM 877.7 W/m

In order to illustrate +urther the above described

procedure, a numerical example is given in appendix F.



CHAPTER 4

EXPERIMENTAL PROCEDURE AND RESULTS(

4.v[ PREL IMINARY EXPERIMENTS,

With a rough idea of what the sy;tem should look like and
how it would work, we proceeded in selecting the working
fluid. The selectiorn was done by consulting thermodynamic
data of refrigerants and other fluids; such as boiling and

condensing temperatures, specific volume changes etc.

For example, the bpiling point of the working Ffluid
shaould be preferahly less than 100°C in order to minimize
the collector’s demands in terms of heat losses, efficiency,
necessity for selective surfaces etc. The condensing
temperature should be around atmospheric temperature, or
slightly higher, in order to enswe that the pumped water
would have the ability to effect condensation of the working
fluid. Further restrictions on the working fluid selection
are considerations about corrosion to the metalic parts of
the pump, possible molecular damage to the rubber bellows,

and of course market availability as a whole.

A survey of fluids based on the considerations mentioned

above vielded in our opinign three working fluids which



could bhe utilized in ouw system.

Freon 113 ( Trichlorotriflucroethane—czclaFé}
Methanol (Methyl alcohol-CH,0H)

Cyclohexane (CgHyp

In order to ascertain the optimum charge of working fluid
within a given receiver, and appraise the pump’s operation
for each +fluid, preliminary testse were performed in the
manner described below.

A pump was constructed consisting of a receiver
manufactured from brass tubing, rubber bellows attached to
the receiver via a 70 degree brass tubing bend, an airtight
cylinder placed over the bellows, and two non-return valves.
The receiver was eqguiped with semi—-cylindrical electrical
heating elements placed along its entire lower halfd outer
surface, thus simulating solar radiation input from a
parabolic concentrataor. The cuter upper part of the receiver
was covered with a cylindrical segment of brass tubing
resulting into a passage where cooling water could pass in
order to condense the working fluid. The 90 degree bend was
equiped with thermocouples, one into the space of the
wcrkiﬁg fluid, and the other on the outer surface of the
brass tubing, a valve arrangement for the evacuation and
charging of the cylinder, anrnd a pressure gauge. The suction
and delivery lines were equiped with commercially available
low pressure drop non-return valves that were atached tg the
perspex cylinder. Figure 4.1 depicts a sketch of the

preliminary testing apparatus.
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Assuming that parameters such as the amount of pumped
water, the depth from which it was being pumped, as well as
the rate at which heat could be absorbed by the receiver,
influenced the optimum mass or charge of the working +fluid,
we proceeded to a numder of tests, the description of which,
because of their volume and complexity is best given in a

flow chart manner. {(figure 4.2).

working fluid

ing ing iny ing

Figure 4.2 Flow chart of the seguence of the preliminary

experiments.



For a given working fluid and a required head, different
masses of fluid were charged in the receiver. For each
charge, the volume displaced by the bellows was controlled
with the wminimum necessary constant temperature cooling
water flow over the receiver. The amount of cooling water
divided by the volume of water displaced by the bellows was

defined as the "utilization ratio”.

v
A= _ CwW 4.1

The minimum necessary cooling water was established for
every parameter such as pressure head, heat input, charge
etc. Cycle times were recorded as well as the pressures and
temperatures of the working fluid, which incidently

coipcided with the fluid’s thermodynamic data.
The results of all the above tests appear in the tables of
appendix G, with the optimum conditions in heavy lined

blaocks, and serve to illustrate the following observations:

i. It appears that the optimum charge, or gptimum mass of

working fluid in the receiver for all three fluids was in -

the vicinity of S0 &éf The criteria used to establish this
fact, were the combination of maximum water volume flow rate
(Od} and the minimum utilization ratio (A). This 1is easily
established From the tables in appendix G as well as from

typical graphs (figures 4.3 and 4.4).
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ii. The choice of the parameter Qd, which is obtained when
dividing the volume of water displaced by the cycle time
observed, as one of the pump’s optimum characteristics, is

an obvious one.

iii. However the choice of the utilization ratio needs
comment. Since some of the pumped water must be used in
order to cool the receiver, it is obvious that when A=1 the
pump has reached its working limit. On the other hand if the
pump is operating with a low utilization ratio it means that
the excessz available cooling water could be used toc pump
water from deeper reservoirs, since excess cooling water
creates greater vacuum in the receiver {(subcoclingl}. Also
from the point of view of the user there might be &
reluctance or a necessity to avoid the use of the hot water,
therefore low utilization ratio indicates larger guantities

af caool usable water.

iv. When the minimum utilization ratio is plotted versus
the pumped water volume flow rate, as well as versus the
input heat requirements, (figures 4.5 and 4.6) it appears

that the most desirable working fluid is the Cyclohexane.

Ve However the above conclusion is ammended when the
pumped water volume flow rate is plotted against input heat
requirements {(figure 4.7). Here it is seen that although
considerable improvement in pumped water volume flow rate
can be achieved by using cyclohexane as the working fluid,

the heat input requirements become excessive.
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This would necessitate larger and more sophisticated solar
concentrators, a feature which we wish to avoid For

economical reasons.
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Figure 4.7 Water volume flow rate versus input heat.

Vi From figures 4.6 and 4.7 it 1s also seen that as the
working fluid’s boiling point approaches the ambient
temperature, the input heat requirements are minimized;
however the utilization ratio increases, thus rendering

limitations to the depth from which water may be pumped.



4.2. COLLECTOR’S OPTICAL EFFICIENCY

As we have seen from the energy balance performed in
chapter 3, a very important parameter of our system, which
must be known, is the collector’s optical efficiency as

defined in equation 3.45. Bearing in mind that further

experiments would have to be performed with the system as
described in chapter 2, besides the previous section’s
preliminary tests, experiments were undertaken to establish

the system’s optical efficiency.

Unlike the previous tests where the heat input
requiremnents were provided by electrical resistance heating,
the system® s receiver wWas now heated by the solar

simulator’s lights.

The optical efficiency has been defined a=:

so if the energy absorbed by the receiver (G, ) could be
measured for a given simulated radiation (I}, the optical
efficiency would be found. In addition tg the '"peak"
etficiency measured at normal incidence, the angular

responce of the concentrator must also be measured. In ouwr

- ¥, -



case, two angular variables must be taken into account,

namely the angles Gw and(ﬂz as shown in figure 4.8.
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Figure 4.8 angles 6,,,0,,

The C.5.1. lamps, which were mounted on a trolley as
described in maore detail in section 2.3.6, provided the
simulated direct insclation, which was measured using a
solarimeter. Sample calculations +or the direct simulated

normal incidence radiation are found in appendix H.

For the purpose of establishing the energy absorbed by
the receiver (Qaps,r }» the system™s heat capacity was

approximated as follows:



It was assumed that the bellows® heat capacity is
negligible. The receiver, with a thermocouple attached on
its surface, was covered with glass wool insulation so that
the hegat 1osses to the enviroment were minimized. Begining
with the receiver evacuated and emptyﬁgnd its thermocouple

7 4
indicating ambient temperature, SOQ gr jof 30°C hot water was

intraoduced wvia the charging va1;;; and soon after, the
equilibrium temperatures both in the water and on the
receiver’'s surface were recorded. The energy balance between
water and receiver vyielded the receiver’s heat capacity.

{(see appendix H)

Having established the receiver’s heat capacity as
described above, we proceeded to evaluate the optical
efficiency as follows:

The receiver was partially filled with ambient temperature
water, Ffor the purpose of increasing its thermal inertia,
and allowed to stand under the C.8.1. lights until 1its
temperature rase slightly (2-3°C) above ambient level. The
heat losses from the receiver ta ambient were neglected,
because of the small temperature differences involved. The
receiver’s temperature as well as the time required to reach
this temperature, were recorded. The above procedure was
repeated +or various angles ny) and the data collected
were used in equation H.3 in order to calculate the
collector’s optical efficiency. The results appear in figure
4.9 and detailed steps of sample calculations are found in

appendix H.

¥
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{

Unfortunately it was not possible to establish  the
collector’s optical efficiency as a function of anglef&v
because the C.I.S. lights could not provide a uniforms
intensity field in the y-z plane, of sufficient large enough

dimensions to encompass the system®s collector.



4.3/ FINAL EXPERIMENTS, RESULTS AND DISCUSSION:

4.3.1 In the previous sections the infuence of different
variables, such as the mass of working +fluid, volume of
displaced water per cycle etc, on the pump’s performance was
investigated, and the system®s optical characteristics were

evaluated.

In this section we will proceed to investigate the actual
pump®s operation as a function of the parameters:
utilizration ratioc (A1), pressure head {H}, and sun’s
isnaolation (I'. The experiments were carried out using only
two of the selected working fluids, namely Freon 113 and
Methanol. The reason why the third +fluid (Gyclohexane) wWas
not  used iz that this fluid appeared to attack the rubber

bellows after relatively short periocds of contact.

The final tests were performed in the fallowing manner:
The system was charged with the optimum mass of working
fluid. For a particular head, and volume of cooling water,
the system™s input radiation conditions were varied and
cycle times as well as cooling water temperatures were
recorded. The above process was repeated each time for
different utilization ratios holding the pressure head
constant, and subsequently again for various presswe heads.

The results appear in appendix I and figures 4.10 to 4.27.



In order to check the wvalidity of the analysis as
developed in chapter 3, theoretical results are compared
with the experimental ones in figures 4.10 to 4.17 for the
case when Freon 113 is used as the working fluid. These
results were obtained by applying the method explained in
section 3I.3%3.1. Unfortunately, lack of complete thermodynamic
data precluded any direct caomparison between experimental

and theoretical results for Methanol.

Figures 4.10 to 4.13 depict the experimentally obtained
results for volume flow rate vs., head, for Freon 113. In the
same Ffigures the theoretically predicted performance is
shown so that direct comparison is possible. The agreement
between theoretically predicted and experimentally obtained
data appears to be very good on the whole, with the odd
experimental data points showing errors between —-7.3% and

B.7%.

In any given graph shown, it appears that for low heat
inputs greater suction heads were experienced, however there
is a trade off with the water volume flow rate, which
appears to increase with higher heat inputs and decrease for

the lower ones.

A similar trend appears to he also true when the results
are compared for different utilization ratios. For example,
whereas in figure 4.10 the span of suction heads is between
Q.7mand  1l.lm, in figure 4.13 it is shown to have increased

for the same input conditions ta between 1.Zmand 1.8m,



however the volume flow rates have been decreased from

Y
§

between 2.8 ml!secf’and 5.8 ml/sec to between 1.9 ml/sec and

4.4 ml/sec.

Figures 4.14 to 4.17 depict the theoretically predicted
pump’s efficiencies superimposed on the ' experimentally
determined efficiency points, where very good agreement is
noted. The results show that the efficiency curves are
slightly heat input depended (lower efficiencies for lower

heat inputs).

In figures 4.18 toc 4.27 are shown the experimentally
determined values for Methanol as the working +luid.
Identical comments about the volume flow rates and suction
heads can be made as previously were made for the case where
the working fluid was Freon 113. As previously explained we
find ourselves in the unfortunate position of not having
detailed thermodynamic data +or Methanol, hence no direct

comparison with theoretical results is possible.

The results of figures 4.18 to 4.22 are identical in
trend with the ones Ffor Freon, however the results of
figures 4.23 to 4.27, which pertain to the efficiencies,
appear to have different trend to the ones shown for Freon
113 (fiqures 4.14 to 4.17), and we are at loss to explaine
the reasons. It appears that the efficiency cuwrves far
Methanol are much more heat input dependent than the ones

observed for Freon 113.
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4.4.2. The results of the theoretical prediction of the
pump’s daily capacity for two given days, as for example the
15t of January and the 15t of June, are shown in figure
4.28. The calculations were based on the Pretoria’s station

radiation data. Sample calculations are found in appendix F.
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Figure 4.28 Daily pump’s capacity

At Ffirst glance it would appear that the results are
inconsistent with what is expected. The pump performs better
and therefore collects more water during the winter months
than it does during the summer. That in itself appears
contradictory to what 1is expected, since the summer

radiation is more intense, as well as daytime periods being
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longer. For example, from table F.1 the mean daily direct
salar radiation for January is 154746 MJ/m2and for June is
27% Iességi (11256 MI/m?). As far as daytime periods, table
F.2 indicétes 13.47 hours of daylight for January and 10.61
hours for June. However these are corrected by the
cloudiness factor seen in table F.2, and the roles of langer
average sunshine are reversed; June now has 2.23 hours of
sunshine and January 8.353 hours. Therefore, from that
aspect, the pump will be exposed on average to longer

sunshine periods during the winter months!

another pgarameter which plays an important role in the
pump’ s performance is the amount of cooling water, required
to ensure safe operation, specially at peak radiation
conditions. Table F.3 shows that the peak radiation during
January requires 3I00 ml of cooling water. However for off
peak conditions the amount of cooling water i1s 1in excess,
and subcooling takes place, which has the adverse effect of
increasing the total cycle time. This effect, aslthough it
occurs during June as well, is not as pronounced as in
January. Therefore the combination of longer sunshine
periods, although of lesser intensity, and shorter cycle
times resulting from using less cooling water, explains why

the pump performs better in June.
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4.4.3. Finally, an example of a table indicating how the
user should make the system®s necessary adjustments is given
below. The calculations were based on the following
imaginary user’s requirements:

Water pressure head: H=1.2m

Location: Pretoria (2&°South)

Number of adjustments in a& year: 12

Sample calculations are found in appendix F,

coolin wat ¥
collector angular g 8 low

no of adj. date pesition rate adjustment

B() Vo ()

1 21/7 A —e 45.54 i —e 250
2 /8 B —e 3I7.71 ii —e 260
3 1/9 L w——e 29.%0 iii w—e 270
4 21/9 D —e 22.10 iV e 280
5 10710 E —» 14.28 v — 290
& 2711 F e &.46 Vil ——e 300
7 21/12 G —» &£.46 Vii e 3Z00
g8 8s2 H— 14,28 viil e— 300
9 3/2 I — 22.10 i ——— 290
10 22/3 T e 2P0 N w— 280
11 11/4 K — 37.72 %i e 270
12 /5 L o 45,54 Kil e 260

Table 4.1 Table for the user

The table is self euplanatory. At precisely the specified

date, the user will physically change the collector’s tilt
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angle by rotating it to a pre—calculated angular position,
labeled A, B, C etc. In addition, the tap contro;%pg the
amount of cooling water will alsoc be adjusted‘ to a
predetermined position labeled i, ii, 11i etc. It is obvious

that such tables could be produced at will.
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CHAPTER 5

RECOMMENDATIONS

Future research and development work should investigate
the following, being either physical ar theoretical

parameterrs of our proposed pumping system.
1. Bellows?

One of the most important features of the pump are the
bellows. They infuence greatly both the life and the

performance of the system.

The life of the system depsnds for one on its ability to
retain the original charge of working +luid withgut it
escaping to the atmosphere, or being diluted with air.
Metallic bellows, besides being more durable, have zero

permeability for air and most of the working fluids.

The pertormance of the system can be influenced by the
size of the bellows employed. Calculations have shown that
the use o©f larger bellows, which obviocusly means larger
volume of pumped water, does not necessitate proportional
increase in the heating and cooling requirements and
therefore proportional increase in the cycle times. Figures

5.1 and 5.2 illustate the above mentioned. Whereas our pump
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was equiped'with bellows that when almost Ffully extended
produced a volume of 300ml, figure 5.1 shows the theoretical
approximate cycle times ranging from SOsec to 73sec,
depending on the incident solar radiation. If these bellows
were replaced by ones producing say sixfold the amount of

pumped water, ie. 1800ml, figure 5.1 indicates cycle times

between BOsec and 165sec, depending on the identical span of

input solar radiation values.

mass of worklng fluid SQgr
30

28
26 ~
24 —
22 —~
20 -
18
16
14 -
12
10
8 -
6 —
4 -

Q. =120W

in

water flow rate Vd {ml/sec)

2 —

o 0.4 o.8 1.2 1.6 2 2.4 2.8
pumped water per cycle Vg (it)

Figure 8.1 Water flow rate versus discharged water per

cycle.
The explanation for this lies in the solution of eqguations
3.47.a and 3.47.b for t. ., and t, ., - The majority of terms

in these equations are mostly independent of the size of the
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bellows, with the main effect being in the amounts of @Quqq
and @, These depend mainly on point 3 in figure 3.1 which
is the final state for the heating process and the initial

state for the cooling process.

The added advantage of large bellows 1s that the
utilization ratio decreases significantly as evidenced 1in
figure 5.2. The advantages of the system opergting at low
utilization ratios have already been listed previously in

section 4.1.

maas of working fluld 30gr

0.8
0.7 A
0.6
=
.g 0.5 ~ Qi ::120W
2
.g 0.4 Qin': 105w
8 Q,=85W
= 0.3 - Qin=7T0W
0.1 —
0 i <1 1 T ¥ 1 ) 1 i i i T H i
o] 0.4 0.8 1.2 1.6 2 2.4 2.8
pumped water per cycle Vy (it)
Figure 5.2 Utilization ratio versus discharged water per

cycle.
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2. Suction below the sur*aceg’

The system as propaosed, can operate pumping water from
depths which depend on the‘ level of sub-atmospheric
pressures that can be obtained in bellows no.l, as a result
of the cooling of the working fluid. It is cbvious that even
for ideal conditions the maximum depth from which water may
be pumped with the proposed system is approximately 10m  of
water head. This implies that a specific working fluid must
be found, which when coocled to approximately atmospheric
temperatures its pressure falls to almost absolute vacuum.
This is born out +From Figures 4.10 to 4.27 and our

discussion of the results using Freon 113 and Methanol.

I¥ such a Fluid is not available, a slightly different

mechanical arrangement between bellows no.i and no.2 may de

used as shown in figure 5.3.

ilizing the mechanical advantage of levers, one can

et d
[t

obtain in bellows nao.?2 conciderable lésser pressures than
the pressure that exists in bellows no.l. However, the
mechanical advantage lever arrangement will result in

diminished volume flow rate.
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Figure 3.3 Lever arrangement for water heads less than 10m

From depths greater than approximately 10m, the system
must be modified con%iderably, along the 1lines of perhaps
the existing practice of a conventional pumping system, such
as the windmill type. A similar lever arrangement as the ane
decscribed above could be used in this case, with bellows
no.2 operating within the bore hole pipe, at the depth of

the water hed. {(see figure 5.4}

3. Cooling system

The conling system atfects wvery much the pump’s

perfarmance, since it determines the amount of heat rejected
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/
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Figuwe 5.4 Lever arrangement for water heads greater than

10m.

from the system. In turn, this 1limits the amount of
incidence radiation that one is allowed to collect in order
to increase the working fluid’s internal energy. The author
attempted a number of cocling systems with the final one as
presented in chapter 2. However i1t cannot be claimed that
this 1is the best or ultimate design. One feels that further
improvements can certainly be implemented in the cooling

systam.



4, Over-bal anced mechaniSﬁﬁ

Az explained in chapter 2, the over—balance mechanism is
a moving part of the system. Although its operation proved
to be very reliable, {for big scale applications the use of a

siphon, that eliminates the moving parts, is recomended.

;

b Solar concentrator;

An  important characteristic of the concentrator is its
acceptance angle, because the tracking requirements are
minimized if larger acceptance angles are used. The
acceptance angle is related to the concentration ratio as

mentioned in section 1.2. As the concentration falls shorter

than the ideal concentration, the acceptance angle
decreases, and consequently the tracking requirements
increase.

The compound parabolic concentrator (C.P.CY is the only
concentrator that can reach the maximum concentration limit.
However it requires a iarge retlectance area and therefore
much higher costs. A solution to that problem is the use of

a truncuated C.F.C. (see ref. 38) for future applications.
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/
= Non-return valvesj

It is obvious that the trouble free operation of the
non—return valves ig necessary +for the pump’s safe
operation. For big scale applications +Flap rubber valves
could possibly be used, together with suitable filters which

would ensure minimum scale deposits on the sealing surfaces.

-111~
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APPENDIX A

ELEMENTS OF S0OLAR GEOMETRY

A.l. The solar declination ( ), (ie. the solar noon

alevation from the sguatorial plane) cam be approximated by

the sine function:

. 081
5= 23.44 sin 360 (D-81) ALl
365
where the number of the day D is given from table A.1.
AR.2. The hour angle (W) is given by:
w= 15 (12 + HS) morning
A2
w = 15 (HS -12) atternoon
wherae H, is the solar time.
The sunset hour angle (Wg ) is:
cos w, = - tang tand A3

@ : from —-90° (south pole) to +90° (north pole)
S : from -23.44° (south hemisphere) to +23.44° (north

hemi speres)

-1 19~




Day Month Day
of of
Mo. Jan. Feb., Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec. Mo.
1 1 32 60 91 121 152 182 213 244 274 305 335 1
2 2 33 61 92 122 153 183 214 245 275 306 336 2
3 3 34 62 93 123 154 184 215 246 276 307 337 3
4 4 35 63 94 124 155 185 216 247 277 308 338 4
5 5 36 64 95 125 156 186 2217 248 278 309 339 5
6 6 37 65 96 126 157 187 218 249 279 310 340 6
7 7 38 66 97 127 158 188 219 250 280 311 341 7
8 g8 39 67 98 128 159 189 220 251 281 312 342 8
9 9 40 68 99 129 160 190 221 252 282 313 343 9
10 10 41 69 100 130 161 191 222 253 283 314 344 10
11 11 42 70 101 131 162 192 223 254 284 315 345 11
12 12 43 71 102 132 163 193 224 255 285 316 346 12
13 13 44 72 103 133 164 194 225 256 286 317 347 13
14 14 45 73 104 134 165 195 226 257 287 318 248 14
15 15 46 74 105 135 166 196 227 258 288 319 349 15
1€ 16 47 75 106 136 167 197 228 259 289 320 350 16
17 17 48 76 107 137 168 198 229 260 290 321 351 17
18 18 49 77 108 138 169 199 230 261 291 322 352 18
16 19 30 78 109 139 170 200 231 262 292 323 353 19
2 z S1 79 110 140 171 201 232 263 263 224 354 20
21 21 52 80 1il1 141 172 202 233 264 294 325 355 21
22 22 52 81 112 142 173 203 234 263 205 326 356 22
23 23 34 82 113 143 174 204 235 266 296 327 357 23
24 24 35 83 114 144 175 205 236 267 297 328 3538 24
R 25 56 4 115 145 176 206 237 268 208 329 356 25
26 26 57 85 116 146 177 207 238 269 299 330 360 26
27 27 58 86 117 147 178 208 239 270 300 331 361 27
28 28 59 87 118 148 179 209 240 271 301 332 362 28
29 29 a 88 119 149 180 210 241 272 302 333 363 29
30 30 89 120 150 181 211 242 273 303 334 364 30
31 31 90 151 212 243 304 365 31

3For dates after February 28 in leap years, add ! to all numbers.

Table A.1

Day of the year D (2)

A.3. The zenith angle (¢ 92), as shawn in figure A.1l is

A.4. The general

cos(é= sind-sing +cosd-cos@-cosw

incidence angle

between the narmal to a

surface and the incidence beam solar radiation,

figure A.1)

is given by:

-120-
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cos@ = sindsinpcosf + sind cose sinfs cosy +
*+ €050 cosp cos B cosw - cosd sing sinf cosp cosw - A.S

- cosd sing sinfsinw

ﬁ : from 0° (horizontal) to 90° (vertical)

l

|

‘ w : from 0°(noon) clockwise to 3600
l

| y = from o (north) clockwise to 360°
|

normal to the
surface

surface

F
| Figure A.1 Incidence angle 6
|
|

Faor the special case of surfaces that face north:

08t rtn= Sind-sin(f+¢) «cosd cosw-cos(f+g ) A. 6
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fA.5. The solar elevation ((ky), {vertical solar swing), as

shown in figure A.2 is given by:

tand
tanw

tan( Qxy+/3— Q)=

oarth's surface

Sun’s rays
off solar noon

(xy plane)

Sums rays ® ; -
at sotar noon
{xy plane) .
b
normal to the
collector / \
Figure A.2 Vertical solar =slevation.
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AFFPENDIX B

AVAILABLE SOLAR RADIATION FROM MEAN TOTAL HORIZONTAL DQTQ;

S8ince solar radiation data are not presented for
intervals shorter than one hour,the nearest approach to the
true average intensity at any instant, obtainable from the
solar radiation data commonly available, 1is the hourly
average intensity. The ratio of the hourly total radiation
to the daily total radiation as a function of the sunset

hoawr angle is shown in figqure B.1l.
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Figure B.1 Ratio of the hourly total radiation ta daily

total radiation
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Figure B.Z2 depicts the ratio of the hourly diffuse
radiation to the daily diffuse radiation as a function of

the sunset hour angle.
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APFPENDIX C

FERMEABILITY COEFFICIENT

When small molecules permeate through a polymer membrane,
the rate of permeation can be expressed by parameters which
may be characteristic of the polymer. The general concept of
the ease with which a permeant passes through a barrier is
often reffered as "permeability”. The coefficient which has
the dimensions

(amount of permeant){film thickess)
(area)(time J{pressure-drop across the film)

cm® - cm
T cmf -s-.cmHg

may best be defined as the permeability coefficient.

Fol ymer Permeant Tempe:r. P x 100
- - T
Neopreme Hy 25 13.6
0, 25 4.0
Ny 25 1.2
€0, 25 25.8
Natural rudder 0, 2 23.8
Ny 2 ?.43
Ca, zZS 153
Methyl rubber H, 25 17.0
Q, 2 2.1
N, 25 0.47
c0, z2 7.47

Table C.1 Permeability coefficients. (35,36,37)



APPENDIX D

GEOMETRIL CHARACTERISTICS OF THE CONCENTRATOR

A cross section of the paraboelic concentrator emploved

tor the present study is shown in figure D.1.

cover

eiver
parabolic reflector rec

Figure D.1 Solar concentrator

Its main geometric characteristic are:

Aperture areas

A =0, 4m?

Focus length:

f=0.19m



{
§
i
{
i
i
i

Rim angle:
4fx%

@=arc tan 77 x;

=arc tan 4-19 - 40

419 2307
=94°

Concentration ratio:

2x
a

T 2ar _+4
r
2 40
2 23.14 5+4 1
=2.26



AFPENDIX E

THERMODYNAMIC CYCLE FOR OFF PEAK RADIATION CONDITIONS

The thermodynamic analysis developed in section 3.1 can

also be applied to the thermodynamic cycle shown in figure

E.1l.

.

pressure

v

enthalpy

Figure E.1 Thermodynamic cycle For off peak radiation

conditions;
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Process S5-2:

v=constant.... J5p =Ny - hp - vy - (P, - Pr) E.l.a

Fraocess 2-3X:

P=constant.... 993 =P5 - h2 E.l.b

Frocess 3—4:

vEconstant.... q34:"[h3*h4—V3(P8—P4)] E.l.c

Process 4-1:

P=constant.... dg7=-(h,-h ) E.1.d
P%acess 1-5:

v=constant.... qSlz—{hl‘h5’V1(Pl~P5)] E.l.e

Heat added:

9ada™ 95p%953

E.2
= hg“‘hS"Vl (PS_PS)
Heat rejected:
9re;= 934%941%9:5
E.3
=—[h -h —v (P — v .
[hy-hg-v (P -P,) V(P -P.)]
Net work:
W= 944" %
E.4
= (vg=vy ){(Py-P,)
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Cycle themal efficiency:

(v

37V

)(Pa—Pl)

qc: hS

-h “VI(PB—PB)

5



APPENDIX F

PREDICTION OF THE PUMP’S PERFORMANCE

—-AN EXAMPLE-

Using the theory developed in chapter 3, the following
example 1llustrates the method applied to predict the
model s performance as well as to establish the system’s
adjustment reguirements. In the following example the pump’s
daily capacity, Ffor two givenn days of the year, is

calcul ated.

F.1. DATA

The +foliowing data must be known:

1. The location latitude: =265, 1500m above sea level.

2. Radiation data: tables F.1 and F.2 by Chinery (4Q) give
the required radiation data for different areas in South
Africa. In this example we will make use of Pretoria’s

station radiation data.

Z.Time: The pump’s daily performance will be predicted +or

the 15"‘c¥ January and the 15" of June.

4. Water head: H=1.2m
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Table F.2




5. fAtmospheric conditions: it was assumed that T =20 O and

there are no wing effects.

. FPump’s characteristics: the main caracteristics of the

model , using Frean 113 as working liquid, are listed below.

Ay = 0.25m® V. © 1.2¢ . me = 50 gr
" - J - -

(mcp) = 450%“6 \fd 0.3% dr 0.05 m

GC = 0,07 m ) dp = 0.008 m i‘r = 0.5 m

LC = 0.5 m Lb = (0.15 m Mew = 0.01 kg/sec
Twsin = 25 °C . €C = (J,88 €r = (.91

7 : from figure 4.9 dy = 0.05m A, = 0.1m?
. Adivstenent requlraments: The user requires twelve

adijustments per vear.

Fo.2. CALCULATION OF THE SYSTEM™S ADJUSTMERNTE RERUIREMENTS.

1. Time of adiustments

Aocording to the analys:is developed in section 3.4, the
time between twoe consecutive adiustaments, according to
sguation 3,50, must be egual to the reqguired time by the sun

to travel anm angular distance of



. 4-23.44
A=

4-23.44
12

=7.81°

We assume that the first adjustment takes place on  the
winter solstice, ie. on the 21%' of Junme. For this day, which
is the 1?2"dday of the vear (table A.1), the =olar
declination, according to egquation A1, is

. 360{D-81)
=23, -
@ 3.44 -sin TeE

. 360(172-81)
=23. .
3.44 -sin 365

=23.44

The second adjustment must be done on the day when the sglar

declination is
8,= o~ Ad
=23.44-7.81

= 15.63°

The number of that day, calculated from equation A.l is

arc sin(6/23.43)

D= 81+ 360/365
. g1, _arc sin{(15.63/23.44)
360/365
= 221

ie. this is the 9" af Austust.

Ry repeating the above procedure throughout a vear, the

dates when the adjustments must be done are calculated and

—135~-


http:23.44-7.81

given in table F.3.

2. Concentrator’s tilt adjustments,
7

The tilt adiustments are calculated from equation 3.52.

For example, at the first adjustment the tilt must be

i
n
w
»
N

i
i

Faatn
|
o
o
S

1
IS
ut
(&2
EoN

°

Similarly, at the second adjustment the concentrator s tilt
is
7.81
/32=15.63——?—-—— —(-26)
=37.72°

The values of the collector’s tilt for & vyear, calculated

according to the above procedure are given in table F.3

3. Peak radiation conditions.

First the period between the first and second adjustment
is examined.
According to the assumptions made in section 3.4, the
maximum possible direct radiation reaches the concentrator
during the solar noon of the day when the solar declination,

according to eguation 3.53, is

—13&6—


http:23.44-7.81

O =0+ f5
=284 45,54

=19.54°
The number of this day is calculated from eguation A.1

arc sin(0/23.44)

D:
81+ 360,365
_ arc sin{i1854/23.44)
81+ 360 /365
=206

ie. this is the 25M of July. (table a.1)

For the soclar noon of this day the azimuth angle ({(enuation

A4 is
cosééz cos(@- &)
= cos(-26-19.54)
= 0.70
For the same day the apparent extraterrestrial s0lar

radiation {(A! as well as the extinction cosfficient (B are

calculated from table 1.1 by 1nterpolation.

B= 0.2086

The pressure of the location in guestion relative to a

standard atmosphere is given by eguation 1.3

—%-: exp(-0.0001184-Y)
o}
= exp(~0.0001184 - 1500)

=0.8373



http:cos(-26-19.54
http:19.54/23.44
http:sin(OI23.44

Finally, the maximum direct soclar radiation {eguation 1.2}

i
-

B )
P cosf

ID; A-expl

0.206 )
G.7

#

1088 -exp(~-0.8373-

. W
850.4 7

i

By repeating the above proceduwre for every period bDetween
consecutive adijustments the peak radiation canditions
throughout the vear were calculated. The results are shown

in table F.3.

4, Theoretical analysis for peak radiation conditions/

¥

4.1 Thermodynamic analveis

For peak radiation conditions the theracdynamic coyocle ig

ashown in figure Fol.a

Specific volumes for points i,

_ 1 _ _3
Vl_ mf ‘v3~ M
1.2o1o:j _ _1.5-107°
5010 &I
3
m 3
= 0.024 — =0.03 O
- Kg © Kg




pressure

wo

enthalpy
Figure F.i.a Thermodynamic cycle far peak radiation
conditions.

y

e

32

0

U4

¢

a
B
A
5

enthalpy o

Figure F.1.b

Thermodynamic cycle for peak off radiation

conditions,
\,

"




Pressure for points 1, 3:

= . W = P
Pl_ Pat H- AP P3 Pat+ A
= 101.4- 11.9- 4.8 = 101.4+ 4.8
= 84.7 KPa = 106.2 KPa
Dryness index for points 1, 32
v v
X, = 1 X = 3
1 v 3 v
g4 g
Q.
O.?éj = _Ebﬂﬁi__
0.13
= 0.146 - 0.231

Enthalpy for points 1, 3z

h.=h_, + x:(h_-h_ )
1 fl o1 g1 fl

= 71.62+ 0.146-(220.11- 71.62) = 93.3 KJ/ Kg
h,= h. + x{(h_ - h_ )
37 Tryt ¥t g T e

= 77.87+ 0.231-(224.25- 77.87) = 111.9 KJ/Kg

Heat added (from equation 3.2}

Qagq= ML hg- hy- Vi(Pa“ P1)]
= =29 [111.9- 93.3 024(106
- .9- 93.3- . .2- 84.7)]
= 904.2 J

Heat rejected (from equation 3.3):
Ore = Mg By- vg(Py- Py))

__ _50
== Toog~ [111.9- 93.3- 0.03(106.2~ 84.7)]

==-887.75 J

-140-



http:0.231�(224.25-77.87
http:0.146,(220.11-71.62

Net work (from equation 3.4):

804.2- 897.75

6.45 J

1l

Cycle thermal efficiency (from equation 3.5):

6.45
904.2

7.13 107°

[

Cvcle mean temperature (from equation 3.41):

T1+ T3

m 2
_ 42+ 49
2

it

45.5°C

4.2 Heat transfer analysis

Losses from the bellows

Convection heat transter coefficient {(from eguation 3.

T - 7T
_ m a 1/4
he b= 1‘32(__'Eg““‘)

45.5-20 )1/4

1-82(—5Ts

]

L

4.77 W/m? °C

Heat losses due to convection (from equation 3X,.28):

-141-
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= Ab'hc,b.(Tm— Ta)

0.025-4.77-(45.5-20)

3.0 W

Radiation heat transfer coetficient (from equation 3.29):

Ti— Tg
o™ Fo,a 0% 7 -7
m a
4 4
8 (273+45.5)%-(273+20)

1-5.669-10-0.91

45.5-20

5.8 W/m? °C

il

Losses due to radiation (from equation 3.27):

UrpT Ay Pp o (T= 1)

b g

i

0.025-5.8-(45.5-20)

]

3.7 W

Losses from the coaling system,

It is +First assumed that the outlet temperature of the
caocling water is equal to the inlet temperature. Theretare
the mean temperature is 25 C.

For this temperature the properties of water are evaluated:

p= 997 Kg/m® cp=4174 J/Xg °C
k=0.6045 W/m°C ©=9.55 10° Kg/m sec
Pr=6.65

The Reynolds number (from equation 3.36) is

4-m
Cw

n°n1bdp

4-0.01
4-n-0.000955-0.008

Re

416.6

il

-142—
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h

W

Heat transfer coefficient

(from equaticn J.35):

K-Re-Pr 2.654 -1
= ——— 1
7L nl1 Re Pr d_ 0.5 1
p pro.162{ Py
L
P
0.6045-416.6-6.65 in 1 2.654 4=-1
4-0.45 0.167, 416.6-6.65 - 0.008 .0.5-
6.65 ( ST )
= 300 W/m?°C
Outlet water temperature (From equation F.37):
T + T .
n-h - A (T o —¥aOUt W, in .y g )
w'p m 2 CW "p’w w,out w,in
Tw out+ 25
4-300'a-0.008-(45.5- == = 0.01-4 . -
5 ) 174 (Tw,out 25)
0,
Tw,out" 30.7°C
which 1is in  very good agreement with the experimentaly

cbserved tempetrature of a

Thus, we should go back a

tenperature of 2

T .+
w,in

pproximately 29 °C,

nd evaluate properties at the

Tw,out

2
25+ 3

0.7 = 27.75°%

2

By repeating the calculat

p= 995.3 Kg/m’
k= 0.612 W/m C

Pr= 6.16

h = 305.2 w/m? C

The

Therefore the rate of

iaon we finally obtain:

e =
P

p= 0.00088 Kg/m sec

4174 J/Kg'C

Re= 4%52.1

Tw,out= 30.8 C

heat transfer the

by

—143~
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http:0.6045�416.6'6.65

water, {(from equation 3.37) is:

T ..

:m.c.T -
QW CW( D{é w,out w,in

fl

0.01 4174 (30.8- 25)

242 W

L.osses from the receiver.

In order tao simplify the calculations the
assumptions were made:

1. The cover’s transmitance is unity.

Z. The cover’®s teaperature i1is constant with time.
Under these assumptions esquation 3.42 becomes:

n . _ — .
( r,c”’ hc,c)(Tc Ta) - (hr,r+ hc,r)(Tr—Tc)

whers the properties of air are sesvaluated +or

temperature:

TC+ Ta
Tm,a= 2
Equation F.1 can be solved for T, uwusing an

technique. The salution gives:

TC= 33.8 °C

Theretore the thermal losses trom the receiver are:

fallowing

the mean

itterative

Radiation heat transfer coefficient {equation 3,107

~1  (273+45.5)%-(273+33.8)

4

4 4

o (L 1 .y-1 m c

r,r Froe@ ( € * €. 1) T, - T,
- 1-5.669-10"°%-(0.91" 14 0.887 %= 1)

5.54 W/m?°C

~144~
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Losses due to radiation (egquations 3.8):

Qr,r: Ar'hr,r'(Tm_Tc)

0.1-5.54-(45.5- 33.8)

il

6.4 W

Convection heat transfer coefficient {(equation Z.11):

T - T
K 1/4
= ————— 0.55-[Pr-g-B(pr -p )3T _C_
c,r~ r-r_ gf5 c r) 2 J
B 0.027 _ 45,5-33.8-1
= 5535 oo 0-55 [0.7‘9.8-O.OOS-(O.OBS—O.025)3?;~;~;6:§;; /¢

5.0 W/m?® o°C

Lossed due to convection ({(equation 3.%9):

QC,r: Ar-hc,r‘(Tm“ Tc)

0.1-5.0-(45.5- 33.8)

5.8 W

I

Se Cooling water adiustment requirements.

Let us examine the period between the Ffirst and =second
adijustment. Equation 3.47.a gives the necessary time for the

caaling process for peak radiation conditions

(mcp)<T3— T1)+ [Qrej}

teoo1”™ wi+ Q11 - Qps 1

_ 450-(49-42) + 897.75
- 242+ 18.9- 97.8

24.8 sec

i

-145—



By applying the above formula for every period between
caonsecutive adjustments the cooling water requirements for
the vear were calculated, and are shown in table F.3. To
ensure further the trouble free operation of the pump, an
adjusted wvalue of the volume of cooling water, as shown in

table F.3;, will be used in subsequent calculations.

n D - B IpnlW/m2)  Baped W) teoos)  adi teool(s)
1 172 45,54 850.4 97.8 24.8 25
2 221 37.71 8§95.4 103 25.6 26
x 244 29.90 ?50.7 109,32 26.7 27
4 264 22.140 796, 2 114.6 27.7 28
5 283 14,28 1038, 2 119, 4 28.6 29
& I0& &b.46 1072 123.3 29.4 30
7 355 &6.446 1089 125.2 29.8 30
8 39 14.28 1095.9 125.9 3G 30
4 &2 22.14G 1042.2 11%.2 28.7 29
10 81 29.90 ?98. 3 114.8 27.7 28
11 101 37.72 ?I8.7 148 25.5 27
12 123 45.54 877.7 100.9 25.3 26
Table F.3X System™s adjustment requirements
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F.3 CALCULATION OF THE PUMP’S DAILY CAPACITY FOR THE 1sth

OF  JANUARY .

1. Radiation reguirements.

The mean daily hours of sunshine expressed as percentage
of the possible hours of sunshine, (see table F.2) is &2%.
Therefore, eguation 1.2, applicable only +or clesar days, can
no longer be wused 1in order to predict the direct solar
radiation. A more sulitable method for the prediction of the
avallable solar radiation seems to be the Liwu-Jordan method,

which is based on average radiation data.

From table F.1 we have:

Hp = 24034 MJ/m* day

X
it

8561 MJ/m® day

Since the radiation data are based on horizontal surfuce,

the direct radiation impinging on the collector is

For the 1S of Januwary (D=13% from table A.1) the solar

declination is given from equation A.1:

=147 -



O
il

. 360 (D- 81)
23.44
51N 365

. 360(15-81)
23.44.
4.5in T

i

= ~-21.,26

The sunset angle is given from eguation A, 3:

wy= arc cos(-tang-tand )

arc cos{~tan{-26)-tan{-21.286)

il

101°

The ratio of the hourly diffuse to the dally diffuse ( ryq ),
and of the hourly total to the daily total (hr) areg given
from figures B.2 and B.1 respectively. The results are
computed in table F.4. The same table gives the mean hourly
values o? the angle of incidence ( 6 ), {calculated Ffrom
equation &.5), the vertical solar swing éﬁﬁ, (calculated
from egquation A.&6), the azimuth angle €92} {equation A.4),
the collector®s optical efficiency (from figure 4.9, the

direct radiation impinging onn the concentrator { }

I5
tcalculated from eguation F.2 @, and the heat absorbed by the

receiver (B, .J (calculated from eguation 3.43)

2. Theoretical analysis.

Let us examine For example the case when the absorbed

radiation by the receiver is

Qabs,rm 67.2 w

— 148~


http:cos(-tan(-26)-tan(-21.26

Hours from s.n. 0.5 1.5 2.5 .5

v 0.130 0.118 0.102 0.077
H, (KdI/hr/m?) 3125 2832 2452 18s1
y 0.118 o.111 0.098 0. 080
Hy (KJ3/hr/m?) 1010 950 839 684
Hy (KJ/hr/m?) 2115 188z 1613 1167
0 ! . 7.24 21.14 35,11 49.01
By, O 1.89 3.31 6.5% 11.15
n, 0.4556 0.453 0.447 Q.40
cos 8, . 989 0.933 0,823 0. 669
I, (W 147.3 130.7 111.3 79.5
Qaps,r (W) 67.2 59.2 49.8 31.8

Table F. 4 Radiation absorbed by the receiver

The thermodynamic cycle is shown in figure F.l.b, where the
temperature Ty is unknown. However it can be caclulated by

solving equation 3.47.a using an itterative techniqgue as

shown in table F.G.

Ts Bre; {mcy ) AT Gy a, t ool
39 1090 4500 24 17.4 22.09
40 102 4030 230 17.8 28.07
[Z=.5 1055 4275 226 17.6 | 30.04]
Table F.S Evaluation of the temperature Tg
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After the temperature T; and the time of the cooling process

have been established, the pump’s performance was evaluated

as follows:

Time of the heating process (from equation 3.47.a&)

theat= @

(mcp ) AT + Qadd
+Ql

abs,r

4275 + 1061.5
67.2 - 17.86

i

107.6 sec

Il

Cycle’s time (from equation 3.483

t =
o] theat * tcool

107.6 + 30

il

137.6 sec

Pumped water flow rate (from equation 3.49)

Pump’e efficiency

v-vd
d tc

300
137.6

= 2,18 ml/sec

{(from equatiaon 3X.30)

p.g-H-Vd

T
a
1000 9.8 1.2 2.18 10~

0.1 147.3
4

3

= 1.74 10~

By repeating the above procedure for different values of

the absorbed radiation, the results as computed in table F.6
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are obtained,

Table F.6&6

:SN

table

daily capacity is obtained.

Hours from s.n.

I, (W
Qab%, (W
Qd {(ml /sec)
Ty

<
]

147 .3

&7.2

2.18

1.74

1.46

2.9 3.5
111.3 79.5
4.8 1.8
1.42 .56
1.50 0.83

Using the wvalues +for the

F.b4, the

following

Fursp’s dally capacity.

pumped

wataer

a graphical

this table is shaown in figure 4,28,

o

Fump’™ s performance for the 15" of January

+law rate

rapresantation

Sclar time Pumped water (1t)
?  am 207
10 7.1z
11 3.75
12 21.60
1 pm 27.38
2 24,0
= 3F.11
4 41.13
Table F.7 Fump™s dailily capacity.
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F.3 CALCULATION OF THE PUMP’S DAILY CAPACITY FOR THE 15™

OF JUNE

The procedure to calculate the pump’™s daily capacity +for
the 15" 0f June is identical to the one developed to predict
the pump’s performance for the 15" of January, and explained
in the previous sections. Therefore no  analytical

calculations will be presented. All  the results are

tabhulated in table F.8

S =23.30
Ws=77.9°
Hr=14124 MJ/day/m?

H,=2868 MJI/day/m

Hours from s.n. 0.5 1.5 2.5 3.5
T 0.158 0.140 0.109 0.069
H. (:J/hr/m?) 2232 1977 1540 P75
ry Q.147 0.134 0.110 0.076
Hy (KJ/br/m?) 422 394 315 218
Hy (KJ/hr/m?) 1810 1593 1225 757
0 (%) 7.93 21.26 35.02 48.76
O,y (0 3.54 S.45 8. 96 15.74
n, 0.452 0.44% 0.442 0.272
cos 6, 0.645 0.589 0.482 0. 329
Raps,r (W) 87.2 78.6 63.6 28.6
Vy  tml/sec 3,49 .31 Z.65 1.00
Un 2.25 2.22 2.18 4.11

Table F.8 Fump®™s performance for the 15" of June.
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APFENDIX G

RESULTS OF THE PRELIMINARY TESTS

2, =310W @, =365W Q;,=420W @,,=485W

mar)  Vm) A wey A Yy A Vy ‘A Vg

35 400 0.44 4.08 0,48 4.35 0.55 4.71 0.68 5.56
350 0.46 4.00  0.52 4.27 0.59 4.55 0.72 5.22
300 0.49 3.83  0.58 4.17 0.65 4.48 0.77 4.84
250 0.54 F.70 Q.64 4.03 0.73 4.17 0.88 4.39

[0 400 ©.42 4.21 0.45 4.44 0.5z 4.88  0.65 S.711
IS0 0.44 4.08  0.49 4.38 0.55  4.47  0.66 5.38
300 ©0.48 .92  0.53 4.7 0.59 4.55  0.70 S.00
250 0.53  3.79 0.58 4.17  0.66 4.31  0.80 4.55

100 400 .47 X.88 .54 4.21 0.64 4.50 Q.75 « 33
I50 G449 3,468 Q.57 4.12 .58 4.8 0.80 35.00
300 .32 3.57 Q.63 4,00 0.7 4,29 Q.87 4.62
290 G557 X.48 .68 3.85 Q.81 3.97 .96 4.17

200 400 0,62

3 0.70 4,00 .84 4,21 1.00 4.71
330 0.68 3.
3

4
7 Q.74 3.89 0.%0 4.12

SO0 0,69 4q

250 G.74 1

0,80 Z.75 Q.97 4.00
.88 I.57

Table G.1 Experimental wvalues of the water volume flow rate
<0d> and the utilization ratio (A) versus mass of

working fluid (m ) {(Freon 113 - Water head 0.5m)




mor)  Mym) A uWE) A Yy A Vy

35 400 a.5%  2.27 Q.60 2.83 Q.&7  F.57

330 G598 2.25 Q.64 2.79 Q.72 3.48

J00 0.64 2.22 .72 2.71 .81 E.3F58

250 0.72 2.18 .80 2.58 Q.92 Z.02

50 4010 0.83 2.35

[l
L
i
I
0
i
>
o
(#)]
i

6]
fut]

250 C.836 Z.EX .61 2.98 0.6%9 3.64
EQO .60 2.31 O.67 2.81 G377 3.53

280 Q.68 2.27 0.7 2.467 .88 3,13

104G 400 Q.61 2.22 D.467 2.77 G. 76 .48
350 T.=4  2.19 g.71 2.71 Q.81 E.3E3
JO0 .72 2.14 .78 2.58 0.90 3,164

2580 0.80 2.08 a.88 2.44

200 400

o
~
m

J
<
o
2
o
o
pJ
o
h
te}

.98 I.303

300 0.920 2.00 0.8 2.44

Table 6.2 Experimental values of the water volume Fflow rate
(Vq) and the utilization ratio (A1) versus mass of

working fluid (my} (Freon 113 —~ Water head 1.2m)
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), ,=365W 2, =420W Q,,=485W @, =S55u

m (1) vgm) A va(®s) A Vg A Vg A Vg

35 400 0.27 3.70 0.31 4.44 0.3I8 5.33 0.46 5.97
ISO . 0.3I0 3I.57  0.34 4.27  0.40 S5.00 0.49 5.65
300 0.34 3.41  0.39 4.00 0.44 4.562 0.54 5.17
250 0.39 3.21  0.51 4.03 0.67 4.55

S0 400 0.26 4.00 0.30 4.71 0.37 5.41 Q.43 6.30 |
IS0 0.29 .89 0.33 4.55 0.38 5.3 .46 5.93
300 0.33 I.66  0.37 4.29 0.42 S5.00 0.50 5.45
250  0.38 3.I3  0.47 3.85 0.48 4,55 0.58 4.81

1040 400 .29 .54 D0D.3% 4.35 Q.40 35.13 0.49 5.71

350 a.31 .43 0.36 4.172 0.43 4.79 0.3% 5.30

300 0.35 X.33 .40 3.895 0.47 4.41 0.58 4.84

230 g.40 3,01 0.46 3.42 0.54 .85 Q.66 4.17

200 400 .31 3.3 0.36 4,00 .43 4.71 .51 5.33

3306 .34 3,24 0.

0
-0
V @]
D
b
o
b
iy
=
i
V4]

.36 4.93

300 .38 3.06 0.4%  F.353 Q.31 4.00 Q.62 4.41

250 Q.44 2.84 .30 3,13 .58 .57 0.70 3F.85
Table G.3= Experimental values of the water volume +flow rate

(Qd) and the utilization ratic (A) versus mass of

working fluid (m;) (Methanol - Water head 0.3m)



Q, =365 Q, =420W e
m (ar) wm) A Vd(msl-) A v A \:o'd A vy

33 400 Q.37 2.4&7 0.43 .41 Q.52 4.12 0.61 5.04

B0 0.40 2.46 0.48 3.08 0.37 .98 0.68 4.83

F0G Q.44 2,32 .84 2.82 .65 .77 0.7% 4.37

350 0.39 2.76 G.46 3I.33 .54 4.27 0.63 5.0Q
300 .45 2,850 Q.82 3,00 O.5681  4.00 Q.70 4.62
250 0.50 2.17 O.61 2,63 Q.70 3.857 a.81 4.17

100 400 0.39 2.42 .47 3.14 0.85% 3.87 0.65 4.88
350 c.42 2.3t .30 2.87 G.61 3,74 .71 4.61
300 0.46 2.17 Q.37 2.5% 0.69 3.51 Q.80 4.17

250 .53 1.94 0.67 2.29 Q.79 .18 Q.96 3E.68B

200 400 .44 2.35 0,51 2.90 O.481 F.64 Q.73 4.44
350 0.47 2.19 G.56 2.65 .68 3F.30 .80 4,12
300 Q.32 2.02 G.63 2.40 0,77 E.26 0.91 3.7S
250 Q.58 1.79 a,74 2.12 0,90 2.94

Tabhle G.4 Experimental values of the water volume Fflow rate

(V4) and the utilization ratio (A) versus mass of

working fluid (m;) (Methanol - Water head 1.2m)
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Qm=420w Q,,=485W &,,=555uW Q, =5630W
me) V) A W A g A vy A v
35 400 0.19 4.55 G.20 5.33 0.21  6.25 Q.24 5H.75
380 .21 4,22 0.22 3.900 G.24 5,90 Q.26 6.14
300 0.24 3X.88 Q.25 4,62 Q.27 5.32 .29 5.35
250 0.28B 3Z.3B G.29 3.97 0.30 4.88 G.22 4.81
[s0 400  0.18 4.60 0.19 5.48  0.20 &.3I5  0.23 7.02 |
50 0.19 4.38 .21 5.22 0.20 6,03 0G.25 6.36
J0G 0.22  4.00 .24 4,748 0.25% 5.45 0.28 S5.77
230 0.26 .47 0.28 4.17 Q.30 4,72 0.32 5.00
100 4040 0.19 4,34 O.20 5.25 0.22 6.08 0.24 6,57
350 .21 4.12 Q.22 4.91 Q.24 5.78 Q.26 S5.93
300G Q.2 .73 0.26 4.53 0.27 3S.21 0.29 5S.38
250 Q.28 3.3Z3 0.29 .83 0.31 4.45 Q.33 4.66
200 400 Q.20 4,21 GL.21 5,00 .24 5.88 0,25 4.1
3s0 .22 3.8%9 D.24 4,67 .26 5.38 Q.27 5,45
300 0.25 3.53 0.27  4.11 .29 4.84 0.31 5.08
250 .29 3I.13% Q.30 3,97 Q.34 4,17 0.36 434.31
Table G.1 Experimental values of the water volume flow rate

<0d) and the utilization ratio (A) versus mass of

working fluid

(mf)

(Cyclohexane — Water head Q.5Sm)

—-157—




&, =420W Q, =485 Q, =S55W Q;, =630
My ar) Ud(m DA Ud(msl_) A “}d _ A {"d A Vg
35 400 0.25 3.81 .27 4.21% .29 5.00 Q.31 5.97
350 0.28 3I.61 .30 4.02 0.31 4.467 .33 5.56
00 0.32 3.26 0.34 3I.66 Q.F6 4.26 Q.38 4.%7
250 .38 2.78 0.4¢ 3,25 Q.42 3I.7& G.45 4.31
50 400 0.24 3,92 0.26 4.25 0.28 5.26 Q.30 &.18
350 Q.27 3.68 d.29 4.12 0.30 4.86 0.33 5.83
300 .30 IL3E3 .33 2.75 Q.35 4,48 .38 5.28
230 0.3& 2.87 0.38 3.33 0.40 Z,85 C.44 4.35
100 400 06.26 3.74 Q.2 4.12 02.30 4.88 0.32 5.80
I50 G.2%9  X.50 O0.31  3.93 0.32 4.355 0.34 85.738
300 .33 3.16 0.35 3,57 0.3X7 4.05 0.40 4,84
250 Q.39 2.72 G.41 3.16 0.44 3,32 0.44 4.17
200 400 0.26 3.44 0,28 ZX.92 Q.20 4,74 Q.33 5.72
350 Q.29 3.09 G.32  3.77 .34 A.43 Q.36 5.2
300 0.3% X.409 -6 .49 Q.3 S.92 .41 4.61
230 0.40 2.66 0.42  3.08 Q.46 3.41 Q.48 4.06
Tabhle G.1 sperimental values of the water volume flow rate

(QG) and the

working fluid

util

(mg )

lization ratioc (A) versus mass of

{Cyclohexane - Water head 1.2m
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APPENDIX  H

COLLECTOR™ G OPTICAL EFFICIENCY

H. 1. Measurement of radiation intensity.

The measurement of the radiation intensity incidence on
the reflector was done in the following manner.
The radiation intensity for normal incidence was measuwred at
54 positions at the apertuwre of the concentrator as shown in

figure H. 1.

f ' T T ; ' ' T
ot + + + + + + 4 A
d+ + + + 4+ + + 4 -
¢+ + + + + + + 4+ A
b+ + + 4+ + + + + -
8 ——t—t : %

i {

1 ¥ i
1 2 3 & & B 7 8 g
Figure H.1 Measuwrement of radiation at the collector’s

aperture
Table H.1 shows  the output wvalues of the solarimeter. The
mean radiation intensity was approximated as the average

value of the intensities at the various positionss:

mean irradiation =7.72 oV




a b c d e f
1 1.62 1.69 1.789 1.78 1.89 1.71
2 2.77 2.05 Z.21 Z.13 F.03 2.72
3 4.32 S5.04 5. 39 6.16 &.06 5.09
4 6.43 g8.27 .27 10.36 106.25 g8.58
S g.88 11.4 12.8 14.38 13.33 11.65
& .41 10.86 12.87 14.4&6 13.24 12.07
7 8.13 7.31 10.72 11.78 11.02 10.16
a8 5.25 5.32 5.91 6.13 5.14 6. 04

? .04 .08 2.93 2.98 2.86 3.02

Taple H.1 Values of radiation intensity at the collector’s

aperture

The solarimeter conversion factor i1is speciftied by the

L

manufacturer

1 KW/m* = 11.8 mv

Thus the radiation intensity was calculated as:

I = 654.2 W/m’
n

H. 2. Receiver’s heat capacity

The procedure to evaluate the heat capacity of the
receiver and coeling system has already been described in
section 4.2. The energy balance eguation +for the system

(receiver and cooling system)+{hot water) gives

~1&0~




AU= 0
(mcp)~AT+ (mcp)w-ATw =0

) w

pw AT

(mCP) = {(mc

The wvalues of the variables involved in the above eguation

were evaluated to be:

(mCP)w = 2097 J/°C ATW =1.76 °C

AT = 8.24 °C

Theretore, according to equation H.1, the heat capacity of

the receiver and cocling system is

(mcp) = 450 J/°C

H. 3. Optical efficiency

The procedure to evaluate the collector’s optical
efficiency was described in section 4.2. Assuming that the
heat losses are negligible, the energy absorbed by the

receiver is utilized to increase the system’s - internal

energy.
.Qabs,r = (mcp)-AT + (mcp)w-ATw
H.2
= [(mc + {(mc -AT
[(me ) + (me ), 1-A
Therefore the optical efficiency is
mc + (mc "AT
g _Lmep) * (mep),] s
o t'Aa'ID,n-COSG
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The results of the tests are given in table H.2.

6,9 TO) t(s) n,
0 2.83 &0 0. 46
s 2.76 60 0.45
10 2.67 60 0.44
15 1.67 &0 0.28
20 1.10 60 0.19
30 0.72 90 0.09
40 0.21 F0 0.03

Table H.2 Collector™s optical efficiency.
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APPENDIX I

RESULTS OF THE FINRL TESTS

8, =120W 0,,=105u Q,,=85W @, =70W
‘ 4 . e e
H A yyml/ss)  7).10 Vg UM g M, Vd U
o 0,70  2.07 1.66 1.2 0.69
0.6%  2.14 1.74 1.25 0.70
0.57  2.22 1.82 1.30 Q.71
0.50  2.34 1.86 1.35 0.73
0.43  2.46 1.96 o 1.42 0.77
1.75  0.70  2.00 2.86 1.64 2.68 1.20 2.42 0,68 1.67
0.63  2.09 2.99  1.71 2.79 1.21 2.44 0.69 1.69
0.57  2.16 3.09 1.77 2.8% 1.26 2.54 0.70 1.72
0.50  2.27 3.24  1.83 2.99 1.32 2.66 0.72 1.76
0.43  2.30 3.43  1.90 3,10 1.41 2.84 0.75 1.83
2.75  0.70  1.94 4.36 1.58 4.06 1.17 3.71 0.67 2.58
0.63  2.02 4.53  1.47 4.29 1.20 3.80 0.68 2.62
0.57 2.08 4,67 1.71 4.39 1.22 3.87 0.69 2.66
0.50  2.19 4.92  1.77 4.54 1.27 4,03 Q.71 2.73
0.43  2.31 S.19 1.85 4.75 1.39 4.41 0.73 2.81
3.45 0.7 1.77 4.99 1.42 4,57 1.09 4.33 0.66 3.19
0.63  1.86 S5.24  1.54 4.95 1.11 4.42 0.67 3.24
0.57 1.94 S5.47  1.60 S.15  1.15 4,57 0.468 3.28
0.50 1.22 4.85 0.69 3.33
3.15 0.70 1.56 5.29 1.33 S5.15  1.05 5.02 0.64 3,72
0.63 1.62 5.49 1.38 5.35 1.09 5.21 0.65 3.78
0.57 * * * % 1.13 5.41 0.66 3.83

* see externsion tabhle 1.2

Table I.1 Qj—H diagram for Methanol
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QW) A Hpam) Vg tmlzsy 710t
120 0.43 2.80 2.28 .21
0.30 J.20 2.12 5.54
Q.57 I.70 1.%94 5.8&
Q.63 4,30 1.54 5. 40
Q.70 4,70 1.45 5. 96
1053 (.43 Z.0 1.78 4,36
0.50 2.40 1.66 4,61
Q.57 3.90 1.32 4.84
0.63 4,40 1.26 4.33
Q,70 4,80 1.22 4.78
83 Q.43 3. 20 1.29 3.37
G, 90 3. 60 1.17 .44
0.37 4,10 1.05 3.52
0.63 4,60 1.03 .87
0.70 S.0 Q.95 z.88
7 .43 3. 40 Q.70 1.94
0,5 .80 Q. &7 2.08
.57 4.30Q Q.44 2.25
0.63 4.75 .61 2.37
0.70 . 20 0,98 2.446
Table 1.2 Extension of table 1.1
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Q,,=120W ?,=105W 2,,=85W Q,,=70uW
) 4 e » ®
H(m) A Vyiml/e) URL Vg U Va1, Vg um
0 1.0 2.46 3.13 3. 90 4.41
0.9 2.65 3.24 4.10 4.76
0.8 2.86 3.55 4.54 5.30
0.7 F.02 3.78 4.87 5.83
0.5 1.0 2.34 1.64 32.00 1.73 3.75 1.75 4.29 1.7S
0.9 2.53 1.77  3.16 1.82 4.01 1.87 4.70 1.92
0.8 2.79 1.95 .47 2.00 4.44 2.08 S.24 2.14
0.7  2.93 2.05  3.71 2.14 4.76 2.22 S5.76 2.35
1.0 1.0 2.21 3.10 2.86 3.30 3.53 3.29 4.1& 3.40
0.9  2.44 3.42 3.06 3.53 3.92 3.66 4,60 376
0.8 2.68 3.75 3.38 3.90 4.32 4.03
0.7 2.85 3.99
1.5 1.0 2.07 4.35 2.70 4.67 I.3& 4.70 *
0.9  2.32 4.87 2.91 S.03 * * N

* see extension table 1.4

Table I.3 QS—H diagram for Freon 1

13 (exuperimental values)

g, A Hpax(m) Vg (ml/s) 7100
120 0.7 0.7 3.2 5. 62
0.8 0.9 3.79 5. 16

0.9 1.1 4.02 .48

1.0 1.3 3.14 Z.90

105 0.7 0.8 3.40 4,55
0.8 1.1 3.36 4.25

0.9 1.3 4,57 3.77

1.0 1.5 4.70 3. 36

85 0.7 0.9 3.74 3. 60

0.8 1.2 3.54 3. 28

0.9 1.5 5.03 2.91

1.0 1.7 S.10 2.60

70 0.7 1.1 3.99 2.85

0.8 1.3 4,55 2.50

0.9 1.6 5.04 2.25

1.0 1.8 3.79 1.90

Table 1.4 Extension of table I.3
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