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CHAPTER -1

Review on solar concentrator and receiver system and its

application



CHAPTER - I

1.1 INTRODUCTION:

Solar concentrator and receiver systems, using linear solar
concentrators,have been given importance for the last many years.
Some important applications of solar concentrator - Treceiver
systems already reported in some research papers [1-6]) are -
production of electricity by an electrical generator coupled to
a steam turbine, driving of steam turbine or steam engine
along with a centrifugal pump to lift water for irrigation and
driving of a steam engine to run a printing press, etc. In the
above systems, fluids with 1low boiling point, such as ammonia,
ether etc. have been taken as primary fluid and water as
secondary heat transfer fluid. However, water may also be used as
primary heat transfer fluid if steam is required to be produced.
Steam can be produced using highly concentrated solar radiation
eshled . can easily be achieved using solar-concentrator receiver
system. Two common ways of developing concentrated radiation have
been explored viz, the glass lens and the reflectors. These
devices concentrate the solar radiation to focal plane. If a
receiver is placed on the focal plane which receives concentrated
radiation, then the temperature of the receiver 1is increased
considerably. The temperature of the receiver can easily be
controlled by the concentration factor and the mass flow rate of

the working fluid passing through the receiver.



In this chapter, a rigorous effort has been made to review
the works done on various aspects of concentrator - their
geometries and performances, applications of the concentrators
for producing super saturated steam and then the application of
super saturated steam, thus produced in generating electricity

and driving water pumps, etc.

1.2 SOLAR CONCENTRATORS:

Solar concentrators are the collectors which are designed to
condense the large amount of solar radiation upan a relatively
small absorber area. Solar energy collection at high temperature
can be achieved with the help of concentrator which focusses the
solar radiation collected over a large area to a much smaller
area, where it is absorbed. Not only high temperature of energy
collection 1is possibie by this method, but also the heat 1loss
from the absorber is reduced considerably due to small heat
transfer area of the receiver in contact with the ambient air.
Since, a solar concentrator is an optical system, it is necessary
that it faces the sun at all times in order to focus the maximum

solar flux on the absorber surface. The essential componenfs of a

solar concentration receiver system therefore, are:

1) an opticel device to focus solar radiation, and 1ii) an
absorber., However, in case of a concentrator-receiver system
designed for normal incident of flux on the aperture plane of the
concentrator, the system is also provided with a tracking system.
In the recent years, many developmentes In design and use of solar
concentrators have been reported [5-7]. The conventional 1imaging

reflecting sand/ or refracting devices have found applications in

-
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both the line focus and the point focus geometries.

A concentrator is characterized by the following parameters:

i) Aperture area: It is the plane area through which the incident

solar flux 1s accepted and is defined by the physical extremities

of the concentratp¥$.

ii) Abs: bher area: The total area that receives the concentrated

solar flux. It is the area from which the useful energy can be

Y

Shraaned

iii) Acceptance anple: The limit to which the incident ray path

may deviate from the normal drawn to the aperture plane and

still reach the absorber, is defined as the acceptance angle,

iv) Local concentration ratjo: It is defined as the ratio of the

flux arriving at any point of the receiver to the incidence flux

at the aperture of the concentrator.

V) Geometrical concentration ratio: It is defined as the ratio

0f the aperture area (A ) of the concentrator to the area of its
d
absorbing surface (A ) ie,
abs

R = A /A (1.1)
a abs

It represents the maximum factar by which solar radiation

can be increased on the receiver surface.

the
vi) Intercept factor: It ig(fractlon of the total avallsble

radiation energy received by the absorber. For the line focussing

Concentrator it is defined as



TS T T T T TS
j 1ix) dx (1.2)
Where, 1(Xx) is the intensity of radiation received at a distance

from the focal line of the concentrator in the focal plane

and 'W' i1g the width of the receiver,

Ity Optical efficiency: The optical efficiency (m ) of the

system is defined as the ratio of the energy absorbed by the
receiver to the energy incident at the collector aperture. It
depends on reflection or refraction loss, inaccuracy in tracking
the sun, shading of the aperture by the absorber and mounting
systems, intercept factor, transmittance of cover for the

absorber) material and emittance of the absorber.

Vi Thermal efficiency: The thermal efficiency (m ) of a
th
concentrator is defined as the fractiaon of the 1incident beam
energy effectively delivered by the concentrator, ie,
th 3| b a
T - T
abs a
:']] - —
0 L
I (A/a )
b a abs
T - T
abs a
:1" - U
o L
I C (1.3)
b
Where, q = UWseful! energy
u
1 = Solar beam flux
b
U = Overall heat loss coefflcient
L
T = Average temperature of the absorber
abs

5



n

T

a

n

0

Limit of concentration:

Ambient temperature

I

Optical efficiency

The maximum geometrical concentration ratio that can be
achieved Dby a concentrator depends upon the angle of acceptance

for which it is designed. It is given by:

1
C Z eemee- , for a point focussing system (1.4)
ma X
2
Sin P
m
C i
and MaxX = =—-me—- , for a lipe focussing system (1.5)
Sin @
m
However, because of finite size of the sun, every concentrator

must haeve a minimum acceptance angle of 16' which is half the
substense angle of the sun on the earth. The limiting
concentration possible for the two types of concentrators are

about 45,000 and 200 respectively.

Concentration ratio and operating temperature:

Concentrators are usually used for high temperature collection of

solar energy. Under this condition, radiation 1loss is wmost
dominant. For sake of simplicity, the heat loss [Q1u<7 can be
written as
g 4
loss = U (T - 1T ) A (1.6)
L abs abs
Where, U Ef fective heat loss coefficient
l
4 4
f T I . then the equation (1.6) becomes
abs a
q 4
loss = U T A
abs abs (1.7)



1f € be the emissitivity of the absorber and ¢ be the Stefan's

constant, then the heat loss ('[, ) can ¢ written as,

g 4
logss = €T A (1.8)
abs abs

1.2.1 CLASSIFICATION OI" SOLAR CONCENTRATORS:

Solar concentrators may be broadly classified into three

catagories, namely,

i) point focussing,
ii) line focussing, and

1iii) line focussing ol limited extent,

Each catagory, may be i) a reflecting or refracting type

ii) single piece or composite optical surface type, iii) tracking
or non-tracking iv) imaging or non-imaging and v) single stage or
two stage type solar concentrators,

Practically, all point focussing concentrators require two-axis
tracking. They have circular symmetry and are generally used when
high <concentration ratio is required. A circular fresnel lens,
paraboloid of revolution and the central tower receiver system
are the examples or this catagory, Line focussing linear
concentrators have cylindrical symmetry and are generally used
when the concentration ratio is sufficient in the intermediate
range. A cylindrical parabolic trough, etc. belong to this
catagory.

A third type of the solar concentrators also exist whicn produce
8 line focus of limited extent. The truncated cone or axion, the
brmi-spherical bowl mirror belong to this class of concentrators.

There are some other miscellaneous concentrator . designs which

7



rnﬁ%
can, be grouped into either of the catagories of concentrators

A~
earlier described. These designs include a catchall type
collector, chromatic dispersion concentrator, dispersive
concentrating systems based on transmission phase holograms, a

quasi cylindrical array of plane mirrors and an array of

Independently steered mirrors on a single frame, etc.

Among the various designs of solar concentrators, the commonly
used concentrators in the generation of solar steam to produce
electric power and other applications, include parabolic trough
(81, dish type concentrators such as parabolic dish or paraboloﬁl
of revolution or by a spherical dish [9), Fresnel lens, segmented

mirrors and heliostat used in central tower receiver system, etc.

1.2.2 POINT FOCUSSING CONCENTRATORS:

1.2.2.1 DISH TYPE CONCENTRATOR:

Dish type concentrators have the advantage of higher
toncentration of solar intensity at off noon hours (Fig.1.1 )

Two~dimensional tracking is required to obtain high performance.

An intriguing approach has been proposed by J. Reichert of
Texas T¢ h, university, in which large dish of about 200 ft.
diameter Is built into the ground to resemble a football stadium,

¢ the smaller dishes, which are paraboloids of revolution,
'he large dish has been proposed as a spherical mirror, The
Paraboloid nhas theoretical property that it will focus parallel
light into single focal point. However, the paraboloid must be
Folated to make ft co-axial with the solar rays. The dish

Proposed by Reichert utilizes a fixed spherical lens ang



movable receiver and has been called the FMDF (fixed
mirror/diffuse focus ) collector. In principle, the optics of a
paraboloid Le far superior to the optics of a spherical lens,
The concentration ratio for a paraboloid can be determined
easily from the basic geometry but depends on the shape of the

absorber. For a spherical absorber, it is given by

2
Sin ©
r
C Z cemee——n
sph
2
4Sin‘,§' (1.9}
Maximum concentration is achieved for @ =7/ 2, which is

r
oene fourth of the ideal limit, Wide studies are going on various

types of dish concentrators to find their thermal and optical
performance and their application in the field of solar steam

geéneration [9].

1.2.2.2 COMPOUND PARABOLIC CONCENTRATOR:

A two - dimensional compound parabolic concentrator
consists of two similar parabolic segments placed 1in such a
manner that the focus of one parabola falls at the lower end of
the other. The axes of the parabolic segments are inclined to the
compound parabolic concentrator axis, on the either side, by the
acceptable angle. The slope of reflector surface at the aperture
is parallel to the optical axis of the above concentrator, Thus
the rays entering the collector at the maximum acceptance angle,

are reflected tangentially to the surface of the absorber (figd.2)
50 that

?

- A ey -

3

tan @
max
2 H (1.10)



Where, H = Height of the conc¢centirator

D - Width of the aperture of the concentrator

d = Width of the absorber

& = Acceptance angle.
ma x
The geometrical concentration ratio of the above
concentrator is the ratio D/d. It can be written as ! in @
max
by the relation.
[} (1 + sin @ )
max
H Z eemmemmtccmer i ecamaae-
2 tan D . f1.11)
MmeX

Work onr this type of concentrator is being carried out currently

to find the thermal and optical performance 1in many research

centres, throughout the world [10 T[.

1,.2.2,3 CIRCULAR FRESNEL LENS

The principle of operation of a circular Fresnel leps is
similar to that of linear fresnel lens., Such lenses are used to
generate high concentration of light rays. The aperture of
circular Fresnel lens is divided into zones, the spacing of which
ranges from a few lengths of millimeter to several centimeters,
wWithin each aperture zone the surface of the lens is tilted such
that its optical behaviour is similtar to that of conventional

spherical lens of same focal length (Fig.1.4]).

1.2.2.4, SEGMENTED MIRROR REFLECTORS:

An alternative to the parabalic trough [s & segmen t ad

ig



mirror system, which replaces the large curve surface to
approximate the surface angles of a trough (Fig. 1.5). The
principal Dbope of this design is that the sum total of costs of
narrow mirror segments can be fahricated for less than a large
curved trough. The mirror segments can be fabricated flat so that
the concentration is simply the number of stats (less one for
receiver shadow). The receiver for a segmented mirror reflector
gystem with flat stats can be similar to an ordinary flat plate
collector which faces downward. Recent studies show that using
about 6-8 stats, it is 9possible to achieve the elevated
temperatures required for solar cooling. For additional
concentration, the individual stat can be curved as «oirculsar
cylindrical surface to concentrate the reflected lipht on the
receivers, Use of 10 mirror segments and a secondary

concentration ratio of 3 should produce an oversall theoretical

concentration ratio of about 30,

The advantages of the segmented mirror reflector are that Jhe
receiver is fixed and the mirror stats are small and presuomably
relatively inexpensive. Efforts are zoima, for further improvement

of the above concentratorg so that these concentrators~naq be used
L

in solar steam generating system [11-12].

1.2.2.,5 CENTRAL TOWER RECEIVER SYSTEM:

In the central tower receiver system, solar radiation 1s
reflected from a large number of inCependently steered
mirrors,called heliostats, to a central tower receiver as shown

in Fig.1.6 The arrangement overcomes, namely, the need

e
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plumbing, <carrying the working fluid over a long distance,
rotating joints and heat loss from large numbor of recelvors,

Concentration ratio of about 3000 can be achieved from such a

system, It however, depends upon the shape of the receiver, the

fraction ( 1 ) of ground area covered by the mirrors, and the

angle @ . subtended by the heliostat field at the recelver
r

(corresponding to the rim angle ), It can be expressed 2as

2
sin @
r
C = U e __ (1.12)
sph
z
3 sin =&
; 1 .
¥ cos ( Ppe+ =0 ) sin P
and C - __-----_-__-------------j: (1.13)
flat
2 »
sin %o
The value of y varies between 0.3 to 0.5. A typical

heliostat from M,B.B. consists of 16 square mirror elements each

2
of 1.3 m x1.2 m. Its reflecting surface has an area of about 23m

and the mirror elements are of 3mm4;cfioat glass spherically
shaped and back silvered, designed to form the solar image at a
distance of 200mm, Another typical heliostat manufactured by
CETHEL has an area of 51.8 m2 built up of 8 modules of 6

rectangular mirrors each of 1.8m x0.6m, The mirrors are 6mm (hick

and are made of back silvered float glass.

Considerable research efforts haye been “'L\Jﬁv{ . Iin last 15 to 20
years 1o develop a central receiver helicstat system whirh
utilizes a large number of large size heliostat in the sysiem

and it has been directed towards high temperature applicatiansg

(13-17]).

12



1.2.3 LINE FOCUSSING CONCENTRATORS:

1.2.3.1 CYLINDRICAL PARABOLIC TROUGH:

A cylindrical parabolic trough [18-19]) as shown in Fig 1.7
is an optical imaging device used to focus a parallel beam into a
line image. The concentrator is rotated about an axis to track
the sun, Such a8 concentrator may be decicded in terms of its
aperture diameter (D ), rim angle (@f } and absorber shape and

size. The focal length (f) of the system is given by
D = 4 T tan Qy/2 (1.14)

The geometrical concentration ratio for a flat horizontal

absorber can be expressed as

sin @ Cos(® +§)
r r

C ., horizontal = emecee—e-- -————— -—- =1 (1.15)
flat

where, = Angle of inclination.
For a cylindrical absorber, the geometrical concentration ratio

has different form, namely

C 2 mecccmcc—cmec—————— (1.16)
cylindrical
sin‘%
The geometrical concentration ratio has the maximum value for
@ = 450, in case of flat, horizontal absorber and for @ = 900 in

case of cylindrical absorber,

A parabolic trough may be put in any of the three orientations

12



viz., E-W, N-S or polar. The polar mount, however, collects more
radiation than others, An interesting configuration of a8
parabolic trough is the one in which the receiver is cylindrical
or flat plate, placed on the focal plane and along the
geometrical axis of the parabola,

Work on this class of concentrators is being carried out in many
centres of solar energy research throughout the world and somoc of
the findings have already been published in the form of research
papers. Efforts have been made to explore the possibility of
using the above concentrator and and its derivatives 1o produce
solar steam.

1.2.3.2 COMPOSITE PARABOLIC TROUGH:

Large parabolic troughs are generally built wup wusing
mirror strips because of ease of fabrication. Such concentrators
give relatively smaller c¢oncentration than single piece

reflector. The. are symmetrically arranged on either side of the
optic centre and the other in which the optic centre lies in the
middle of the central element (Fig.8).

The concentration of a composite parabolic trough depends
upon the shape of the receiver, as well as, the width of the
mirror element used to built up the parabolic¢ surface. Larger the
size of the wmirror element, smaller is the concentration
produced, Some recent studies on the geometrical optical
performance characteristics of such composite parabolic trough
have been done which reveal that the above type of concentrator
can be advantageously used for moderate concentration

applications |20-21].



1.2.3.3 LINEAR I'RFESNEI. REFLECTOR:

A linear Iresnel reflector is a concentrating device which is
made of smaller [lal or curved component. It consists of a large
number of long narrow mirror elements mounted on a flat

arrangement (ig. 1.3). Each mirror element is placed such that
all incident parallel rays of light intercepted by the
concentrator are reflected to a common focus. Various design and
performance aspects of linear Fresnel reflector have been studied

in some detail! [10]).

1.2.4, LINE IFOCUSSING WITH LIMITED EXTENT:

1.2.4 .1 Conical concentrator:

Gonical concentrators |22] arc distinguished by thets
simplicity of construction, The basic geometry of 1he conical
concentrator is the mirror surface (which may be single piece or
composite type)y, inclined at a desired angle to the incoming
radiations. The radiations incident at the mirror surface are
directed to its axis (Fig.1.9). All the incident rays at the
mirror surface after reflection cross the axis,thus forming a
line focal image on its axis. The recelvers can be placed on Lhe
axis of the conical concentrator which may either be conical or
Cylindrical in shape. It has, however, been Jound that the
distribution of local concentration ratio will be more uniform
0n the conical receiver as compared to the cylindrical absorber.
According to recent studies on the axicon concentrators, the
shape of the concentrator may =~ deviate from 1{its conventional
conical shape so as to produce more or less uniform idlumioation

on both conical as well as cylindrical absorber., The maximumg

15



theoretically achievable concentration ratio by the <conical
concentrator is 214 in case of conical absorber, where as in the

case of cylindrical absorber is 188.4.

1.2.4.2 Hemi-spherical Bowl:
The mejor components of this type of concentrator are: a
fixed wmirror (spherical or dish shape), a tracking linear

absorber, directed parallel to the sun's rays, a support structure
and a tracking device. The proto type of hemi-spherical bowl
(Fig.10 ) concentrator have been designed, fabricated and tested
at several R § D laboratories of the world [22). The distribution
of local concentration ratio along a finite size absorber has
also been studied, Attempts have been made to calculate the area

of the absorber which may be illuminated during part of the day.

1.3 SOLAR STEAM GENERATORS-CASE STUDIES:

This section presents an overall picture of past efforts
made towards building solar steam generators.

1.3.1 EXPERIMENTAL SETUP OF SOLAR BOILER DEVELOPED IN AUSTRIA

(1854-1873):

The experiment, with solar boilers to generate steam
using reflectors was apparently done by C. Cunter of Laibach,
Austria from 1854 to 1873. He used series of long, narrow mirrors
lying parallel to one another on the ground, each revolving about
its own axis. Each mirror was tilted so that it reflected the sun
Tays on to a long boiler placed above the mirrors and parallel to

them. Linkages between the mirrors caused them all to turn

1 6



2
simultaneously to follow the sun, He found that 18.6 m of mirror

surface <could generate steam suificient to produce 1 HhH,p, of

mechanical power.

1.3.2 SOLAR BOILER DEVELOPED IN FRANCE (1860 - 1878):

A, Mouchot did research on solar energy conversion in
France from 1860 to 1878. He used a conical mirror [45O cones) to
focus solar radistion on a copper boiler located along the axis
of the cone. The boiler was blackened to enhance absorbtivity and
covered with glass to reduce heat losses. The entire apparatus

was tracked manually to follow the sun,

Mouchot demonsirated his first solar engine 1in Paris in
1866. He constructed a second engine in 1875 with financial
assistance from the French government, This engine has a
reflecting surface area of 4 m2 and an axial boiler 0.8 m long.
It produced steam at 50.7x 104 N/m2 and 426 °X. The pressure was
reduced to 20.3 xlO4 N/M2 and the steam was used to operate a
small reciprocating engine at 80 strokes per min. Laterb it was
used to power a rotary engine driving a water pump. The inventor
claimed that this arrangement was capable of producing 0.5 H.P

of mechanical power,.

In 1878, Mouchot built a third engine wh.se boiler consisted of
2
many tubes placed side by side. The reflector area was 5,2 m , It

was tested by two commissions appointed by the French Government.
3
During a period of 176 days the apparatus distilled 2.7 m of

water, The commission eventually concluded that the device was

too expensive to be employed economically.



1.3.3 Solar steam generating system, developed in Bombay, India
(1876-1878):

From 1876 to 1878 W, Adame in Bombay, Indila,
experimented with small plane mirrors arranged to approximate a
segment of a spherical surface of 12,2 m in diameter, focussing
the solar radiation of a thick copper boiler. This arrangement
said 1o have continuously produced steam at a pressure of 20.7

4 2
x10 N/m , running a 2.5 h.p pump for 20 consecutive days,

1.3.4, Eneas solar steam generating system developed in
California (1801):

The most famous solar installations built by Eneas was the one
erected at the Ostrich farm in Pasadena, €alifornia 1in 1901,
According to a report published in 1801, the reflector was a
trun cated cone 10.2 m in diameter with a central opening of 4.6
m in bottom. The inner surface was composed of 1788 smallend flat
mirrors’arranged to approximate the conica! surface. The mirrors
reflected solar radiation on to the central tube boiler 4 m in
length which held 0,38 m3 of water, leaving 0.20 ms for steam.
The entire boiler and reflector system was mounted on an
equatorial axis, automatically clock-driven to follow the sun.
The steam at a pressure of 10.3 xlD5 N/m2 drove an 11 h.p
compound condensing engine belted to a centrifugal pump, At 3
pumping rate of 5.3 rn3 / wmin. against a 3.6 m head, the system
produced a peak power of about 10 h.p. Eneas also bullt another
plant at Mesa, Arizona in 1904 which was moved to Tempe in 1904
and subsequently moved to Willcox, and Cochise, in south-eastern

2
Arizona, The plant used about 65 m of c¢ollecting surface to



5 2 3
produce steam at a pressure of 10.3 x10 N/m . About 2.5 x10 KJ
2
of solar radiation was collected by every m of collector.

1.3.5 Solar steam generating system developed by C. Abbot
in 1936:

In 1936 C. Abbot converted solar energy into mechanical
power via, 05 h.p steam engine. The autho <claimed an overall
system efficiency of 15.5 percent. Solar radiation was
intercepted by a parabolic trough collector whose focal axis was
mounted parallel to the earth's axis of rotation to produce the
familiar eguatorial mounting used by astronomers. Along the focal
axis was a single tube flash boiler encased in a long, double -
walled, evacuated glass sleeve to reduce hcat losses, Water was
fed to the boiler automatically, The system was designed to raise
full steam pressure withyn . five minutes of exposure to the sun's
rays, producing saturated steam at 547 Ok,

1.3.6 Solar steamm genrcrator developed in the C.S., Draper
Laboratory (1970):

A thermal hydraulic model of once through subcritical
steam generator has been developed for predic ting dynamic
characteristics of solar thermal power plant as well as for
control system design. The purpose of the model is 1o evaluate
the overall performance and component interaction with sufficient
accuracy for controller design rather than microscopic occuring
within the steam generator.

1.3.7 Solar concentrator /cavity recelver system develoged by
James A, Harris and Terry G, Lenz (1985):

James A, Harrls and Terry G. Lenz worked on various

configurationgof solar concentrator /cavity receiver system, They

19



studied the thermal performance of paraboloid dish/cavity
receiver system operated at temperatures between 550 and 900°C to
produce saturated steam.

1.3.8 Solar steam generating system 1installed 1in a silk
weaving factory, Bangalore, Ind:. {(1992):

A solar steam generating system, which generates steam at
a rate of 100Kg/hr, and a temperaturc of 150°C has been installed
in a silk weaving factory in India. Parabolic trough concentrator
modules have been used in this system to heat pressurized water

which flashes to steam in a flash boiler,

1.4 Application of solar steam generator to produce electrical
power-Case studies:

This section presents an overall picture of the past
efforts made towards designing solar steam generators for

production of electrical power.

1.4.1 Goddard's solar- electric power plant (1919):

In 1919, R.H. Goddard described the first large scale solar
electric power plant., In his paper he stated that the system
would produce thirty useful horse power when operating wunder a
clear sky between the hours of ten in the morning and three in
the afternoon?the time when sunlight is at its maximum power in
the United states. The amount of power converted into electrical
energy would far exceed the requirements of a large farm; the

unused current could be employed to charge batteries,

20



1.4,2 Francia's solar- powered plant at St. Ilario-Nervi,
Genoa, Italy (1856-68):

The @generation of steam a high tewmperature and pressure
using heliostat and special multi-cellular scolar radiation
receivers was achieved 1in Italy. One such plant built by G.

Francia in 1956 at St. Ilario-Nervi, Genoa produced 18.9 Kg/h of
5 2
steam at 152x10 N/m pressure and 773 9K erage temperature for
2
a 5-6 hour period. 7The <collector area was 30 m . Francia

increased the collector surface area in 1966 which resulted in a

doubling of the average output of the steam from 18.9 Kg/h to
37.8 Kgs/h at a pressure of 152 xlO5 N/m2 and a temperature of
K. The last power plant built in 1968 used 200m2 of
heliostats area producing 149.7 Kg of steam per hour at 152x105
N/m2 pressure and 823 ©k temperature. The bell-shaped boiler of

773 °

0.917 m diameter was about 0.9 m high and absorbed 95 percent

incident solar energy. Although the plant has been used to pump

water, this type of system is now being investigated for this
purpose.

1.4.3 Sun-shine Project in Japan (1974-1981):

In this project, a solar thermal electric power system w. being
developed. This project was initiated in 13974 to develop the
utilization of the systems of new cnergy resources. Two pilot
plants of solar thermal electric power system of capacity . 1000

KWe were constructed on the basis of conceptual and detailed

design in 1981,

1.4.4 Solar thermal electric power plants for Iran (1885):

The production of electricity by solar thermal technique is



evaluated for Iron. A simple economic analysis of solar thermal
electric power plant shows that due to the low domestic fossil
fuel «cost and the present high installation cost of solar
thermal power plants, most o©of the conventional methods of
producing electricity are more economical than solar thermal
electric power plant and will remain so even by 1994, when
nuclear power generation becomes economically attractive for peak
and intermediate loads in Iran provided that the installation
costs of the solar plant is about 2000 sterling/KW,

1.4.5 100 KWe,/700 KWth co-generation solar power plant in
kuwait (1986):

A 100 xWe,s 700 KWth distributed receiver,solar thermal
power plant was installed in a remote desert location 35 KXm
South-West of kuwait c¢ity in the country of kuwait. The co-
generation solar power plant was designed to supply the electric
power and fresdwhgéds of a small agricultural desert settlement.
The power plant utilizes 56 point focussing parabolic collectors,
each five meter in diameter and eqguipped with a two-axis tracking
system. A synthetic fuel is circulated in the collector field via
a pipe line network, where it was heated to 400°. In the energy
conversion system, the heat transfer fluid enters a series of
heat exchangers where it heats up and vaporizes another organic
fluid (Tolune). The vapour under high pressure, operates a radial
flow turbine, producing mechanical and subseqguently electrical
energy. The rejected heat was wultimately wused for powering
multistage flash desalination system to provide the fresh water

needs for the integrated food-water power complex,



1 .
4.6 g KW Solar thermal power plant developed in Sardar Patel
enewable En?rgy centre, Gujrat, India, for electric
power generation and water pumping for irrigation(1987):

A solar powered steam engine system of 5KW capacity for

punping water or generating electricity has been installed in

Sardar Patel Renewable Energy Research centre. It wused 25

parabolic trough concentrator (Vulcan concentrator imported from

Austrjlla) each with dimensions 1.7m x3.6m. It is designed for an

Operating temperature of steam at 2000C with a pressure of

2
10Kg/cm .
1.4.7 Solar thermal electric power plant installed in
Gurgaon, Haryana l1989—92): =
AD experimental setup of 50KV solar thermal power plant

was commissioned iDp 1989 in solar energy centre at Gurgaon near
Delhi, The plant has been operated for 3 years to characterize
energy performance, determine eguipment short comings and

erating and maintenance reguirements.
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2
9 hours a day, ‘ 40KJ per minute for each m of area,

pre<ented perpendicularly to the sun's rays.

In 1883, kricsson, built a large 'Sun motor' which was
demonstrated in New York. It consists of a shallow parabolic
trough 3.3m long and 4.9m wide focussing solar radiation on a
3.5m diameter boiler tube. Steam from the boiler was fed to steam
engine., The wentire aperture was turned manually to follow the
sun. He indicated that su?mer trials allowed operation at a steam
pressure of 24 x 104 N/m driving a reciprocating engine at 120
rpm, With a concentration ration 9, he claimed to generate 1 H_P.

2
with 9.3m of reflecting surface. In 1886, he experimented with a

2.5 H.P, solar engine,

1.5.2 Sun-power plant, to run a printing press and a rotary
water pump developed in France (1878):

A, Pifre experimented with concentrating reflectors and
boilers. Unlike Mouchot, he used parabolic reflectors rather than
trun cated cones. Pifre demonstrated his sun - power plant at the
Paris Exposition 1878. It drove a small steam engine which then

In a report published in 1880, he described

ran a printing press. c

a 9.3m reflector which drove a rotary pump raising about 0,1m

of water in 14 minutes against & 3m pumping head.

1.5.3 Solar powered water pumping system in Auteuli, France
(1885):

In 1885 an experiment was performed in Auteuli, France, during

3
which over 1 m of water was pumped over oune hour using a solar
vapour engine. Sunlight falling on metal roof top collectors,

warmed an ammonta solution driving off ammonia vapour. This

24



vapour displaced the water inside a submerged iron sphere thus
providing a pumping action. A flexible rubber membrane acted as a
bellow, keeping the ammoniae physically separated from the water.
When the water was pumped out, the ammonia was condensed and
recycled, and the cycle began. The inventor claimed that ;n a

warmer climate this type of solar pump could pump about 3 m of

water per hour against a 19.8 m head.

1.5.4 Splar steam genperating plants developed between 1905
and 1908 in California, to drive irrigation pump:

In 1905, a plant was built using sulphur di-oxide as the
working fluid at Needles, California. Heat from the collgctogs
generated vapour pressure of working fluid over 13.8 x10 N/m ,
corresponding to temperature above 344 “K. This vapour drove a 20
h.p slide - valve engine which operated a centrifugal pump, a
compressor and two circulating pumps. A second and final plant at
Needles built in 1908 used a Zeries of single and double glazed

collectors (total area 9.3 m ) to produce water temperature of

355°k. The solar engine attained 15 h.p at a pressure of 14.8

5 2
x10 N/m .

1.5.5 Shuman's solar steam engines for irrigation (1906 to
1911) :

In the period between 1906 and world war-I, F. Shuman built

a number of solar engines, some of which were used for pumping

irrigation water. In 1807, he used solar energy 1in Tacony,

Pennsvlivania to drive a 3.5 h.p vapour engine wusing ether as
3 2

working fluid. In his plant, a pond of 11.2 x 10 m covered by

glass wss used to heat ether which circulated in a heat



exchanger immersed in the water, Ether vapour generation in this

way ran an engine connected to a small centrifugal pump.

In 1910, Shuman built a second type of absorber, basically
a boiler made of two sheets of copper, each 1.8 m, separated by
3 space of 0.05. The boiler was enclosed in wogoden box covered

with two sheets of ordinary window glasss The upper boiler plate
was painted black. His object was to produce saturated steam at a

5 2
pressure of 10 N/m and at a temperature of 473°K. The result

was a peak production of 0.4 Kg of steam during one hour of
system operation on 27th August 1910. The 1000KJ of heat needed

to produce steam meant that the absorption rate for this smatll
2

collector was 672 KJ/h-m .

Shuman concluded from this modest performance that a

concentration aof the sun's rays would be necessary. In 1911, he
3

made a system to pump 11.3 m of water per min. to a height of
10 m, eguivalent to a peak power output of 24 h.p. Shuman

especially designed the engine . for this irrigation plant to

run on low pressure steam at 150 rpm. The single piston had a

diameter of 0.9 m and a stroke of 0.9m.,

1.5.6. A large solar- powered -irrigation plant developed in
1913 in Meadi, Egypt:

A large and important irrigation plant, installed by Shuman
and Boys in 1913 in Meadi, Egypt, consist2d. of a glass - covered
boiler tube%iqggaced along the focusing axis of trough-~ shaped
parabolic cylinders. Each parabolic concentrator ( five in total)

used to generate steam in the Shuman and Boy's irrigation plant,

was (2.5 m long and 4 m wide, providing a total splar radiation



2
collecting surface of 1280.89 m . The concentration ratio of 40

resulted in a over all peak absorber efficiency of 40.7 percent.
The plant developed upto 73 h.p.

1.5.7. Solar steam engine developed in New Mexico for pumping
water (1920):

In 1920, in New Mexico, J. Harrington focused sunlight into
a boiler to run a steam eng;ne that pumped water upto 6 m into a
tank with capcity of 18.9 m . The system was used to supply power
to a water turbine driven generator.

1.5.8. Solar steam generating system for gsolar engine
developed by Molero of Soviet Union [(1941-46]:

From 1941 to 1946, F. Molero of soviet union, wused 10 m

diameter parabolic dish reflectors to produce steam at a pressure
q 2
of 20. 3 x10 N/m for solar engines which can be used to pump

water for irrigation.

1.5.9. Solar installation developed 1in National Physical
Laboratory, Israel (1965):

H. Tabor built a 5 h.p solar installation for pumping water
in 1961. The system wused a binary rankine cycle with
monchlorobenzene ( C H Cl } vaporized by superheated steam from
solar «collectors. Tge 3ap0ur ran through a turbine to generate
mechanical power. The national Physical Laboratory of Israel
commercially developed this conceplt and produced what are known
as ORMAT Rankine power units., Power units of this type are
currently available, ranging from a few hundred watt to 15 KW.
Such a solar irrigation plant was used for pumping water in 1965

3
in Mali, Africa. This plant lifted 11.3m of water per day from a

45.7 m well.



1.5.10 Solar steam engine developed by Masson and Girardier
in Dakar, Senegal [186Z2-66]):

In Dakar, Senegal from 1962 to 1966, H., Masscon and J

.

3
Girardier operated a small solar engine which pumped 7.9 - 9.8 m

of water per min. from & depth of 13 m, using a collection area
P
of 6 m , The operation of this prototype leads to the design and

construction of a larger and relatively efficient pump. This new
2
installation, with a collection area of 300 m was capable ot
2

pumping 37.8 m water. The water was used to vaporize secondary
fluid which expanded through a turbine to generate electricity,
The electricity in turn drove the pump via. an electric motor,

1.5.11. SOFRETES solar - powered water pumping plant In
Guanajuato, Mexico (1970): ——

A solar water pumping station built by the French company
SOFRETES began operation in Guanajuato, Mexico 1In 1976, 7The
installation employs 2499 rn2 of flat- plate collectors. Water wag
used as the primary heat transfer fluid. The heat was transfarreg
from water to the working fluid (Refrigant- 11). A vapour
turbine and an electric generator produced 30KW of eleciric power
which drove two pumps. This Sy5t8£kcapable of producing 25 KW apg
50 KW power output was. also available from SOFRETES.

1.5.12 Battelle Memorial Institute built solar- powered pumpip
plant. Gills Bend , Arizona (1977):

In April 1977, a large installation for pumping irrigation
water was put into operation on Gila River Ranch, Phonix,
Arizona, The system 1s equipped with parabolic trackling

collectors having total area 564 m . The collector design
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CHAPTER -II
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Analysis and modelling of a solar concentrator and receiver

system



CHAPTER - I1

2.1 INTRODUCTION:

Solar thermal systems, consisting of a linear concentrator
and a receiver placed on the focal plane of the concentrator,
have been given due importance for the last few years., This is
becauvse of the fact that such a system is not only capable of
conserving fossil fuels, nuclear fuels, etc. but can also produce
thermal energy without polluting environment. The above solar
thermal systems may be used to produce hot water at high
temperature and also steam at supersaturated temperature. When
the above system is used to produce steam, then the recelver scts
8as a steam generator. An appropriate tracking system may be used
so that solar radiations are always normally incident on the
aperture plane of the concentrator and the reflected rays are

always focussed on the plane of the receiver.

In this chapter, an attempt has been made to model a
concentrator-receiver system (shown in Fig 2.1) which consists of
a linear parabolic concentrator. Such a system, in fact, may be
useful for producing steam at the temperature range of 2009C to
300%. some typical numerical calculations have been made to find
the variation of the temperature along the length of the receiver
for the different values of solar concentration ratio and also
the amount of the hot water / steam thatywag be produced for the

different length of the receiver. The . ; results are shown

8raphically and discussed.



2,2 ANALYSIS:

For the analysis of the above system, the following

simplifying assumptions.  have been made.

i) The linear concentrator is fully tracked.

ii) The whole outer surface of the receiver 1s uniformly

illuminated.

iii’ The temperature of the fluid at any cross-section is

unifoerm.

2.2.1 MATHEMATICAL MODELLING

For the mathematical analysis,the total length of the
receiver is assumed to be divided into three sections, namely AB,
BC and CD of lengths x , x and X respectively, as shown in Fig.
2.2, In the section A; thz workiig fluid is considered to be in

purely liquid state, in the section BC the fluid is in mixed

state (ie, liquid and vapour) and in the section CD, the fluid is

in purely vapour state.

Expression for the temperature of the water and the length AB
of the receiver:

To find the expressions for the temperature of water and

length AB ( ie, x ) as a function of mass flow rate of working

1
fluid (ie, water/steam) and solar concenciration ratilo, let us

length dx of the receiver as shown in fig.
1

consider the elemental

2.3.

The heat balance eguation for the elemental length dx of
the sectian AB,A.AU he written as I
It2nr ) Rn dx = mc¢c daT + 2r C (T =T )dx (2.1)

0 o 1 W CW w 0 s a 1

3 7
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Where, | Intensity of solar radiation . { KW/m)
N Optical efficiency of the solar concentrator
()
R Solar concentration ratio,.
mo - Mass flow rate of water ..(Kg/sec)
13y
¢ - Specific heat of water (kJ/xg°c)
W
r Outer radious of the receiver | m/
0
C - Linearized bheat transfer coefficient for

convection and radiation u(Khﬂmﬂ-fq[x %)

- h +h (BT f

a r
h Convective heat transfer coefficient (i)™ Ga)l"
3 ’ o
. -1 y  ai \
- h (-- =22 \’u.j_ . yO,66
an v o ' e
S A
h ‘ . (¥Af/ ZC'C)
an = MNatural conventive heat transfer coefficient (&W/m
2 OC)

hat = Forced convective heat transfer coefficient (Ky/m“
= Ambirenl temperature el
T *= Design ambient temperature (°Q)
T = Boiling temperature of water (YC)
T, = Initial temperature of water (°c)
T. = Surface temperature of the receiver {-C)

T ¢ . Design surface temperature (°C)

! Temperature of water (Oc)

V. = velocity of wind (Km/hr)
Vq' Design velocity of wind (Km/hr)

If we assume, U as over all heat transfer coefficient

0f the above section , then the heat received by the water in the
Peceiver,.”..,be wrlitten as
27ir U (T -T ) dx =m ¢ dT (2.2)
o s W 1 wow w
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Lo cyuations 2,100 and ™Ay v v itien T combined

form, after eliminating the term T
. S
m c | 1 + C /U) dT

W v w
27 r [IMR + CT ) dx - 2. Tr ¢ T dx (2.3)
a 0 a 1 0 w 1
Now, integrating the equation {2.3) over the length AB of

' ag

the receiver and applying boundary conditions,

i) X o, T =T and 1i) x x T -7 (x )
w i ] W w 1

the  cxpressfon for the temperature of the water along  the

length AB of the receiverwmgﬁ be expressed as

T (x ) = (F/C) - ((F/C) - T ] exp (-ACX ) (2.4)
W 1 i 1
Where, P = I R « C 7T
0 a
A= 2y Ty €y (L cruy]
Furthédr extension of this anelysis leads orhe  expression

for surface temperature of the rcceiver zlonp rhe lengch AB, as

Toax Y o= T (X ) o+ I{m €) /(27 r)] exp L-AEX ; 12.5)
S 1 W 1 wooow 0 )

From the equation (2.4) the length of the receiver regujred

i : to its hoiling point, “mos  he
to raise the temperature of water to its £ p ;

written as

{ - T
.!‘...I"l’l ..__._____-.-:_ ( 2.6)
Ac .
(P/C ¥y - T A
a]
bxpronsion ol t) lappth  nof the  recoivor  in thn

st fen 1.

T g Yo oxpronsion foy the Joeusth » vl ho rocolver lap

the section BC, let vs consider an clewmental lengih dx  of  1p;4

section as shown in Fig. <.,
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The heat balance equation for the abave length dx of the

2
" & | be written as
mdlk o« 27Tr C (T « | ax {2.7)
. 0 s 2
or, 2 r T IRdx = mdli + 2711 | -1 dx (2.8)
0 0 2 (o} a 2
2
Where, 1 Intensity of solar radiation %/
. Optical efficiency of the solar concentrator
0
R Solar concentraticon ratio
r Outer radious of the receiver [in?
0
m Mass flow rate of working | waler / steam ) (g” /s)
dH = Enthalpy for the section dx .(KJ /Kg)
2
T = Ambilent temperature .. |%)
a
T =« Surface temperature (%)
8
C - h + h = Linearized heat transfer coefficient for
a r
convection and radiation ( APPENTD!
2
h = Convective heat transfer coefficient . (kW /m
a
2
h =~ Radiative heat transfer coefficient ..(kW /m °c)
r
coefficient aqaf

If we assume U as over all heat transfer

the receiver and T as the boiling temperature

b
in the section BC, then the

the section BC of

6f the water which remains constant

the length dx of the above

the working fluid of
2

! received by

Section ynuy be written as

2rr U (T = T ) dx mod H (2.9)

0 s b 2

Combining the equations (2.8 and (2.9 ) after eliminating

T v We get,

« 71 My # « C (T - T)) dx2

(2.10)
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Now , integrating the equation (2,10 | over the length BC of the

receiver and applying boundary conditions

i) X = 0 , H - H . and
1
il) x = X H - H
2 8
the expression for the length x of the section BC of the
2
ey ! py hie owritten as
f#x = o (H = H) (2.11)
2 g 1

Where, o« = mf1 + C /U]

and £ = 27Tr {lnR+C(T-T]J
0 o b a
or, x = [ o (H =-H 1/E
2 g8 1
Where, H - Enthalpy of the steam (XxJ/ Kg)

c
]

(i = Enthalpy of tht liquid (KJ/Xg)

|
The values of H and H T0M be obtained from steam Table.
L

l
The expression for the surface temperature of the receiver for

the section BC , can be written as

T (x ) =T + (1 -o) Iq R +C (T =T ) (2.13)
s 2 b 0 b a

gxpressloen  for the temperature of the steam nd the length
o ihe receiver for the section CD !

To find the expressions for the superheated steam temperature

along the length CD and the length x of the receiver, let us
i

length dx of the length CD of the receiver

9

consider an elemental

as shown in Fig 2.5.

The heat balance equation for the above elemental length

Wﬂaﬁ,be written as

e 1M Rdx W oc dr o+ .2pr € (T T odx (2.14)
0o o 3 : s v 0 ] a d
2
Where , 1 = Intensity of solar radiation KW/m )
kK = Solar concentration ratio
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T = optical efficiency of the concentrator

O
r = QOuter radius of the receiver ( m)
)
m = Mass flow rate of steam ° (Kg/sec)
S
¢ = Specitfic heat of steam ' {KJ/Kg)
S
T = Temperature of steam A(OC)
AU
T = Surface temperature of the receiver in °C
S
T - Ambient temperature (°c)
d
C = ha + hr = Linearized heat transfer coefficient for
convection and radiation{ BPPPENDIXD.
2
h = Convective heat transfer coefficient ~(xlv/m ©°c)
a
2 .
h = Radiative heat transfer coefficlent ! (KW/m ©c)
r
If, ‘U* is assumed as overall heat transfer coefficient
lor the section CD of the receiver, then the heat received by the
Water vapour in the elemental length dx , may be written as
3
enr Yy (T -T )dx =m c dT {2.15)
0 S a 3 s s Vv

Combining the equations (2.14 ) and (2.16), after eliminating T
S

we getr |

moco[ 1. einldTy

S s
= 21r (I R4C Taldry — 2We €Ty dicy (2.16)
O C

Now integrating the equation (2.16) and applying the boundary

tonditjons

1) x = 9, T = T , and
s . v b
M)y x = x, T =T (x) ,
3 \% v 3
the temperature of the steam along the 1length CD

be written as

T (x ) - (p/C) -((P/C) - T | exp (- ACx )
v 3 /e b 3 (2.17)



Where, P = I + CT
0 a
A = 2fr /(m ¢ (1 + C/U))
0 S S

Furthygr extension of this analysis leads to the expression for

the surface temperature of the receiver along the length CD can

be given as

T (x ) =T (x J)+((m ¢ )/2mc U) S(P/C)-T} gxp(~ACx )  (2.18)
S 3 v 3 s s 0 b 3
Now, from the equation (2.17) the expression for the length X
3
0f receiver, can be written as
X = 1o [{(P/C)-T )}/4(P/C) -Ty (x '\]/AC (2.19)
3 b 3

The expression for the total length of the receiver

The expression for the total length, x of the receiver

na be obteined by adding the equations (2.6), (2.12) and (1.19),

as
(2.20)

The expression for the mass flow rate of the steam:

A
If we assume that there no transport delay of the working fluid

and overall heat transfer coefficient is same for all the three

Section AB , BC and CD , then mass of the steam produced per unit

time 4AmoM be obtained from the equation (2.20) assuming m = m =p
a w $
and expressed as
. 21rr K x
M o o i e e i e i S e e e S s
-P -C Ti C (H'“H_L) ’IJ—CT *
Cw ln‘:— e Cgq ]nl. ----- u-_hj
P -0 Tb P - C(ibtha) P ~CT
wherS, K = 4 "( Ll _1")
1 4 (\- )I]

13



2.3 RESULTS AND DISCUSSIONS:

The analysis presented in the above section, may be used to

s
tudy the performance of a solar thermal system consisting of a

and a receiver, to produce hot water and

linear concentrator

steam. Some numerical calculations have been made for a typical

system in which a parabolic trough is used to as 2 concentrator

and water as working fluid. Figure 2.6 shows the wvariation of

tempersture of the working fluid with the distance along the
receiver. In the section of tength X |, the
1

length of the
from 1its initial

temperature of  water rises exponentially
In the section of length X |
2

to the boiling point.
s constant at boiliﬁg

temperature

the temperature of two phase filuid remain

peint. In the section of length X , the temperature of the steam
3

rises exponentially to produce saturated steam. Ityosy be noted
u

that the total length of the receiver reaquired to produce hot

increase in the solar

steam decreases with the

water oOT
is observed that the length of the third

length of the first section (X ) length of the
1

to the fact that the heat

concentration ratio, It

section (X }
3

secand section (X ). This is due

by the receiver at higher concentration ratio 1is more

received
ncentration ratio. Agein the 1length of

that of st lower co
for the gecond section (X ) 18
2

f the two-phase fluid 1is higher

than
higher than other

the receiver
hecause the enthalpy ©

sections
ids in the other two gsections,

that of the flu
on of the rate of th

Figure 2.7,

than
e mass of the hot water or

shows the variati
with

centration ratio for different

golar con

Steam produced

ring the effect of wind )
lengths of the receiver considering « Tt may be
observed that the mess nf the steam/ hot water produced by the

A\ 4



receiver is slightly lower with the effect of wind taken into
consideration than that of the same without the effect of the
wind. This may be attributed to the fact that the wind gives rise

to an increased heat 1oss.

15



2.4 : LIST OF THE FIGURE CAPTIONS:

ig.2.1 - Schematic diagram of a st =2 generating svstem

using linear solsr concentrator.
rip.7z.2 . Cross sectionn) viery of the receiver.

Fig.2,> ¢ First section cf the receiver o raise temperature
of the water from its initial temperature to the
boiling point.

Fig2 .l : Second section of the receiver where the temperature

of the fluid remains constant.

Fig.2.5 ¢ Third section of the receiver to produce super -

heated steam,

Variation of the temperature of the fluid along

Fig. 2.6 :
the length of the receiver,

Fig.2.7 : Variation of the steam produciion rate with solar

concentration ratio.
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Analysis of a solar thermal electric -power generating system
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CHAPTER-TI 1

3.1 INTRODUCTION

One nf the mO&! important applicationg of splar

concentrator - recelivers system, is that it may be utilized to

‘4 d4u~., steam and hence electrical power. This can be

done by coupling the solar steam generating system to an electric

power generating system consisiing of a steam turbine and an

electric generator as shown In Fig. 3.1. The coupling 1is donc

through the nozzle. [n the above combined system, the steam

generated by steam generator, is allowed to pass through the

nozzle by throttling action. The steam which comes out trom the

nozzte at high velocity, strikeson the blades of the turbine 10

do useful work. So, the kinetic energy of the working fluid is

converted to mechanical energy by the turbine. This mechanical

lectric generator which produces

energy is utilized to drive the e

electric power.

To supply mechanical force to drive @ turbine, the pressure

of the steam entering the turbine should be a! least  6.89

{22]. This pressure is attained in a water system when the

0
422 % Theoretically, the

reaches »

of the water

Steam can be raised at the above temperature and the pressure by
Choosing the sujtable length of the receiver and the solar

Concentration ratio.

Tt . solar thermal

In this chapter, a mathematical model of a
" nresal _,v-'. .
Electric power generating system has Deen presaiiec In  this

cvmrmecion for the mass flow rate of

r 14

Mathematical model.
power output have peen obtained. Some

"lus,  the net electrical

52



numerijcal calculation have been made to study the performance of

this s«vetem. In the presen sStudy an econometric mode! has also

been made to assess whether the above system is feasible or not

have also been done to find the caost

NS

Some numerical ralculati

per unit of electrical energy generated. 7The results, thus

abtained, have been shown graphically and discussed.

3.2 ANALYSID

i «y mathematical analvsis, following simplifving

assumptions have heen made

anv cross section of the receiver is

i)} The flow af the fluid at

uniform,
ii) The intensity of light incident throughout the length of the

reciever s unt foerm,

iii)There 15 RO transfer delay of the working fluid i.e
water/steam.
The totel length of the receiver , = {= X -x2¢x3} as derived

in the chapter - II can pbe written as

———— Y Gy S -

E(P/C)* T, -
U 9 1)
(P/tf’ ;v.

-(P/C) - Ti L ru Hl - 2o in
l — - * ase LU 1“
X T - lﬂl yre S e (5 [ - A,:C
A C o HR/CI= :



0
O.\ _____________
U
z7mr
0
A = e ————— T
; (3.2)
I'm o s =——=——-
s
U
From the equat10n.x3-1' the mass flow rate of tho steam can be
written as
. 27T K x
m B o e o e o e S e s ST ---—w--u--—-—----"'"-""“"""'-""""""-"'- ———————
in R +C(T_=T,) C (H_-H.) In R «C(T T
v -: - .- s
In R +C(Ty,=T,) In R +C(T =T ]

Iy R +C(Ta-fb)
(3.3)

from the solar thermal electrical

The net mechanical POWer output

power generating system m.' he written as

p o= (H -1 M T (3.4)
m 4 S t
Where, n = pfficiency of the turbine
t
H - The enthalpy of the steam at the inlet of the
4
of P n temperature of 1 .

turbine at a pressurd

H = The enthalpy of +he turbine at the outline at a pressure of

5

P ang temperature of T
Y ¥
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T -
he naet eclectrical power outpult from the above system be

as

( HL - Hﬁ) ng N, ™

mrglox (H - H ) my Ng

In R +C(T_-Ty)  C (H ;) In R +C(T_-T, )
cv in e o g o B 4t oS B o @ c, IN el i
ann *b(Tn-T ) Inﬂ. +C(Tb_ra) InOR +C(Ta-Tv)
Where, The efficiency of the generator.
g

3.3 ECONOMIC ANALYSIS OF A SOLAR
: THERMAL E
GENERATING SYSTLM : LECTRIC  POWER

To determine whether a solar thermal electric power

8énerating system is economically feasible or not, one must know

the cost per unit of electric energy gencrated by the system

The cost benefit analysis for determining the cost per

unit of electricity produced by the ahove system, include

the costgof the following components.

Solar concentrator

i)
1) Receliver

111) Steam trap
iv) Steam turbine
V) condencer

vi)] Generator

vit) Feed water pump and
VYiiil The piping system.

Avtcordine to the cost estimate, the functional dependence of cost

area of the concentrators opn their

Ber unit aperture

Concentration ratio-for the small and large scale systems are
172

C 11.5 (C-1) (3.7)

cu



and C 38.5 log C. where, C - Concentration ratio

cu ‘
The total capital cost of concentrator with aperture area{?}?
a o C
WﬂJYhe i e for small and large scale system respectively as
1/2 ‘
C = 11.5 (C-1) A (3.9)
C C ¢
and C 38.5 log C. A (3.10)
C cC

lhe capital cost of the receiver to be installed »iv be given

By [ 31 7,
0.6
¢ C (A /A ) (3.11)
ar sr sr ar
Where, C Cost of the standard receiver with outer
sr
Surface area of A
sSr
A Outer surface area o! the new receiver

ar
to be installed.

t-2p can be given as

The capital cost of steam
g.66

c =c¢ (v /v ) (3.12)
st sSsSp ssp asp
Where, C - Cost of standard steam trap with volume V
ssp ssp
\Y% - Volume of the new steam (rap
asp _
The capital cost of turbine can be given as
0.53
c =L (w /w ) (3.13)
at ast st at
Where, C - Cost of the standard turbine ot the capacity
ast
W (H.P)
st
w . H.P of new turbine,
at )
The capital cost of the generator can be glven as
0.53 ¢
C = C (w /w ) (3.14)
ag 58 sg ag
Where, C . Cost of standard generator of capacity W
sg sg
. (kW)
w - capacity (KW)of the new generator.
ag ‘
ho capital cost of feed water pump {Centrifugal) be given

53/



as

_ 0.61
C C (w /W ) (3
ap - sp  ap .15)
Where C Cost
» of standard i
ep pump of capacity W 1n
3 =P
n ‘hour’
C Capacilty of the new
ump t i
ap pump to be installed,
The capital i ’
cost of condenser having capacity W (m Bt )
L
be given as, e |
- - 0.61
(w /W )
wh ac S5G sc ac (3.18)
there, C Cost of the standard condenser
of i
e capacity
3
W
scC

The cost of the metal pipe having total length of L, can be

giVEn as
C C . L
Whe 1 ul
ere. G Cost per unit length
The capi ul
apital cost of the land naving total area of A is
f
C (c /1 1 A (3.18)
f fu {
where, C . Cost per unit areca of the land
fu

d utilization factor.
(3.181]. the cost per unit

1 . lan

f
[ K}
Sinp the oxpressions

e -
lectricity generated by the systemjmaﬂ bise

(3.17) to
alru&nled as

c 0 r t B8 S8
(3.19)

the whole system at the end of

capital recovery factar.



n = Life period of the system.

i = Rate of interest of borrowed money.
f = Factor, annual maintenance cost, etc.

I .

I = Intensity of solar radiation.

Optical efficiency of the concentratar,

g - Sglar concentration ratio.
iy = Efficiency ol the receiver.
n: . Efficiency of the turbine.
1|[ = Efficiency of the generator,
I g - average sunshine hour per day.
S8

3.4 RESULTS AND DISCUSSIONS:
The analysis presented in the section «3.2 may be used to

Study the performance of a solar-thermal electric power

generating systiem comprising s solar steam generator provided

with a linear solar concentrator - receiver system, turbine and
an electric generator. Some numerical calculations have been made
for a typical system in which @& compbined linear solar

concentrator and a receiver system is used.

Figure 3.2 shows the variation of electrical power output with

|+ can be seen that at the beginning?

solar concentration ratlo.
output changes

the electrical power output is

the electrical power rapidly but at higher

ratio the gain in

that at lower

Concentration
less, 11 i due to the fact solar concentration
is less where as at higher concentratian

Yatio .the loss in power

ratio, the power 10SS is high.
Figure 3.3 shows tDhe variation of the mechanical power output
jon ratio. [t is observed that there 1isg

With the solar concentrat



" £+ 43 tn mechanical power tput fron. the turoine  with

the increase in solar concentraticn ratio up to certain extent.

However, further increase in nlar concentration ratio leads to

relatively lower mechanical power output. It may be attributed ‘o

the fact that at lower concentration ratio power loss is less

wWhere as at higher cuncentrallon ratin the power loss is high,

Figure 3.4 shows the variation of the electrical power output

with the length of the receiver. It is evident from this graph

that there Is exponential. increase in the length of the

receiver. The reason for this is that for same mass flow rate of

working fluid, larpger length of the receiver cnables

more absorbiem of thermal power during the flow of the fluijd

dlong the length of the receiver.

5}



3.5

THE LI3T

- —— —— B —

Fig’ 302

Fig.3.3

Fig.3.h

OF THE FIGURFE CAPTIONS:

- - —— ot i Vo At W o . —t S —

Schematic diagram of a solar~thermal electric

power zenerating system using linear solar

concentrator.

: Variation of electrical power output with solar

concentration ratio.

: Variation of mechanical power output with solar

concentration ratio,.

Variation of electrical power output with the

length of the recelver,
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CHAPTER ~ 1V

o — Yot ———— - -

Analysis of a combined system consisting of a sclar szex

genergtor and a water pumping system for irrigation



CHAPTER Iv

4.0 INTRODUCT ON

A solar steam generating system .ay he applied to drive g

Prime movyer coupled to a centrifugal pump for irrigation. For

this 4 typical solar steam generating system may be coupled to the

Pfime movers such as steam turbine or steam engine which drives g

Centrifugal pump  for lifting water for irrigation. The steam

turbine jg better of the two Lecause of the following reasons:

thermal efficiency thanp steam

'I' Steam turbine has higher

EMigineg .

'1) Unlike steam engine there is no sliding or bearing member p

efficiency of steam turbinpe

Steam turbine. Hence, the mechanical

s Nigher than that of the steam engine.

""I) The alisence of reciprocating masses makes the steam turbipe

better balanced than the steam engine.

V) Higher range of speed is not possible [n steam engine where

S greater range of speed ts possible in steam turbine.

V) The wear. tear and the maintenance cost ol steam turbine,
*
steam engine.

he
e very jow compared to that of t

hags highert efficiency than that of

Since, a steam turbine
ay he used in some specific areas like
it m :

’ -
be  Ssteam engine,
printing prosa gy

jrrlgalion runnltng

L
We C) TRALE
He FEEE g

bo



In the present study, a mathematical model of a typical

combined solar steam generating system coupled tn a water Iifting

system for irrigation, has been presented. An econometric model,

of the above combined system has also been included, Some

Numerical calculations have been done to study the performance of

this system. The results, thus obtained, have been shown

Sraphically and discussed.

4.2 ANALYSIS :

For the analysis of the system, the following simplifying

assumptions were made

'] A single stage reaction turbine is used as prime mover,

li) Head 1o0ss in the water lifting system is negligible.

The required pumping capacity of the pump ity be given as

C = _ll{_l._ /s (4.1)

P

Where, A = Area of the irrigation field,
field (m.)

L = Depth of water in the irrigatian (
t - Time required (S{fcu(ﬂ)
The power required by the pump to lift water is given by,
,.C b.g
I~
P = ‘"E ‘‘‘‘ (4.2)
n
n
P
Where, n The efficiency ai the pump. K= COMVeI8y0m o cbo
! )y = The bead of water fmy
i J
- Density of water (v 5/m )



Using the equations (4.1) and (4.2) the expression f
. or the

POWCT required by the pump can be wiiiten as

- L (4.3)

Since the power required by the pump 1s supplied By 1he prime

mover fe, the steam lurbine, the power supplied by the stean

turbine, . be written as
P «m (H -h Iy
t 4 5 t (4.4)
where, T The efficiency of the turbine,

t

H - The enthalpy of the steam at the inlet of the

4

turbine (KJ/Kg)

H = The enthalpy of the steam at the outlet (KJ/Kg)
5

m = Mass flow rate of steam [kg/s)

Since, P = P , then equating equations (4.3) and {(4.3) we
n t
ynoy write,
) FfA L.bh.¢#
m o (H -H ) - ==m=e—-
4 5 ot Nt
LA L h @
R I s (4.5)
(H -H M mt
4 5 t p

But the expression for mass flow rate of steam, as derived in

Section 3.2,1ha% be given as

27 roK x

. A v ey T - -
-
[y esppp——— P F L - A ST\ Y - S .
m CE o oy o v i T e e ey P

4 4

7 o(H In R +C(T
I n R +C(T i) __..u-—l e cs 1n[_-9-_.._.(._ha...q

1 I ——-——--—---—-———l__
c, 1n II'n R +C(T ~Ty, } I'NOR(Tb-Ta] InoR +C(Ta- v}

R —meeehmemn q,
(hd4-h5)m ,Trpf (4:6)



4.3 ECONOMETRIC MODEL

To find whether a combined solar steam generator coupled oo

water lifting system for irrigation,is economically feasible or

not, it is reqguired to find the cost per wunit water pumping
3

capacity (m /hour). For the econometric model of the above

system, the cost of the following components have been

considered;
i) Solar concentrator
ii) Solar steam generator
iii} Steam trap
iv) Steam turbine
v) Condenser
vi) Feed water pump
vii) Piptng system,and
viii) Irrigation pump
Ghea

The cost of concentrator per unit aperturekfor small scale

system is given by

1/2
C = 11,5 (C-1) A (4.7)
cu C .
Total <c¢ost of solar concentrator with aperture area A can be
' C
given Dby
1/2
C = 11,5 (C-1) A (4.8)
c c .
The capltal cost of the receciver to be InstalledMau be given
0.6 J
by, C = C (A /A ) {a.4d)
ar sr sr ar
where, C = Cost 0of standard receiver with outer surface area
sr
of A
sr
A = Outer surface area of the new receiver to be
ar
installed.

69



The capital cost of steam trap Moy be given as

_ 0.066
C - C (v /V )
st sSsp SsSp asp (4.10)
Where, C Cost of standard steam i
' tr
5sp ap with volume Vv
sSsp
v = Volume of new stem trap ty pe j
e
asp Installed
The capital cost of turbineﬁ%ag.be given zas
0.53
C - C (v /w
at ast st at (4.11)
Where, C Cost of standard turbine of
. the i
ast Capacity w
(H.P) St
W Horse power of ne i ;
. p W turbine to be installed,
The capital cost of condenser having Capacity w ’m3 h \
L our
be given as e !
0.862
C = C (w /w )
ac sc sc ac (4,12}
wWhere, C = Cost of the standard condenser of capacity w
51
3 ' sc
( I ) 1
3
W = Capaclity of the new condenser ip hour)
asc |
itie aplital cost of the feed water Dumn'wunjbc given as
0.61
c C (w /W ) (4.13)
ap sp sp @p o
3
where, C Cost of standard pump of capacity w bn(m  honr)
sp sp
C Capacity of the new pump to be installed,
ap
The total cost of piping system'\mo% be given as
- .L
c = C (4.14)

1 ul



Where, L = total length of the piping system in m.

C = Cost per unit length,
ul
The capital! cost of the water lifting pump v be given as
0.7 °
c = C (W /W ) (4.15)
pi spi spi apl '
Where, C = Cost of standard irrigation pump with capacity w
spi '
H.P >
w = Capacity in H.P of the new pump to be installed
api

the land having total area of A "Ma%tm

The capital cost of
i

written as

f fu f f (4.18)
Where, C = Cost per unit area of the land
fu
1 « Land wutilization factor,
f

Using equations (4.9) to (4.16) thc cost per unit volume of

wa ter, pumped by the water lifting system mauw be written as

I g
‘ ar st at l Py ae p o 1
e
365 C h
p ss
(4.17)
where. L. = awymued capital recovery factor
' 1“1 Fa
n
{ (14}
n
| Y o) -1 [4. 18]
] Rate of i1nterest ofl borrowed money
1 =
I Factor for maintenance cost, etc,
h g Average sunsiiine hour per day
52 Ljfe period of the system
n

e [ONS
RESULTS AND DISCUSHICH
he analysit /0 cnted 1n the section 4.2 has been used tg
The a1l ‘
. v of a solar steam gdneratar Coupl e ngler
£

-y e [ st
study 1the pP®

r/i



15 Ft; . :
ifting system wusing centrifugal pump for irrigation S
1] , ome

one  acre of ITrrlgation land in which
{ nowater is to be sup
> plied by

the above system,

Figure 4.2 shows the variatior of pumping rate of water with th
e

solar concentration ratio. It <can be observed that t h
: a the

begrnﬁnngthere is very small increase in the rate of pumping £
o}

water (m /hour) with the increase In the solar concentrati
ration

ratio but at higher solar concentration ratio, increase is i
Quite

appreciable in the pumping rate of water. It is due to the f
act

that at lower concentration,ratio- the input power to the
pump is

very much less than that of at higher concentration ratio

Figure 4.3 shows the variation of water head with the sol
olar

Ityﬂqﬂ be seen that the increase 1in the

concentration ration.

head of water to be pumped is more at higher concentration rati
o]

than that ul at lower concentration ratio. It may be attributed

fact that the power supplied to the pump by the primemover

to the
higher concentration ratioc than that of at lower

is more at

concentration ratio.
the variation of the depth of 'h“ water on the

Figure 4.4 shows
rrrigation land with solar concentration (ratio- " It »hav be
concentration ratio there is rapid

that at hgper

observed

increase in the Adepth of water ON the irrigation land. This ig
t that at higher concentration ratio the pum

due to the fac 3 pump  has

water (m /hour) than that of at lower

higher pumping capaclly ol

concentration ratio.

vre)

o



Fig.

e,

THE LIST OF THE FIGURE CAPTIONS;

4.

1

Schematic diagram of a soclar steam generator coupled

to a water lifting system {for irrigation.

variation of water pumping rate with solar

concentration ratio,

variation of water head with solar concentration ratio.

Variation of depth of water on the irrigation land

with solar concentration ratio.
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5 on a solar thermsl concentrator-receiver system

Experiment



CHAPTER-V

o.] INTRODUCTION;

This chapter presents the results of some preliminarcy

experiments conducted on & prototype combined solar thermal

concentrator and receiver system, ' consists of a linear
componsite parabolic concentrator and a copper tube receiver n;

circular cross section, placed on the focal plane of the

concentrator.

The results presented include the studies of

variation of the temperature of the water along the length

of the receiver for  different concentration ratios

variation of the temperature of the water along the I,

of the receiver for different mass flow ratesof water,

variation of the temperawure of the water along the '}

of the i with the time during day (ie, with the

change iM the intensity of the solar radiation),

variation of the temperature of the water along the length

of the receiver with the wind velocity.

5.2 TEST SETUP

The test setup consists of mainly fellowlng major

components:

l.inear composite parabolic concentrator.

Receiver
for circulating water through the receiver

iii Ar["angelnent

compostle parabel o concanteal
s

] tneat
e —————

The linpearl composite parabolic concentrator used in the test



setup was fabricated using tocally available materials., Its body

Is made of mica sheet bent 1nto a parabolic shape It has

aperture breadth of 77 cm, and its length is 125 cm The distanec
. e

between the surface plane of the central mirror strip and tn
e

focal plane is 15 cm. lhe reflector is made of 48 mirrors < r
sSirlips

each of 125 cm in length and of 15 mm width, placed on each half

of the concentrator. The supporting structure is made of angle

irons. The whole system all - be tracked from ast
% eas

to west and also can be titled manually with the position of the

sun, The maximum geometrical concentration ratio for this

concentrator is about 44,

5.2.2 Receiver:

The receiver placed on the focal plane of the concentrator

is wused as absorber of the solar radiatign reflected by the

parabolic concentrator. It is made of copper tube of circular

cross sectijon. It has internal diameter of 20mm, outer diameter

of 25mm and wall thickness of 2.5 mm. Its length is 125 cm, t js

painted black. This black paint coated copper tube s covered
glass tube (Fig.52) to reduce heat loss from the Surface of

with
the absorber,

Arrangement for circulating water through the receijver:
— o = —“"—"-————_..r'_'

uecd os the working flufd [n the rocejver, A walor

to supply water to the receiver, The natura}
v O ’(L‘ \A" (

- walerAthrough the

wator was

has been used

tank

nt was o
circulation type€ arrangeme w made to, .
Gate valves were used at the inlet and outley g

receliver.
flow rate of water through the receiver,

conirol the



5.,2.4 Measuring instruments :
“riments

Fallowing wmeasuring devices were used

H Thermometers:

'« Thermometers were used to msasure the tempe

the working fluid along the length of the recel:

were placed at different points along the length of th
e

receyver.,

p watch:

1) Measuring cylinder ant sto
and & stop watch were used te measurc

A measuring cylinder

the flow rate of water through the receiver, ihe measuring
to col! -t the hot water and the stop

cylinder was used

watch was used to note time of hot water collected.

iji) Solar intensilty metar:

was used LO measure the intensity of solar

A pyranomelerl
The recorder recorded the variation of the

through a sensor:

solar radiation during the day.

intensity of
iv) Anemame tor:

used 10 measure the speed of the wind so that the

It was

effect of thv wind on the heat loss from the surface of the

receiver could bE studied. It was connected through the
the same recorder to which the pyranometer was

sensorl to

connected-

TpsT PROCEDURES

5.3
dilagram

The sﬁhnmatlu of the arrangoment for the test setup
concentrator and receiver system 1is sh
shown

of the prulotype solafl

in Fign 5'1



The fallowing steps were followed to conduct the experiments

on the test setup having a fixed length of the receiver.

1) In the first experiment, the flow rate of water was kept
constant. This was done by keeping the gate valve G at a fixed
position and the other gate valves G and G fully Ogen. At  this
position of the outlet gate valve G: of thz receiver, the flow

rate of water was measured using measuring cylinder and the stop
watch,
AL a parcticular value of the solar concentration ratio, the

’ of - six thermometer‘s7 placed at different

positions of the receiver, were noted. The initial temperature of
water and the ambient temperature were also noted. The readings
of (he wind speed meter and the solar intensity meter were noted,

The above proccdures were followed at various solar concentration

ratios of the concentrator (by changing the number of mivror
strips}.
I1) In the second experiment, the sclar concentration ratio of

the concentrator was kept fixed. At different flow rateqof water

(by changing the position of the gate valve G ), the readings of
3

six thermometers were noted. The speed of the wind ang the

intensity of the solar radiation were also noted from the

recorder.

[L1) In the third experiment, the flow rate of water and the
solar concentration ratio were kept constant. The readings of the
thermometers were noted at different hours of the day (ie, with

the change of the intensity of soiar radiation).,



v In the fourth experiment, the flow rate of water and the

solar concentration ratio were kept constant and at a fixed

value of the intensity of the solar radiation the readings of the

thermometers were noted for the various values of the speed of

the wind.

The observations of the above four experiments have been

shown in Table-I, Table-11, Table-III and Table-1V.

5.4 RESULTS AND DISCUSSIONS:

The data obtained from the observations are shown in Table-

I, Table-~II, Table~III and Table-1V and have also been

graphically plotted to study the temperature variation along the
length of the receiver.
Figure 5.3 shows the vatiation of the temperature along the
length of the receiver with the solar concentration ratio,
of

It may be observed that the rate of rise in temperature

the water along the length of the receiver is more at higher

concentration ratio than that of at lower concentration ratip for
mass flow rate of water, It is due to the fact that the receiver
absorbs more heat at higher concentration ratio than that of at

lower concentration ratio.

Figure 5.4 shows the variation of the temperature along the

tength of the receiver with the mass flow rate of water, It

be seen that the rate of rise in temperature of water along

may

the 1length of the receiver is less at higher mass flow rate of

water than that at lower mass flow rate. It may be due to the
solar radiation and solar

fact thet at same intensity of



concentration ratio, the heat absorbed by the receiver is fixed

1t is, however obvious that at higher mass flow rate of water the

rteec in temperature of water is less than that of at lower mass

flow rate of water.

Figure 5.5 shows the variation of the temperature along the
length of the receiver with the intensity of the solar radiation
It wmay be indicated that at higher intensity of solar

radiation, the rate of rise in temperature of water is more than

that at lower intensity of solar radiation. It is due to the fact
that at higher intensity of solar radiation, the heat received by

the receiver is comparatively more than that at lower intensity

of solar radiation for fixed solar concentration ratio and the

mass flow rate of water.

Figure 5.6 shows the variation of the temperature aleng the

iength of the receiver with the speed of the wind.

It may be observed that there is more fall in temperature of

water along the length of the receiver at higher wind speed than

that at lower wind speed. It is due to the fact that at higher

wind speed the heat loss from the surface of the receiver is more

than that at lower wind speed.

Figure 5.6 shows the variation of the water temperature along the
of the recelver for theoretical as well as experimental

length
served that the rate of rise in temperature

sults. It may Dbe ob

re
is more 1n LHEE of theoretical results due to obvious reasons for

assumptions made. The experimental results,

the slmhllf!ed

h theoretical resul ts.

however show good agrement wit
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THE LIST OF THE FIGURE CAPTIONS:

— N . mn e S e e A e R e S

Fig.5.4

Fig.5.5

Fig.5+7

: Schematic diagram of an experimental setup of

a concentrator and receiver system.

Details of the recelver,

Variation of the temperature of the water along

the length of the receiver with solar concentyration

I"atioo

. Variation of the water temperature along the length

LY

of the receiver with the intensity of solar

radiation.

Variation of the water temperature along the lencth

of the receiver with the mass flow rate aof water.

. Variation of the water temperature along the length

of the recelver with the wind speed.

Comparison vetween theoretical and experimental
for the variation of the water temperature

results

,iong the lencth of the receiver with solar
< “9

COnCPntPﬂtion ratlo.



G

Receiver

. Woater

tank

G . Gate valve

T - Thermometer

/ !:?J
concentrator Measuring— == 3

cylinder

Fig. 5.1 Schematic diagram of an experimental setup of q

concentrator and receiver system.

O_ Copper tube

gﬂu/f‘-——— Black coating

)?/11"

@ Glass cover

\_./

Fig. 5.2 Details of the receiver.
| . .
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CHAPTER VI

Conclusion



CHAPTER.VI : C <1 on

In this thesis, an effoprt has been made to Present the results
of the studies on the linear solar concentrator = receiver gystems and
its applications in electrical power generating system and irrigational
watér pumping system, It should, however, be mentioned that though for
the last two decades or so several efforts have been made to design ang
implement solar water pumping system and solar energy based electrie
power systems but, there iz hardly any literature available that des-
cribe as to how to design a golar concentrator-receiver system which

could deliver specified input power to the the pumps or electric gene-

In the second chapter of this thesis, an analysis has been pre-
sented to study the input - output behaviour of the cohcentrator -
receiver system. In this analysis, it has been adssumed that concen.
trator which is used for the collection of solar, radiation belongs
to the class of linear concentrators and also are fully tracked, On
the basis of the analysis, expressions for the temperature of water
along the length of the receiver as functions of mass flow rate of
water and intensity of solar radiation has been obtained, Ag * expected,
with the increase 1in the concentration factor the output temperature
of the steam increases with the increase in the concentration ratie
if one keeps flow rate constant., But, if one increases the flow rate
while maintaining the concentration factor at the 38me level as descris
bed above, the temperature of the stean goes down, According ¢o an
interesting study, it has been found that .4f one maintains the steam
temperature and pressure at certain desired lexel, then the require-~
ment of the length of the receiver changes 1nverae1y with the change

'
-

5o



in the concentration factor. In otherwords, if one increases con-
centration factor and maintain the output at the same level then
the requirement of the length of the receiver is decreased., This,
however, is achieved at certain cost. That is, the decrease in the
length of the receiver leads to an increase in the requirements of
the reflecting or refracting surface of the linear concentrator, It
should, however, be emphasized here that using the analytical expre-
ssions presented in this thesis, one can easily arrive at an optimi-
zed length of the receiver taking into account the price rate of the

material of both the concentrator as well as the receiver.

The results presented in chapters3 and 4 are essentially
based on the analysis presented in the second chapter where the
concentrator-receiver, in fact, act as the 1lnput device to the ele-~

ctric power system and the®'irrigational puwping system respectively.

In the chapter five, results of the experiments conducted on a
prototype linear solar concentrator-receiver system have been presen-
ted and discussed. These results to a great extent conform to the
theoretical results presented in Chapter 2. It must, however, be
pointed out that the experimental setup used for conducting experi-

ments were made locally and hence, there may be certaln amount of

error in the results.

The analytical results obtalned for the solar steam genera-

ting system and other combined systems, such as solar thermal
electric power generating system and solar steam generator coupled

to a water lifting system for irrigation, are based on .. ‘the -



mathematical models obtained by making some assumptions, Actual
results can be obtained by performing some experiments on the above
systems. For this the experimental setups for! the above systems are
required to be designed. The above models are applicable for the low
capacity systems. For higher capacity Systems, some modifications
are required. The experimental setup for the solar concentrator-
receiver system has been fabricated using locally available materials,
It has been tracked manually when the experiments were performed.
Arrangement for natural circulation of water through the receiver
has been made. A low capacity pump may be used for force circula~
tion. The performance of the ahove System may be improved by using

automatic tracking system and proper arrangement to reduce heat

loss from the surface of the receiver,

Finally, it must be mentioned that the analysis and the re-

sults presented are only applicable to linear solar concentrator -

receiver system and to arrive at an optimized design, some other
concentrator-receiver configurations have to be studied in terms

of their efficiency, fabrication cost, aspects related to their

operation and maintenance, etc.

A0%2,
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A, l: Evaluation of overall heat transfer coefficient (U):

To evaluate the over all heat transfer coefficient, let wus
consider, the receiver as shown in the Fig, 3 Let us assume
that the temperature of the working fluid is T and the surface

; W
temperature (4L T-. then, the heat transfer can be expressed as

------------------------------- (2.22)
In (r /r
1 o i
h A 20KL
w i
If 'u? is taken as over all heat transfer coefficient, then the
heat transfer can bg expressed as
q=UA (T. -T)) (2.23)
0 - e
From equation (2.3) and (2.4), we get,
1
A A lm(r /r )
0 0 o i
A h 21Kl
1 W
1
B vocreereee—E— e ee e e e (2.23)
(r /r ) T ln ( © /r )
a} 1 0 u} 1
h K
w
Where, h = Convective heat transfer coefficient from the
w
inner surface of the receilver to the water
'-(Kw/m2 OCJ
2
outer surface of the receiver to the ambient c{Kw/m )
K = Thermal conductivity of receiver material
I(KW/mQCJ
r = Inpner radiud of the receiver 1 u}
i
r = Outer radiwh. of the receiver | {m)
0
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2

A = QOuter surface area of the receiver (m )
0
2
A = Inner surface area of the receiver (m ),
i
A2 : Linearized heat transfer coefficlent for convection and’

radiation .
Heat flow from the surface of the receiver to glass and from
glass to ambient has two terms- one being linear in a temperature
difference and other depending on the fourth powers of
temperature, The surface of the receiver 1is uniformly heated
(i) luminated) for a perticular value of intensity of solar
radiation. If the total heat flow is plotted VS. temperature
difference as shown in Fig, A2, it is found that the heat flow
rate is sum of linear and curve functions. A linear function may
be made to approximate the total bheat flow curve. Thus one can
approximate the function by linear term C {Tl—Tz)at equilibrium

condition, where C is the linearized heat transfer coefficient

for convection and radiation expressed as C = h + h
a r
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Ty T2 Ts
o—" WA = AAN o

__ﬁo Ag_[,‘n (T /1)
h, A1 2 TKL

Fig Al 1 Overall heat flow through a pipe

/,_, slope = ha +he

7

/ . slope C =Linearized
#7 (ho-o-hr)

> '.:lopc = hO

<«
.
o

(TS ’TO) ————

cin A2 - Linearized heat transfer coefficient for
convection and radiation



43 : Computer Programming and results for the Chapt
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fliqcluds =t315.n0
ddefine paie Z.1A.0%s500/7
ffinclude Tmath.b o
mai1q ()

double x=l,r0=0,05,c-16,u=3.72,i03),n 0.8, L10],ta=32,€1 =30, tb-1935. 4;

double tv=700 hg=2T7E20N0 1~1=B22¢00,cs=1199;

gouble rum,den,cas 9130;

int o, gy

Souble vall,vail;

TILE *ip.

float vic,vin,ved,vIa ms v,inktd;

feprfopentprugadat” w" )
FU0r (b -3k =50 14)
resd- 10+ 0%k

Dk I Z23k+ )

1 [k J=&E00+20C0#];

for (h-Qul7-2301.+4) 1

For (i

far (d = ¢ o 4 9= F &+ d+ev ) [

vid = ilk]l = n 2 [d] + o % { ta - t4 ) ;
vin = 1Lkl *® o & £CdI + ©c # ( ta — L1 )

wZa = %Y ¥ n ¥ r0Jd} 4+ ¢ ¥ ¢ ta - th 3
vt - FRT ¢ 0 K fTAdY o WOty tv } 3
vbll t dogutile Y (vIn 7 td Y g
val? todoubly Y {v2n S v2d Y

. printf 1 "vall - Y1d and val2 = %1d \n " | wvall | val2 ) gw/
mtn = ~ % ( hg -hl )3
mébd = iTLT % n % rfdYl + ¢ ¥ (b - ta )} ;

I printf("vid= Zf vin= Zf v2n= Zf\n",vid,vIn,v2n);
-

printf{"vlr- %f mtn= %¥f

de- - { 1/c + 1/u ¥ # C cw * lag € vall
To% pre w0 8 ug
fprintbflip “Af jo m fr- ;= Y§ and

i

1

mtd= Zf\n",vZd ,mtn,mtd};

+ mtna/mtd doy

. - .

¥ )

* 'log ( valz

y tumSden, r (a7 5017y
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FOR R = 1o

THE MASZS FLDW RATE I5: V.00011i9 Kg/ezcond

X1 - 0.341328 metres X2= 0.400178 met-«
Al= 0.152505 ,AT= 5,522112 ,P= 5274.s000ce
ALFHA= 0.000497 pETA= 2470, 659970
MECHANICAL FOWER QUTPUT Fm= £17.€4€802
ELECTRICAL POWER DUTFUT = LEC. 0920 Watt
CAFACLTY OF THE rUtFE Co= 2.112917 = ¢ &0
Lergti— 0, 001228 metres

Height- 0.3&8%49 matc o=
**%ﬂik*iiﬁ*next§¥¥iltiiﬁi

sap oo

FOR K = 20
THE HMAEE =L YATE IS: 0.000290 ¥g/zaz-~g
X1 .TTTI00 metres, XZ2= 0 BNOETN matpy

Al= U.ColSBO ,AT= 0.218349 ,F= 10176, 303000
ALFHA- 0.001201 BETA= 2523, 424278
MECHANICAL POWER DUTEUT =m= 4 Lo ;
ELECTRICAL POWER DUTPUT p¢:§§§§;§$ggg Watt s
CAFACITY OF THE FUMP Cp= G.112817 cubic = apcong
Length= 0,002091 mnetres

Height= 0.898144 nmaeties

ERAKXEAALE AR EEL XA E A e
.FDR R = 20
THE MASS FLOW RATE IS: 0.000428 “g/=acond

X1 = 0,29250%5 metres, ¥2= 0. sa0701 motrea
Al= 0.CA2402 ,A3= 0.147947 ,P= 14925, 200009
ALFHA=: O,021777 BETA= S5474.538232%
MECHANICAL PDWER OUTFUT Fm=1862.A56CC

LECTRICAL FPOWER OUTPUT Pe=1676.390L0° Watés
CAPACITY OQF JTHE FUMF Cp= 0.112417 cubie m/Second
tengttb- 0.0044189 metres

oo

Height= 1.328537 metres
Y- A L e R X R |

XA
FOR R 30

THE MASS FLOW RATE 13: 0.000562 Kg/szcond

X1 - Q.28€481 metres, XT= 0.4659498 metres,
Al= 0.032292 ,AT= 0.112671 ,P= 19774, 400000

Al_PHA= D.QC2TZ7 RETA= 4944, 553274
MECHANICAL FOWER DUTFUT Pm=2/L5,02L00
EL.ECTRICAL FOWER OUTFUT Fe=22CGLl ,2L1 0. Matts
CAPACITY QF THE FUMFP Cp= Q.112417 cubic rm/2ccona
Lengtih= 0,005802 mstres

Height= 1.740342 metires

B O S E - PA I R TR Y

FOR ® = 5Q
THE MASS FLOW RATE 1IS: 0.000&6%95 Kg/second

X1 = 0,277702 metres, X2= 0.669257 metres,
Al= 0.CR2&112 ,A3= 0.0%91110 ,P= 24774 000000
ALPHA= 0.00Z278 BETA= P4S2.517722
MECHANICAL FOMWER QUTFUT Fm= 202y, L0000
FELECTRICAL FDWER DUTFUT Fe=Z722 A7000
CAFACITY OF THE FUMF Cp= 0. 11211, cipi
Length- 0.007175 aetre-

Height= 2.152449 metres
T S T A L E R R R R SN

FOR R = &0
*HE MaSS FLDOW RATE IS: C.000872 Kglc-- , -
(1 = 0.272670 metres, XZ= 0O.e74L10 .

t= 0 0Zioig AI= OQ.07L£375 ,P= 29774, 0¢
éLPHQ; 0, ONZA29 BETA=s 996D, 482170
MECHANICAL FOWER OUTFUT Pm= 3003. 4 56(0(
CLERTRICAL FPOWER OUTFUT Fe- 32L3.1100¢
FOPACITY OF THE FUNMF Cp= 0.11241% c.ri
Length= 0.008548 mstres

'
v

q.0 AEKENExY

.

TS 0,2560703 mesty

X T~ CLANTETLY met r

TN 0L81500 met

X¥XIT= 0.085440 né

¥ eL0503s4 metre.

XT= 0.05049% natye-



B L 2 3 TR . AN WK X% NS
FOR & = 70

THE MASS TLOW RATE IS: 0 00094t /== .y
X1 = 2,2:9190 metroz, X220, LRUNLE b s
Al= 0.C1BBES ,AT~ 0.06589: ,F- =11-: SO0
ALEYAS 0, 007900 PETA- 11469, 4420
AECHANICAL FOWER OUTRUT €. 4182, 27200
FLECTRICS  ROWER DUTFUT €0 3eg " 4430
CAPACITY OF THE PUMF Cp = ©. 12817 mobic b ren
LEngth= 0,700021 qot  —- -
Hglght* 2.P76T6S meires

FOR X = 80

THE MASE FLOW RATE IS: 0.a0
X1 = 0,286T81 metres, X2 .
Al= 0.016604 ,A%= 0.057974 z
ALPHA= 0.0045™7 BETA= 12976.411844
MECHAMICAL PUWER OUTPUT Pre 724
ELECTRTOAL POWER CUTPUT Foo 23%?'32‘30
CAPACIT . CF THE FUMF Cp= C. 1127117 ~ ok

- ,'!"'-’ir\" - )

b1 o 3
Ry S0 e [ X - .- .
X2 0.042166 metre-

Hed L= . 388907% netres

THE PASE SLOW RATZ T 1208 iy
X1 = N.244:9% metres, XR= 0,£8872% (i -~
Al= C.;_4814 yAT= G.0EL571 P= ﬂ'wzé_;w“O;gPS' X2- 0.08780% gas,
ALPHA= ©.0CS07T FETA= 14484.375%14 -
MECHANICZAL FRUWER OUTFUT Fm= &433i o0
ELECTRICAL FOWER CUTPUT Fe= [708. ogug@ batt .
CAPACI (v (F (HS PUMP Cp= 0.11781, cubic 7 ST

Length= 0. DIT444L metres

Heigh .
¥EPAE= NN
FOR = 100

THE Macg FLOW RATE IS: O.0013Z57 Kg/second

X1 = g, 742477 m@tr@%, X7= 0. 6F065L me* res, Y=« 0. 0eeme

Al= C.G{I374 ,AZ= 0.0846LT ,F= 433745.G00000 I e STE mEte s
ALFHA= 0, 005620 EhT?— 15992, 3299462

MECHANIOAL FOWER JUTFUT Fm= 5905.66400

ELECTRICAL FAOWER CUTFUT Fe= 5315.09760 waite

CAPACITY OF THE FUMF Cp= 0.112417 cubic w/oacond

Lenogth= 0.01400% aetres

Heilght= 4.202&490 metres

Ly R T R Y- PR LS E L SR 2
ARAFAXAZRAN B AR AN AKX IR RURFNOR T

o pl=pd=is-T — -
- - v i Ne i es

L R R

FAR & = 10
THEZ FRSE FLOW SATE IS: 2.000190 ¥g/zzoo-
i = U, 253183 melres, AZ= Q.1
41 7 CLGREISLE i LCLTIIAT7G P = 47

£ FRe- 9.00070, BETAT 2913.3:a7n:

r/‘r—r—\ LINNTT "l‘) F-rﬁf',\_lr_:_":- {_"_’Tc'!. T -:‘"r” 826 Eg(( B

FLECTOTIOAL POMES COTTUT Tae gnp, 192

vmruhj. v GFE THD DU Cpo L1173
~AOTEALY me bty oo,

P”gl;-
chghL- 0. 988137 maet: ¢5
L KRN e FraNasnas e

THE MESS FLOW "ATE I1&5: 0.006700 70
X1 = &, TI0AT0s o artres, YT Q. ETTETE e, - —
A= O.047508 ,47= OL1&Z78T R TR Y

ALFHE o anlSgED BETA= 4777 To-0 0
HMECHAIIITAC T Fmo LOK2 GHLCO

FOuER DLTEUT
CLLLTRICA cwEr DLITFUT Toox 1496 21 /(0 ‘.
LiFAaL iy ar rHE Huhil- ce T WALT St



Height= 1.183072 metres

LN W RN N S P R L BEA KK o=
FOR K = 30

THE FMASES FLOW RATE T3+ . 7€~

X1 = 0.295»=' metres, XTe 0658277 e
Al= ©,03329C ,AZ= 0.112671 ,F= 1377,
ALFLA. o paze oy mEean tmas meemes
:Z:ﬁﬁi:_‘; rDutﬁ outT L. Fm= 20L5.824C0
TLSTTNIC T omes 2201,24L150

CAPACITY OF THE FOiME Tp TL1YTYLT =i

Length- 0.0°=802 matres "

Height~ 1,740042 metr=23

ANWNAESPEIHE S T AXHEE L FAX

FOR F = 40

THL a;f'-'iSS FLOW R&T . $2 . . LELge

X1 N, 276055 =t~ . :

AL= LT S45%0 LpaT= 0.089569 Pm &L 00 000
0, CDOTOLS BETA= BoBs . {77550 -

HELJ SANTICAL FOWER SUTFUT Pm= 322

CONIEAT CEUER PUTRUT Pe- D89git 3900

CAEACITY OF 185 FUMF Cp= C.112417 cubiz .

Length- 0. NN7LT2 metres T

ﬁe1ght— Z.h? Bl metires

L

Tw

i L FLDW ~aATD 120 T.000910

1 - =L, = = - 7 7

‘ ??07 m:tr?z, Y2= D, L7707 meltroes,
Al= L. o .F2l. A= D.,0692128 ,F= TESTI.0000L0

Al FHA= 0.00379% BETA= 10965.791802
MECHANICAL FBWER CUTFUT Fm= 39
=) ECTRICAL POWER OUTPUT Fe= 25
cAFPACITY OF THE FUMP Cp= C. 112
AL 0. 00TASL netr RO
2. 835697 metres

L
Height=

.- - .. R »
FOR R = -°

Rl ~Nooe FLOW SATE IS0 D.00L109T Vglze- usd
21 = 0.245%83 mstres, ¥2= 0,4PSSFT met
at= 0.016&04 JATS= 0L00 TF34 F— ILTTE. 0T
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