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Abstract This paper presents evaluation of a thermal performance of linear Fresnel Lens Solar Concentrator (FLSC)
system for generation of low pressure steam for cooking and industrial process heat applications. Linear refracting type
Fresnel lens was used to concentrate solar radiation on a receiver which is placed at the focal line. The Experimental
investigations were carried out to determine the thermal performance of FLSC system. A Fresnel lens having aperture area
2.84 m? was used to develop thermosyphon based concentrator system. The solar radiation, fluid temperature, ambient
temperature, steam temperature and pressure were recorded. Thermal efficiency and rate of heat delivery were evaluated
from the experimental data. The performance of FLSC system has been studied on horizontal surface (B = 0) and tilted
surface (B = 18.52°, latitude of Pune) to achieve the maximum yield in order to maximize the system performance. The
overall efficiency has been improved due to the tilt from 43% at B = 0 to 53% at § = 18.52°. FLSC system generates steam
required for the industry. The thermal performance of FLSC system has been compared with other solar concentrator systems
available in India. The results obtained from FLSC system reveals that Fresnel lens Solar Concentrator system has a very

good potential for generation of low pressure steam and other industrial applications.
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1. Introduction

Solar Thermal Technologies developed during last
twenty years are being used for many domestic as well as
commercial uses. However, most of the applications are
confined to the temperature range up to 80 ~ 100°C. Flat
Plate and Evacuated Tube Solar Collectors provide thermal
energy in the temperature range below 100°C and are cost
effective, hence popularly used in the domestic sector and
industries where temperature requirement is below 100°C.
To generate thermal energy using solar radiation and needs
operating temperature above 100°C, solar radiation is
concentrated on absorber using some optical system. The
optimum temperature generated by a solar concentrator
depends on the Concentration Ratio. Solar Concentrators
of various optical shapes, concentration ratio ranging
from 3 to 500 have been developed during recent times and
their use demonstrated for generating thermal energy in the
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temperature range 100 - 500°C or above. [1-6]. However,
they are yet to become cost-effective. The major Solar
Concentrator Technologies developed in recent times are;
Compound Parabolic Collectors (CPC), Parabolic Trough
Collectors (PTC), Parabolic Dish Concentrators (PDC),
Fresnel Reflector Concentrators (FRC) and Central
Receiver Systems or Power Tower [1,7]. These
technologies have been developed mainly for electricity
generation and have high capital investment. Besides, the
deterioration of reflecting mirrors is a major problem
[8,9,10].

Fresnel lenses made of glass and plastics are extensively
used in railway signals and as image magnifiers. However,
these lenses are point focus and of small size. In recent
years, point focus as well as linear focus Fresnel lenses
made of acrylic material and of large size are developed
for solar applications, mainly for Concentrated PV power
systems [11]. However, very little work has been done on
solar thermal applications of refraction type linear focus
Fresnel lens solar concentrators.

Recently Belgian company Solarmundo has been
operating a 2500 m? prototype Linear Fresnel lens collector
system for steam generation at Liege, Belgium. However, in
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this system, reflecting mirrors are used for concentrating
solar radiation on stationary receiver, hence system
becomes bulky and costly. In some systems, point focus
refracting Fresnel Lens made of acrylic with two axis
tracking mechanism are used as a concentrating collectors
for the application of power generation mainly for PV
systems [4].

There are two types of Fresnel Lenses viz; “Reflective
Lens” and “Refractive Lens”. Reflective Fresnel lens use
mirrors to focus solar radiation on an absorber with the help
of tracking system. Tracking may be one axis tracking
or two axis tracking depending on the optical system.
Refractive Fresnel Lens use plastic or glass lenses to focus
solar radiation on the absorber. Both point focus and line
focus lenses are used in the Fresnel solar concentrators.
Fresnel lenses are more flexible as far as optical designs are
considered and can produce uniform flux density on the
absorber. For solar thermal applications, Linear Fresnel
Reflectors have proved to be promising technology for
medium temperature solar thermal applications. However,
these systems are costly and bulky. Moreover, the
detoration of reflecting surface due to atmospheric
condition is a major problem. The major advantages of
plastic/ acrylic Fresnel lens are; light weight, cheaper that
mirrors and suitable for mass production.

Fresnel lens is essentially a chain of prisms arranged in
such way that solar radiation after passing through the
prism is brought to focus at a point or on line. Each prism
has different prism angle depending on the focal length
and its location from the centre of the lens. The optical
properties of Fresnel lens depend on many parameters such
as pitch of the prism, prism angle of each prism, focal
length etc. [28]

Linear focus refracting type Fresnel Lens Solar
Concentrator (FLSC) has been developed for thermal
applications in the temperature range 100° to 200°C
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[12,13,14]. The studies presented in these papers
demonstrate use of linear focus FLSC system for generation
of low pressure steam using thermosyphon principle. In the
present work long term thermal performance of FLSC
system has been studied. The results have been compared
with other solar concentrator systems.

2. Experimental

The linear focus FLSC System used for generating steam
is basically closed loop system based on thermosyphon
principle. The experimental set-up consists of a linear focus
Fresnel Lens of size 1050 mm x 2700 mm and having focal
length of 580 mm. The receiver is made of Cu-tube of 14
mm diameter and 3000 mm length coated with Cobalt
Oxide selective coating. (o0 = 0.92, € = 0.10 at 1000 C)
The receiver is enclosed in a non-evacuated glass tube of
diameter 32 mm and length 3000 mm and is placed along
the focal line. The receiver is stationary and Fresnel Lens
mounted on a frame rotates about the receiver tube using
single axis tracking system. The boiler consists of a storage
tank made of stainless steel of 10.0 litter capacity and
insulated with mineral glass. The schematic view and
photograph of the system are shown in the Figure (1la and
1b). The other specifications of the system are given in the
Table (1). The experimental set-up used for studying the
thermal performance of the system is as shown in the figure
(1a). The system is placed on horizontal plane such that
focal line of Fresnel Lens is along the North-South direction.
The boiler is placed above the Fresnel Lens as shown in the
figure (1a) and connected to FLSC using 15 mm pipe which
is well insulated by mineral wool. The condenser system is
attached to the exhaust of steam release valve to condense
the steam and collect condensate in the container. The
temperature and pressure sensors are placed at various
points as shown in figure (1a).
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Figure (1a). Schematic diagram of Fresnel Lens Solar Concentrating system
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Table (1). The technical specifications of the FLSC System

Technical Specifications

S.N. Particular
(All dimensions in mm until specified)
Type Refracting type line focus curved lens
Width 1050
Length 2700
1 Fresnel lens -
Thickness 3.6
Focal length 580
Material of lens acrylic, Refractive index n=1.49
Type Selectively coated copper tube with
glass enclosure
Diameter 14
Length 2700
Material Copper
2 Receiver N -
Coating Cobalt oxide
Absorptance 0.92
Emittance 0.10
Diameter of cover glass tube 32
(non-evacuated)
Capacity of Storage tank 10 liters
. Diameter:580
Size of storage tank .
Height: 1450
3 Storage Tank Material of storage tank SS 304
Thickness of insulation 100 mm
Cladding Aluminium
Material of insulation Mineral wool
Single axis tracking about
Type I
(N-S ) direction
4 Tracking system Motor 1/6 HP
Speed Variable
Control system Programmable
Material Gl pipes Diameter: % inch
5 Connecting pipes Insulation Mineral wool
Thickness of insulation 100 mm
Type PT 1000
] Temperature Temperature range 0-250°C
Sensors Inlet (T;) and Outlet (T,) of FLSC,
Positions of sensors Storage tank (T), Steam temperature
after release (T,)
No. of Channels 16
7 Data Logger Memory modules 256 MB
Model Dynalab
Pyrheliometer [Solar Radiation intensity
+/- 0.089
measurement (W/m?)] /-0.08%
Ambient Temperature sensor [Measurement 0
Measurement of ambient temperature (°C)] +-2.20%
8 Uncertainty of t Fluid
Instruments used PT1000 sensor [Measurement of Flui +/- 0.54%

temperature, Steam temperature (°C)]

Pressure gauges [Measurement of fluid
pressure, steam pressure (Kg/cm2)]

+/- 0.0068%
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Figure (1b). Photograph of Fresnel lens solar concentrating system

When solar radiation falling on the Fresnel Lens is
concentrated on the receiver tube, water in the receiver
tube gets heated; the heated water then is pushed to the
boiler due to convection current. The equal amount of
cold water from inlet side of the boiler is pushed to the
receiver tube. Thus thermosyphon generates convective
flow which keeps on circulating the water through the
receiver. The continuous flow thus transfers heat received
by the receiver to the boiler and temperature of water in the
boiler increases.

To study the thermal performance of the system,
experiments were carried on clear sunny days. Initially cold
water of known amount (3500 gram) is filled in the boiler
such that enough space is left to accommodate the steam
generated by heating water. On a clear sunny day, at about
10:30 am, Fresnel lens is adjusted so as to focus solar
radiation on the receiver tube. Then the tracking system is
started to track the sun. As soon as solar radiation is focused
on the receiver tube, water in the receiver starts heating,
the convective current starts and heat is transferred to the
boiler.

When water is heated at atmospheric pressure, the steam
is generated when temperature reaches the boiling point.
This “phase change” required large amount of additional
heat input to convert water into vapour. In a closed loop
system as steam is generated, the boiling point of water also
increases, hence process required additional heat input
besides Latent heat of vaporization. In FLSC system heat
collected by the absorber is transferred to the boiler due
to convection currents produced by thermosyphon. The
“Latent heat of vaporization” demonstrates why steam is
able to carry large amount of heat. [27].

After about three hours, Fresnel Lens is defocused, the
final temperature and the pressure of the steam measured
and steam is released through the pressure relief valve and
condensed in a condenser. Following parameters were
measured during the period of experiments,

1. Inlet (Ti) and outlet (Tf) temperatures of water
passing through the receiver,

2. Temperature (T) of water in the tank,

Pressure (P) of steam in the tank,

4. Temperature of steam when released from boiler
(T1),

5. Direct Normal Irradiance (DNI),

6. Ambient Temperature (Ta) and relative humidity
(RH),

7. Wind Velocity,

8. Weight of water filled in the boiler,

9. Weight of water remained in the boiler after steam is
released,

10. Weight of water condensed.
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Figure 2. Variation of temperature, pressure of the boiler water with time

Experimental data were collected on clear sunny days
during the period August (2016) to May (2017), the
observations on a particular day are shown in the Table (2)
and Figure (2). Experimental data were collected during
the period August to May on clear sunny days to evaluate
variation of efficiency with time. The months June and July
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were excluded from the data because during this period
Pune receives monsoon rains and most of the time sky is
covered with dense clouds. The rainfall during this period is
almost 190mm of precipitation [26]. From these data the
average monthly efficiency of FLSC system was evaluated,
the results are shown in Table (3).

Table (2). Experimental Data

Date: 25/12/2016
Weight of water filled in tank: 3.500 Kg
Weight of water after steam released: 0.950 Kg
Final pressure of Steam: 2.90 Kg/cm?
Weight of steam Produced: 2.550 Kg
Time So_lar Receiver Tank Tank
Radiation Temperature temperature Pressure
(0 |y | TEO) | TEO) | TCO) | PKgrem)
10:00 573.0 27.8 315 30.9 0.05
10:15 555.6 44.1 48.4 48.0 0.15
10:30 538.3 58.6 64.2 63.9 0.25
10:45 520.9 68.0 74.8 73.2 0.35
11:00 503.5 77.2 85.1 81.8 0.50
11:15 499.4 89.2 97.2 93.1 0.80
11:30 497.3 98.3 106.8 103.1 1.15
11:45 495.2 109.2 118.3 1134 1.60
12:00 524.4 118.6 128.5 122.0 2.10
12:15 495.2 1245 134.7 128.2 2.60
12:30 553.5 129.3 | 139.9 132.9 2.90
Table (3). Variation of thermal efficiency with time
Amount of water filled in the boiler = 3.500 Kg.
Average Maximum
Average Temperature Pressure
Month DNI (°C) (Kglem?) Nn(%)
(W/m?)
Ti Tt P
p=0°
August 519 34.7 126.2 25 38
September 616 31.3 127.2 2.6 38
October 693 30.2 | 136.3 34 39
November 638 28.8 130.1 2.9 42
December 598 31.2 | 1308 2.8 42
January 654 32.2 133.2 3 43
February 731 32.2 128.6 2.6 45
March 774 33.9 142.9 4 47
April 804 34.6 143 4 47
May 812 34.8 140.3 37 49
Average 1 (%) 43
p=18.52°
May 811 | 351|161 | 55 | 53

The system was set in the horizontal position (f = 0.00).
In order to see the effect of inclination on the thermal
performance of FLSC system, the system was tilted (p =

18.52°) and experiments were repeated in month of the
May.

Thermal Efficiency of the FLSC system:

Thermal efficiency of the FLSC system is evaluated
using following equation,

n_th=Q u/(A_p*I_b*cosb*t) Q)

where Qu is the heat gain from the receiver during the
interval of time (t), Ap is the aperture area of Fresnel Lens,
Ib is the intensity of Direct Normal Irradiance (DNI),
cosf is the geometrical factor in which 0 is the angle of
incidence of solar radiation. The useful heat gain Qu in the
experiment is heat received by the boiler from FLSC during
the period of observation i.e. time t. Therefore, Qu is given

by,
Q_u= (mass of water filled in boiler*C_pw*AT)
+ (mass of boiler*C_pb*AT)
+ (mass of water converted into steam*L_w) (2)
Q_u=[m_w*C_pw*(T_f-T_i)]
+ [m_b*C_pb*(T_f-T_i)] + DX*m_s*L_w] (3)

where mw is mass of water filled in the boiler, Cpw is
specific heat of water, Ti initial temperature of water in the
boiler, Tf is temperature of steam at the end of the time
interval (t), Cpb is specific heat of boiler material, mb is the
mass of the boiler material, ms mass of steam which is
equal to the difference of mass of water filled in the boiler
and mass of water remaining in the boiler after steam is
released, Lw latent heat of vaporization of water at pressure
P and x is dryness fraction which is assumed to be 1.0.

3. Results and Discussion

The thermal performance of a linear FLSC system
depends on many parameters such as optical properties of
the concentrator, absorptance and emittance of the receiver,
tracking mode, intensity of solar radiation, heat extraction
method, etc. In our studies equations (1) - (3) were used to
evaluate the thermal efficiency nth of the system. Figure (2)
shows the variation of temperature and pressure of steam in
the boiler, inlet and outlet temperatures of receiver, solar
irradiance (DNI) with time of the day. Initially the pressure
increases slowly till the boiling point of water is reached.
Once the boiling point is reached, pressure increases fast.
After a period of 2.5 hours, the temperature of the steam
and pressure are 132.9°C and 2.90 Kg/cm®. The variation of
average efficiency of the system, temperature and pressure
of steam in the boiler and DNI with the months of the year
2016-17 is shown in the Figure (3) when the system was on
the horizontal plane (B = 0.00). As can be seen from the
figure that the efficiency of FLSC system increases with the
intensity of the Direct Normal Irradiance (DNI), the average
annual efficiency being 43%.

The FLSC is rotated about a horizontal N-S axis and
adjusted continuously so that solar beam makes minimum
angle of incidence with the aperture plane of Fresnel Lens.
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The angle of incidence varies from day to day which
influences performance of the solar concentrator system
[15-17]. When aperture plane is inclined at a fixed angle
equal to the latitude of the place, the effect of the angle of
incident can be reduced. Therefore, the FLSC system was
tilted to the angle of latitude p = 18.52° and the thermal
performance of the FLSC system was studied. The tilt
angle B of the concentrator is defined as the angle between
aperture plane of the concentrator and horizontal plane.
When beam of solar radiation passes through the Fresnel
lens and gets focused on the receiver, some part of focal
line falls beyond receiver since focal line shifts according
the angle of incidence which affects the performance of the
concentrator [18-20]. It has been observed that the overall
efficiency is increased to 53% and maximum temperature
and pressure of the steam in the boiler were 162.5°C and
6.2 Kg/cm? respectively. When aperture plane is tilted
with horizontal plane, the Buoyancy force increases on
up-coming vapour in the absorber and gravity force
increases on down coming liquid from the boiler to lower
end of the absorber. The process increases the convection
current and more heat is transferred to boiler, hence
efficiency increases. In the month of May, Solar radiation is
almost perpendicular to the horizontal plane, hence intensity
of solar radiation on the inclined plane is slightly less than
intensity of solar radiation on horizontal surface. Hence
increase in efficiency of the system when aperture plane is
inclined to horizontal plane is due to buoyancy force.

o
>
>

)

@
=3

Hs

-
wn

70

65
0

Efficiency (1)) (%)

60

Direct Normal Irradiance (DNT) (W/mz)

DNI

5. 150

7
-]
'\
=
9
S

=] - [ (=] 5]
]
=
-
e
=] I/

Pressure (Kg/cmz)

[ o

'l h 0 i
-
B W B
& &

k
initial \ final Temperature (DC)

in
T

=
v
o

. * A
w;“: dm&“ Qe e o T o ap e
Month of the Year

Figure 3. \Variation of Efficiency, DNI, Initial temperature, Final
Temperature and Pressure reached with months

In a single axis tracking system, the incident solar
radiation always makes some angle with the normal of the
aperture plane. Due to this, the focal line goes out of end of
the absorber tube, hence part of some radiation is lost which
affects the efficiency of the system. To avoid this, we have

made an arrangement to move Fresnel lens along line of
focus, so that by moving Fresnel lens end losses can be
avoided.

The thermal performance of different solar concentrator
systems has been studied by number of authors [21-25].
In these studies, the average thermal efficiency of various
types of systems is in the range 35% - 50%. We have
compared thermal efficiency of our system with solar
concentrator systems available in India. In India, six types
of solar concentrator systems are available in the market.
The thermal performance of these systems is summarised
in Table (4). It is clear from Table (4) that the average
efficiency and thermal output of Arun and Parabolic dish
are about 64% and 755149 Kcallyear/m?® respectively since
these concentrators are point focus and have higher
concentration ratios. Scheffler dish, PTC, CLFR and CPC
have lower efficiencies (~ 38 - 45%) and thermal output (~
448370 - 550964 Kcal/year/m?) since these are non-imaging
solar concentrators having lower concentration ratios. FLSC
system which we have developed have thermal efficiency
(~ 49%) and heat output (~ 578161 Kcallyear/m?) for
horizontal mounting which is higher compared with
non-imaging solar concentrator systems developed in India.
Further, the efficiency and thermal output can be enhanced
by inclining aperture plane of the concentrator by an angle
equal to latitude of the place.

Table (4). Thermal performance of various types of Solar concentrator
systems in INDIA

Average Thermal
Concentration | Annual erma
CST system Ratio Effici Output
iciency Kcallyear/m?
m) %

ARUN Dish 1000-5000 65* 766948
Parabolic Dish 1000-5000 63* 743350
Scheffler Dish 30-100 38* 448370

PTC 30-100 45* 550964
CLFR 30-100 43* 507366
CPC 30-100 38* 448370
FLSCpB=0 20 49 578161
FLSC B =18.52 20 53 625358

*Reference.: www.mnre.gov.in, www.cshindia.in, IS 16648: Part 5: 2017
PTC: Parabolic Trough Collector

CLFR: Curved Linear Fresnel Reflector

CPC: Compound Parabolic Collector

FLSC: Fresnel Lens Solar Concentrator

The expected thermal output from our FLSC system is
found to be 1641920 Kcal/year at tilt angle B = 0° and
1776016 Kcal/year at tilt angle B = 18.520. Thus FLSC
system gives more thermal output compared with other
non-imaging solar concentrator systems and has tremendous
potential in the process heat applications.

4. Conclusions

The analysis of thermal performance of linear FLSC
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system has shown that,

1. The overall efficiency of linear FLSC is about 43% at
B =0 and 53% at B = 18.52° and can generate process
steam required in the industry. The expected heat
delivery from the FLSC system is found to be 16,
41,920 Kcals/year at B =0 and 17, 76,016 Kcals/year
at = 18.52°.

2. The performance of FLSC system has been improved
by tilting the system at the angle equal to latitude of
the place. Because of the tilt, buoyancy force
increases on up going vapour which gives enhanced
thermal performance.

3. Refracting type Fresnel Lens Solar Concentrators can
be used for generating heat in the temperature range
of 1000 to 2000 C. Fresnel lens solar concentrator
system has advantage that lens has life more than
5 years which is very important for cost effective
application, whereas for reflecting type solar
concentrator, mirrors have to be changed every three
to four years because of the deterioration of mirrors.
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