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DESIGN PRINCIPLES OF PARABOLIC TROUGH SOLAR COLLECTORS

ABSTRACT

A performance model has been programmed for solar thermal collector based on a
linear, tracking parabolic trough reflector focused on a selective surface absorber
tube (receiver) enclosed in an evacuated transparent glass tube: a Parabolic Trough
Solar Collector PTSC. This steady state, single dimensional model comprises the
fundamental radiative and convective heat transfer and energy balance relations
programmed in the Visual Basic 6.0. It considers the effects of ambiance conditions,
design conditions, material properties, fluid properties and operating conditions on
the performance of the PTSC. The numerical model has been carefully validated with

experimental data obtained by Sandia National Laboratories.

Taking into consideration the operation and ambiance condition, the geometric
design of the PTSC is done. Depending on the simulation program and the
meteorological year data of Izmir city, the hourly, daily, monthly and annually output
powers of the PTSC which designed in this study are determined.

Keywords: Parabolic trough solar collector, Numerical analysis models, Solar

collectors.



PARABOLIK GUNES KOLLEKTORLERININ TASARIM ESASLARI

0z

Bu ¢alismada, giinesi izleyen parabolik yansitict bir yiizey ve cam kilifi igerisine
almarak odak cizgisine yerlestrilmis bir emici borudan olusan parabolik giines
kollektorleri i¢in matematiksel performans modeli programlanmistir. Tek boyutlu
kararli hal durumu i¢in temel olan 1s1nim-taginim 1s1 transfer bagintilar1 kullanarak
enerji dengesinin kuruldugu matematiksel model, Visual Basic 6.0 programlama dili
yardimi ile bilgisayar ortamina aktarilmistir. Gelistirilen matematiksel model ve
simiilasyon uygulamalar1 yardimiyla: ¢evresel kosullar, tasarimsal kosullar, malzeme
Ozellikleri, akiskan Ozellikleri ve isletme kosullarin etkisinin davranis ve analizleri
incelenmistir. Sistem davranisini tanimlayan matematiksel modelin bilgisayar
simiilasyon sonuglari, literatiirde verilen test 6lglim sonuglar ile karsilastirilarak

dogrulanmistir.

Oluk tipi parabolic giines kollektdriin geometrik Olcililendirmesi yapilmis uygun
yansitict yiizey ve emici boru se¢imi ile tasarim tamamlanmistir. Simiilasyon
programi yardimiyla, tasarimi yapilan giines kollektdriiniin  izmir ili iklim

kosullarinda iiretebilecegi saatlik, giinliik, aylik ile yillik 1s1l enerji hesaplanmuistir.

Anahtar sozciikler: Parabolik giines kollektorleri, Sayisal analiz modelleri, Giines
kollektorleri.
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CHAPTER ONE
INTRODUCTION

1.1 Background

The people always looking for new sources of energy to cover their needs in the
growing applications of advanced life when the energy plays a great role in it.
Everywhere people use electricity, fossil fuels, chemical products etc. In the world,
there are lots of energy sources, e.g. petroleum products, hydro-power, coal and in
developed countries nuclear energy but nobody should forget that most of the energy
sources cause the environmental pollution. On the other hand, cost of the energy is
always increased so some alternative sources are developed such as solar energy,
wind energy, biomass geothermal energy, tidal energy etc. These energy sources are
inexpensive and clean, most of them are regional sources. Therefore, renewable
energy sources are of great concern in many countries. It is well known that solar

energy seems to hold much promise for the future.

For the industrial purposes, there are various types of solar collectors. If high
temperatures are to be achieved in an efficient solar utilization system, concentrators
are necessary. A concentrator gathers incoming beam radiation over a relatively large
aperture and by means of an optical system focuses the energy on the much smaller
surface of the receiver. Concentration allows for localizing heat losses to a relatively

small receiver and enables more efficient operation at elevated temperature.

Among the family of solar collectors, parabolic trough solar collector PTSC is
currently receiving considerable attention for a wide range of applications from
domestic hot water production to steam generation for power and industrial process
heat generation. The recommendation of (Bird and Drost 1982) is that the PTSC
concept should receive the highest priority for commercial development for low
temperature (65-200 °C) solar process heat applications. The high degree of
concentration attainable with parabolic trough collector offsets the disadvantage

associated with the requirement of some level of tracking as compared to flat plate



collectors. Also, parabolic trough collectors are structurally simpler than other
collectors. The parabolic trough collector considered in this thesis, consists of a
cylindrical parabolic reflecting surface, a transparent envelope and a receiver centred
along the reflector’s focal line which carries the working fluid. Solar heat flux is
focused on the receiver tube and, as a result of focusing, receiver’s temperatures gets
very high and transfers energy to the working fluid. PTSC with evacuated tubular
receivers is the main technology currently used in solar thermal electrical power
plants (but it is also used in steam generation, absorption cooling, seawater
distillation, etc.) because of considerable experience with the systems and the
development of small commercial industry to produce and market these system.

It was easy to get high temperatures in parabolic trough collectors, because the
controlling factor is a mass flow rate. Parabolic trough collectors have been in use for
many years and a renewed attempt to study the aspects of their experimental and
theoretical performance have been made recent in years in the wake of the energy

problem (Karaduman, 1989).

1.2 Solar Collectors

A collector is a thermal converting unit for solar energy. It is composed of a black
absorber plate, where incident solar radiation is converted into heat, and integrated
tubes or channels to the absorber plate, through which a heat transfer or heat carrying
fluid circulates to remove the heat collected in the absorber plate. Consider accordant
literature where gathered information about five mine types of solar collectors
described below (Jesco, 2008).

e Tank-type collector

e Pool Collector

e Flat Plate Collectors

e Evacuated tube collector

e Concentrating Collectors



1.2.1 Tank-Type Collector

In an Integral Collector Storage unit, the hot water storage tank is the solar
absorber. The tank or tanks are mounted in an insulation box with glazing on one
side and are painted black or coated with a selective surface. The sun shines through
the glazing and hits the black tank, warming the water inside the tank. The single
tanks are typically made of steel, while the tubes are typically made of copper.
Achievable temperature with such collectors is a little bit less than in flat-plate

collectors.

1.2.2 Pool Collector

The single largest application of active solar heating systems is in heating
swimming pools. Special collectors have been developed for heating seasonal
swimming pools: they are unglazed and made of a special copolymer plastic. These
collectors cannot withstand freezing conditions. Approximate maximum operating

temperature of such type of solar collector is 10 — 20 °C above ambience.

1.2.3 Flat Plate Collectors

Flat plate collectors are the most important and expensive component of any low
temperature solar-thermal system. Flat-plate collectors are used typically for
temperature requirements up to 75 °C. A typical flat plate collector is illustrated in
figure 1.1. It is composed of a cover glass or glasses, a blackened absorber plate in

which all the components are placed.

They may be designed to heat air, water or some other heat transfer fluid. In
practice there are two main types of the flat plate collector, which are shown in
figure 1.2 and 1.3.

e \Water Heaters

o Air Heaters
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Figure 1.1 A sectional view for a flat plate collectors

Depending on absorbers construction and configuration flat-plate collectors are

divided in several types. Flat-plate collectors use both beam and diffuse solar

radiation, do not require tracking of the sun, and require little maintenance.
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Figure 1.2 A sectional view for flat plate water heater collectors

These collectors have a distinct advantage over other types in that they shed snow

very well when installed in climates that experience significant snowfall. The basic

physical performance of flat plate collectors for heating water is well understood and

much work has also been carried out on air heating collectors (Duffie & Beckman,

1991).



Solar Air Collechor
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Figure 1.3 A sectional view for Flat plate air heater collectors

The principles of operation are simple; the blackened flat plate exposed to solar
radiation will absorb energy and its temperature will rise continuously. If a fluid is
circulated through suitable paths formed in the plate, some of the absorbed energy
will be transferred to the fluid. The rest of the absorbed energy will be dissipated to
the surroundings by radiation, convection and conduction (Duffie & Beckman,
1991). These losses may be reduced by good side and back insulations and by putting
translucent covers on the top of casing. Glass, being highly transparent for short-
wave radiation and virtually opaque for long-wave radiation, is most commonly used
for the top cover. In order to reduce the radiative loss from the plate through the top
covers, selective surfaces are used. A selective surface is obtained by a proper
treating of the front surface of an absorber plate so that its emittance for long-wave
spectrum is reduced without greatly reducing its absorptance in short-wave spectrum
[Jesco, 2008]. Because of their high heat loss coefficient, ordinary flat-plate
collectors are not practical for elevated temperatures, say above 80 °C. When higher

temperatures are desired, one needs to reduce the heat loss coefficient.

This can be accomplished principally by two methods: evacuation and
concentration, either singly or in combination. While several attempts have been
made to build evacuated flat plates, they do not seem to hold any promise of
commercial success (Jesco, 2008).



1.2.4 Evacuated Tube Collector

While flat-plate collectors are all essentially made the same way and perform the
way from one brand to other, evacuated tube collectors vary widely in their
construction and operation. Evacuated tube collectors are constructed of a number of
glass tubes. Each tube is made of annealed glass and has an absorber plate within the
tube, because tube is the natural configuration of an evacuated collector . This type is
shown in figure 1.4. During the manufacturing process in order to reduce heat losses
through conduction and convection, a vacuum is created inside the glass tube. The
only heat loss mechanism remaining is radiation. The absence of air in the tube
creates excellent insulation, allowing higher temperatures to be achieved at the
absorber plate (Goswami, Kreith & Kreider, 2000).

Evacuated-Tube Collector Croan seckion
Owutter glass tube
Absarbing coating
Inmeer glass tube
Fluid tubes
Copper sheet
Evacuated space

Evacualed tuba

Clazing

Figure 1.4 A sectional view for evacuated tube solar collector

In order to improve an efficiency of evacuated tube collector there are several
types of concentrators depending on its concave radius established. There are many
possible designs of evacuated collectors, but in all of them selective coating as an
absorber is used because with a nonselective absorber, radiation losses would
dominate at high temperatures, and eliminating convection alone would not be very
effective. The evacuated collectors are divided into two types (Goswami, Kreith &
Kreider, 2000),



e With Heat Pipe
e Without Heat Pipe

A heat pipe provides the most elegant way of extracting heat from an evacuated
collector. Heat pipe is hermetically sealed tube that contains a small amount of heat
transfer liquid. When one portion of tube is heated the liquid evaporates and
condenses at the cold portion, transferring heat with great effectiveness because of
the latent heat of condensation. The heat pipe contains a wick or is tilted (or both) to
ensure that the liquid follows back to the heated portion to repeat the cycle. It is easy
to design a heat pipe (e.g., by giving it the proper tilt) so that it functions only in one
direction (Jesco, 2008).

This thermal diode effect is very useful for the design of solar collectors, because
it automatically shuts the collector off and prevents heat loss when there is
insufficient solar radiation. Also, heat pipes have lower heat capacity than ordinary
liquid-filled absorber tubes, thus minimizing warm-up and cool down losses. Heat
pipe provides the method of transferring larger amounts of heat from the focal area
of a high-concentration solar collector to a fluid with only small temperature
difference. It consists of a circular pipe with an annular wick layer situated adjacent
to the pipe wall, there is shown in figure 1.5. The circular pipe is perfectly insulated

from outside to avoid thermal losses from the circular pipe (Rapp, 1981).

glass tuhe with condenser,
high vacuum heat exchanger

heat pipe

selectively coated

absorber sheet solar cycle

heat carrier

Figure 1.5 A cross sectional for heat pipe



Solar energy falls on evaporator and the fluid inside evaporator boils. The vapor
migrates to the condenser where heat of vapor is transferred to a circulation fluid
loop. The heat available with circulating fluid is further carried away to the end use
point. The circulation fluid after releasing its heat is transferred to the boiler by
capillary action in the wick or by gravity and cycle repeats. Gravity return heat pipes
can operate without wick but cannot be operated horizontally as a result (Rapp,
1981).

1.2.5 Concentrating Collectors

Concentrating of solar radiation becomes necessary when higher temperatures are
desired. Selective surfaces can be used to reduce radiative losses and hence to
achieve high temperatures, but for the higher temperatures one must increase the
input energy density by concentrating the solar radiation. The concentrating
collectors divided into two major types, which are divided into many types as shown
in figure 1.7. There are three reasons are commonly cited for using concentrators that
is (Kreith & Kreider, 1978):

e To increase energy delivery temperatures in order to achieve a thermodynamic
match between temperature level and task. The task may be to operate
thermionic, magneto hydrodynamic, thermodynamic, or other higher

temperature devices.

e To improve thermal efficiency by reducing the heat loss area relative to the
receiver area. There would also be a reduction in transient effects, since the

thermal mass is usually much smaller than for a flat plate collector.

e To reduce cost by replacing an expensive receiver by a less expensive
reflecting or refracting area. The figure 1.6 is shows the temperature reached

by solar absorbers with concentrators optics.
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Figure 1.6 Temperature reached by solar absorbers with concentrator optics

In order to the classified of the concentrator solar collectors, there are divided as

shown in figure 1.7 into two main groups, that’s,

e Fixed or intermittently tracking concentrators

e Continuously tracking concentrators

1.2.5.1 Fixed or Intermittently Tracking Concentrators

The least complex concentrators are those not requiring continuous accurate
tracking of the sun. These are necessary of large acceptance angle, moderate
concentration ratio, and usually single curvature design. Since the diurnal, angular
excursion of the sun is in a north-south plane, the fixed or intermittently turned
concentrators must be oriented with their axis of rotation perpendicular to this plane,
that is, in an east-west direction, in order to capitalize on the large acceptance angle.

The basic fixed or intermittently concentrators consists of this types (Rapp, 1981),
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Figure 1.7 Classification the solar concentrator collectors
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Compound Parabolic Collectors (CPC): It was developed independently in USA,
GERMANY and USSR in 1966. It consists of parabolic reflectors that funnel the
radiation from aperture to absorber. The right and left halves belong to different
parabolas, expressed by name CPC. For instance the axis of the right branch make an

angle 0. with the collector mid-plane and its focus is at A as we see in figure 1.8.

/M-s of
parabola B

Parabola
A

Axis of
CPC T

1 Acceptance /
angle 8, coss /

Axis of
parabola A

Parabola
B

Truncated portion
\\o( parabola A of parabola B o
\*/\ Focus of N Focus of S_//
s parabola A (F,) \)./\';! parabola B (F,) i
R em T e i -

Truncated portion

\Recmvcv opening
Figure 1.8 Compound parabolic concentrator

Tracing a few sample rays reveals that this device has the following acceptance
characteristic; all rays incident on the aperture within the acceptance angle, that is,
with [0in] < Baccept Will reach the absorber, whereas all the rays with [Bin| > Oaccept Will
bounce back and forth between the reflector sides and eventually re-emerge through

the aperture as shown in figure 1.9 (Dickinson & Cheremisinoff, 1990).

Incident Incident
insolation / insolation

(a) (b)

Figure 1.9 Incident beams from the CPC
(@) Incidence angle less than acceptance angle

(b) Incidence angle greater than acceptance angle
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V-Trough and Side Reflectors: In figure 1.10 (a) the rays t5 and 1, have angle of
incident & and 0,, respectively, they pass through the edge of the absorber and are
tangential to the reference circle. V-trough concentrators and side reflectors can be
considered straight-line approximations to the symmetric CPC, and they are
concerned for some applications because of their simple manufacture. The angular
acceptance of the V-trough collector in figure 1.10 (a) is shown schematically by the
solid line in figure 1.10 (b). Only when the trough angle ¢ approaches to zero does
the acceptance angle approach that of the CPC, however, in this limit the trough
becomes too deep and reflection losses become excessive (Dickinson &
Cheremisinoff, 1990).

~
_! P — <l

angular acceptance
o

Oin

:S 6l ¢ 0,=5 4.' 26
(a) (b)
Figure 1.10 V-trough concentrator

(a) With mirror image and reference circle

(b) Angular acceptance

1.2.5.2 Continuously Tracking Concentrators

In order to achieve concentration ratios above 20 for year-round periods of solar
collection of 6 hr or more, collectors that track the sun continuously are required.

Two types of continuously tracking collectors can be identified:

o Fixed Receiver and Moving Concentrators

e Moving Receiver and Fixed Concentrators
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1.25.2.1 Fixed Receiver and Moving Concentrators. They are the common
types of the concentrator solar collectors which used in this sector, where can be
divided according to their tracking into one and two-axis tracking system, basic

concentrating devises are:

Parabolic Trough Solar Collectors: PTSC are made by bending a sheet of
reflective surface into a parabolic shape. Typically a single phase fluid circulating
through a metal black tube receiver, covered with a glass tube (with vacuum or air in
the space between the receiver and cover) to decrease convective heat losses, is
placed along the focal line of the receiver. The surface of receiver is typically
covered with a selective coating that has a high absorptance for solar radiation, but
low emittance for thermal radiation loss. It is sufficient to use a single axis tracking
of the sun and thus long collector modules that are supported by pedestals are
produced. PTSC with evacuated tubular receivers is the main technology currently
used in solar thermal electrical power plants because of considerable experience with
the systems and the development of small commercial industry to produce and

market these systems.

Figure 1.11 Parabolic trough collector with tubular absorber

Fresnel Lenses: Fresnel lenses, shown schematically in figure 1.12 can be used
both in line and in point focus system. To minimize accumulation of dirt, the front
surface should be smooth. The prism facets need not to be curved if their number
sufficiently large (in the order of 100) or if high concentration is not needed. If the
incident radiation is not parallel to the optical axis of a Fresnel lens, the focal length

shortens and because of aberrations, the size of the focal spot increases.
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The most important factor is transmission losses of a Fresnel lens which is

represented by reflection losses (unless antireflection coatings are used). The

reflection losses at the back surface are larger because of greater incidence angles at

the prism faces, and the exact value depends on the number of the lens. Some rays

will be lost if the prism faces, as illustrated in figure 1.13a, with some production

processes, the later defect can be avoided by the so-called undercut design of figure

1.13b. Additional losses arise from scattering or absorption the lens material. Figure

1.13c indicates typical loss factors encountered in cast acrylic lenses; in practice,

overall transmission factors around between (0.85-0.88) are possible (Dickinson &

Cheremisinoff, 1990).

o) 7
/

b}

& SUNS ENERGY INCIDENT ON
FRESNEL LENS= 1.00

* REFLECTION LOSSES ARE ABOUT
0.04 AT FIRST SURFACE AND
DUE TO FACET ANGLES, 0.08 AT
THE SECOND

® ABSORAPTION AND SCATTERING
LOSSES ARE ABOUT 0.05

® ENERGY AT THE COLLECTOR
PFLANE IS 0.85

Figure 1.13 Typical losses in Fresnel lens
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Paraboloidal Dish Concentrators: A major problem with linear arrays is that it is
difficult to achieve the very high concentration that is required for high temperatures.
So to achieve high concentration ratio to get high temperature, used paraboloidal dish
concentrators there are concave- shaped discs, which remain constantly focused on
the sun with the aid of sun-tracking devices. The curve of each dish concentrates
make the sun's rays to focus in a small central point, thus reducing heat losses and
enabling water (or other fluid) passing through that point to be heated to a high
temperature, like it’s illustrated in figure 1.14. A component that predicts the receiver
aperture diameter and output power from a 2 axis sun-tracking dish collector has dish
collector area, rim angle, surface slope error, and mirror reflectivity and percent

capture by the receiver specified as parameters.

MIRROR

FACETS POWER
‘/ @/ CONVERSION UNIT
@

DRIVES

b - . O—— BOOM

|
|

FACET
SUPPORT
STRUCTURE

PEDESTAL i ¢

Figure 1.14 Paraboloidal dish concentrators

The direct beams are an input and the outputs are the receiver aperture size needed
to achieve the percentage capture (this is fixed by the parameter values) and the
power delivered to the receiver (which varies with the dish parameters and the beams
radiation level) (Goswami, Kreith & Kreider, 2000).

Power Towers: The smooth optical surface of reflector or lens can be broken into

segments, by a method invented by Fresnel. Optically a Fresnel mirror, shown
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schematically in figure 1.15 can approximate a focusing parabola. The mirror
segments are sufficiently large. Even with flat segments, the number of mirrors need
to be large than about 100 meter for line-focus system or 1000 meter for point-focus
system, because at that point the aberrations become comparable to the angular width
of the sun. A detailed analysis of Fresnel mirrors is complicated shading and
blocking effects. Shading occurs if direct sunlight fails to reach a mirror because the
mirror fails to reach the absorber because it is intercepted by the back side of another
mirror. In the interest of efficient mirror utilization, the reflector segments should be
spaced far enough apart to minimize shading and blocking within the constraints of
relative cost of total area and reflector area. The use of Fresnel reflectors brings to
large installations because of reduced wind loading and simplified manufacture. For
linear Fresnel reflectors, the tracking motion can be accomplished by mechanical
linkage because all reflector segments undergo the same angular excursion (Rapp,
1981).

Central Receiver

Heliostats

Figure 1.15 Solar tower systems

1.2.5.2.2 Moving Receiver and Fixed Concentrators. As an alternative to move a
large reflector, one can design systems in which the reflector is fixed and only a

small receiver needs to track the sun. Three such systems are known as follow,

Spherical Reflectors: Collimated radiation incident on a spherical reflector will,
after one or several reflections cross the line that extends through the center of this

sphere in the direction of the incident direction. Rays close to this line reach the
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focus which is on the line, half-way between reflector and center of the sphere, as
shown in figure 1.16. Other rays intersect this line between the focus and the
aperture. Therefore, a receiver that extends from focus to the aperture will intercept
all rays. Because of the spherical symmetry of the reflector, only the receiver needs
to track if the radiation source moves. As a solar collector, such a system can attain
geometric concentration ratios up to about 270. The flux concentration along the
receiver is quite non uniform. Even though the focusing is independent of incidence
angle, the affective aperture is not, that is illustrated in figure 1.17 where the reflector
portion is inactive for the incidence angles shown (Béer & Duffie 1985).
Pivot paint

(center of
curvature)

Counter
balance

Two-axis
tracking
mount

Movable support
structure (boom)
-

Incident
beam —

. Heat transfer-
insolation

fluid piping

Distributed focus

linear receiver Hemispherical concentrator

Drainage composed of reflective panels

facility
Figure 1.16 Fixed spherical reflectors with tracking receiver

Energy

cut off
area

Figure 1.17 Fixed spherical reflectors with
tracking receiver at off-normal incidence
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Circular Cylindrical Reflector with Moving Receiver: The concentration ratio of
such an arrangement is less than 2 and two low to be practical. However, as the ray

trace a sufficiently large tubular absorber placed slightly below the focal line can
intercept most of the reflected rays (Boer & Duffie 1985).

Reflector Slats on Circular Cylindrical Mount: This type scheme consists of

narrow flat reflectors slats that are mounted on a circular cylindrical surface. The
cross section is shown in figure 1.18 and 1.19.

Winter solstice
receiver
positions

Fall, spring
equinox receiver

/ (Sunrise, position

(Noon,
/ sunset)

sunrise,
sunset)

Center of curvature
for mirror substrate
surface

Typical mirror
width 5.08 cm

2.18-m aperture

Normal to
tangent
mirror

facet

Summer

solstice

receiver
positions

Vertical
line
Tangent
mirror
facet

1.5-m radius

(Sunnise, sunset)

Surface

of mirror
Section through concentrator substrate

Figure 1.18 Cross section of fixed slat reflectors with tracking
receiver

Figure 1.19 Fixed slat reflectors with tracking receiver
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If the mirror slats have the correct slope, this system will always produce a perfect
line focus (in the limit of infinitely narrow slats), regardless of incidence angle. The

focus is on the same circle as the reflector slats (Boer & Duffie 1985).

1.3 Literature Studying in Parabolic Trough Solar Collectors

Concerning the design, construction and simulation of the parabolic trough

collectors, there is a large number of publications about it.

Valladares and Velazquez (2008) have performed detailed numerical simulations
of thermal and fluid-dynamic behavior of a single-pass and double-pass solar
parabolic trough collector. The governing equations inside the receiver tube, together
with the energy equation in the tube walls and cover wall and the thermal analysis in
the solar concentrator were solved iteratively in a segregated manner. The effects of
recycle at the ends on the heat transfer are studied numerically shown that the

double-pass can enhance the thermal efficiency compared with the single-pass.

Kumar and Reddy (2008) have presented 3-D numerical analysis of the porous
disc line receiver for solar parabolic trough collector. The influence of thermic fluid
properties, receiver design and solar radiation concentration on overall heat
collection is investigated. The thermal analysis of the receiver is carried out for
various geometrical parameters such as angle (h), orientation, height of the disc (H)
and distance between the discs (w) and for different heat flux conditions. The
receiver showed better heat transfer characteristics; the top porous disc configuration
having w = di, H = 0.5di and h = 30. The use of porous medium in tubular solar

receiver enhances the system performance significantly.

Ozturk (2004) has evaluated experimentally the energy end exergy efficiencies of
the collector by design the low-cost parabolic-type solar collector (PTSC) and tested
it. The experimental time period was from 10:00 to 14:00 solar time. During this
period, it was found that the daily average temperature of water in the PTSC was 333

K and the daily average difference between the temperature of water in the cooking
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pot and the ambient air temperature was 31.6 K. The energy output of the PTSC
varied between 20.9 and 78.1 kW, whereas its exergy output was in the range 2.9-6.6
kW. The energy and exergy efficiencies of the PTSC were in the range, respectively,
2.8-15.7% and 0.4-1.25%.

Bakos, loannidis, Tsagas and Seftelis (2000) have developed and installed a PTSC
which has an absorber tube with semi-insulation from the top side of it, and
developed a simulation program calculates the outlet temperature and shows the
efficiency of the proposed PTSC as a function of the outlet temperature, absorber
tube diameter, the intensity of incoming solar radiation and the width of the parabolic

collector.

Colak (2003) has designed and constructed the parabolic solar collector in aim; to
get high temperature range in suitable to technique, economic and environmental
aspects and tested the beams intercept performance by laser ray testing equipment.
Moreover he has performed a simulation program to calculate the performance of the

PTSC system and compared it with the experimental results.

Valan Arasu and Sornakumar (2006) have developed a PTSC with fiberglass
reinforced parabolic reflector. The total thickness of the parabolic reflector is 7 mm.
The concave surface where the reflector is fixed is manufactured to a high degree of
surface finish. The fiberglass reinforced parabolic trough was tested under a load
corresponding to the force applied by a blowing wind with 34 m/s. Distortion of the
parabola due to wind loading was found to be within acceptable limits. The thermal
performance of the newly developed fiberglass reinforced parabolic collector was
determined according to ASHRAE Standard 1986 method of testing to determine the

thermal performance of solar collectors.

Riffelmann, Neumann and Ulmer (2004) have developed two methods of
measuring the solar flux in the focal region in order characterize of the optical
performance and detection of optical losses of parabolic trough collectors which are

very important issues in order to improve the optical efficiency of these systems and
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to ensure the desired quality in solar power plants. The parabolic-trough-flux-scanner
method is a solar flux density measurement instrument which can be moved along
the receiver axis. The sensor registers the flux distribution in front and behind the
receiver with high resolution. The resulting flux maps allow to calculate the intercept
factor and to analyze the optical properties of the collector at the finally interesting
location, i.e. around the receiver. The camera-target-method uses a diffuse reflecting
lambertian target and a calibrated camera which takes pictures of it. The target is
held perpendicular to the focal line surrounding the receiver. With the resulting
images of this fast and easy method it is possible to visualize the paths of the
reflected rays close to the receiver and to detect local optical errors.

Rolim, Fraidenraich and Tiba (2007) have developed an analytic model for a solar
thermal electric generating system with parabolic trough collectors. The energy
conversion of solar radiation into thermal power along the absorber tube of the
parabolic collector is studied, taking into consideration the non-linearity of heat
losses and its dependence on the local temperature. They simulated the efficiency
curves of collectors with evacuated and non-evacuated absorbers and compared with
experimental results. Three fields of different collectors were considered, the first
field with evacuated absorbers, the second with non-evacuated absorbers and the
third with bare absorbers. Finally, the output power of the plant is analyzed as a

function of the evaporation temperature of the water-vapor fluid.

Spirkl, Ries, Muschawech and Timinger (1996) have developed parabolic trough
solar collectors with a secondary reflectors, which increase the concentration of the
solar beams onto the absorber tube. They optimized numerically various secondary
concentrators and investigated their performance by means of ray tracing, taking into
account reflectivity losses, shading and the effective solar angular distribution. They
found that the secondary reflector significantly improves the concentration and is

essentially optimal in a wide class of shapes, even at efficiencies close to unity.

Bakos (2005) has performed an experimental study to investigate the effect of

using a continuous operation two-axes tracking on the solar energy collected. The
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collected energy was measured and compared with that on a fixed surface tilted at
40° towards the South. The results indicate that the measured collected solar energy
on the moving surface was significantly larger (up to 46.46%) compared with the

fixed surface.

Pfander, Lupfert and Pistor (2004) have performed an experimental study to
investigate the temperature distribution on solar trough absorber tubes in order to
determines thermal losses and hotspots can lead to material stress and limit absorber
tube lifetime. The concentrated solar radiation, however, makes it difficult to
determine the temperature on solar absorbers. Temperature sensors that require
contact to the measurement object are not appropriate and even pyrometry fails,
when external light sources interfere. Only solar-blind pyrometry offers reliable

temperature readings without perturbation through reflected solar radiation.

Tyagi et al. (2006) have evaluated the exergetic performance of concentrating
type solar collector and studied the parametric using hourly solar radiation. The
exergy output is optimized with respect to the inlet fluid temperature and the
corresponding efficiencies are computed. Although most of the performance
parameters, such as, the exergy output, exergetic and thermal efficiencies,
stagnations temperature, inlet temperature, ambient temperature etc. increase as the
solar intensity increases but the exergy output, exergetic and thermal efficiencies are
found to be the increasing function of the mass flow rate for a given value of the
solar intensity. The performance parameters, mentioned above, are found to be the
increasing functions of the concentration ratio but the optimal inlet temperature and
exergetic efficiency at high solar intensity are found to be the decreasing functions of
the concentration ration. On the other hand, for low value of the solar intensity, the
exergetic efficiency first increases and then decreases as the concentration ratio is
increased. Again it is also observed that the mass flow rate is a critical parameter for

a concentrating type solar collector and should be chosen carefully.

Eskin (1998) has performed a study about unsteady, one-dimensional performance

analysis of cylindrical parabolic concentrating collectors through the first and second
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laws of thermodynamics. These laws, together, help to define the optimum system
that satisfies the imposed thermal and economical constraints and minimizes exergy
loss. The analysis considers the thermal masses of the absorber pipe, Pyrex envelope
and the working fluid of the system individually, in an unsteady state. The
instantaneous exergetic and energy efficiencies for the cylindrical parabolic
collectors are compared for daily insulation at different flow rates.

Li and Wang (2006) have been used two types of solar evacuated tube to measure
their heating efficiency and temperature with fluids of water and N respectively with
a parabolic trough concentrator. Experiments demonstrate that both evacuated tubes
present a good heat transfer with the fluid of water, the heating efficiency is about
70-80%, and the water is easy to boil when liquid rate is less than 0.0046 kg/s.
However, the efficiency of solar concentrating system with evacuated tube for
heating N, gas is less than 40% when the temperature of N, gas reaches 320-460 °C.
A model for evacuated tube heated by solar trough concentrating system has been
built in order to further analyze the characteristics of fluid which flow evacuated
tube. The characteristics of fluid via evacuated tube heated by solar concentrated
system are analyzed under the varying conditions of solar radiation and trough

aperture area.

Qu, Archer and Masson (2006) have programmed a performance model for solar
thermal collector based on a linear, tracking parabolic trough reflector focused on a
surface-treated metallic pipe receiver enclosed in an evacuated transparent tube at
steady state, single dimensional model comprises the fundamental radiative and
convective heat transfer and mass and energy balance relations programmed in the
Engineering Equation Solver, EES. It considers the effects of solar intensity and
incident angle, collector dimensions, material properties, fluid properties, ambient

conditions, and operating conditions on the performance of the PTSC.
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1.4 Aim of Study

We are working to reduce the use of fossil fuel which used in our daily lives by
using the renewable energies such as solar radiation which have high energy in most
regions of the globe, which we are working to achieve them through the design and
development the parabolic trough solar collectors. This system is working to focus
the sun's direct beams on the absorber tube thus serve to heat the forced circulation
working fluid passing through it to temperatures ranging between 150/180 °C, which

can be used in the absorption refrigeration cycles moreover to used in daily lives.

In this study, An analytic model for parabolic trough collectors was developed.
The energy conversion of solar radiation into thermal power along the absorber tube
of the parabolic collector is studied, taking into consideration the nonlinearity of heat
losses and its dependence on the operating temperature. The PTSC performance
model has been programmed for solar thermal collector based on a linear, tracking
parabolic trough reflector focused on a selective surface absorber tube (receiver)
enclosed in an evacuated transparent glass tube: a Parabolic Trough Solar Collector
PTSC. This steady state, single dimensional model comprises the fundamental
radiative and convective heat transfer and energy balance relations programmed in
the Visual Basic 6.0. It considers the effects of ambiance conditions, design
conditions, material properties, fluid properties and operating conditions on the
performance of the PTSC. The numerical model has been carefully validated with
experimental data obtained by Sandia National Laboratories. Moreover, Depending
on the typical meteorological year data for Izmir city and by using the mathematical
model, the mean hourly, daily, monthly and annual output power of the PTSC which

designed in this study was invistigated.



CHAPTER TWO
SOLAR GEOMETRY AND IRRADIANCE MEASUREMENT

2.1 The Solar Constant

The sun is sphere of intensely hot gaseous matter with a diameter of 1.39 x 10° m
and is, on the average, 1.5 x 10™ m from the earth. As seen from the earth the sun
rotates on its axis about once every four weeks. However, it does not rotate as a solid
body: the equator takes about 27 days and the Polar Regions take about 30 days for
each rotation.

The sun has an effective blackbody temperature of 5777 K. The temperature in the
central interior regions is variously estimated at (8 x 10° to 40 x 10°) K and the
density is estimated to be about 100 times that of water. The sun is, in effect, a
continuous fusion reactor with its constituent gases as the “containing vessel”
retained by gravitational forces. Several fusion reactions have been suggested to

supply the energy radiated by the sun.

Figure 2.1 shows schematically the geometry of the sun-earth relationships. The
eccentricity of the earth’s orbit is such that the distance between the sun and the earth
varies by 1.7%. At a distance of one astronomical unit, 1.495 x 10** m, the mean

earth-sun distance, the sun subtends an angle of 32 (Duffie & Beckman, 1991).

Sun .27 x10°m
7900 mi

Diam. =1.39 x 10° m
=8.64 x 10° mi

Solar constant

= 1367 W/m?
Ggcl = 433 Bt hr
= 4,92 MJ/mZ hr

= 1485 % 10'""m

+£1.7%
=9.3 x 10" mi

Distance is {

Figure 2.1 Sun-earth relationships
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2.2 Motion of the Earth about the Sun

The earth makes one rotation about its axis every 24 hr and completes a rotation
about the sun in approximately 365.25 days. The earth moves about the sun in an
approximately circular path, with the sun located slightly off center of the circle. This
offset is such that the earth is closest to the sun near January 1 and furthest from the
sun near July 1. This distance in January is about 3.3% closer, and since the solar
intensity is proportional to the inverse square of the distance, the intensity is about
7% higher in January than in July. The earth’s axis of rotation is tilted at 23.45" with
respect to its orbit plane about the sun. This tilt remains fixed in space and is the

cause of the seasons as shown in figure 2.2. (Dickinson & Cheremisinoff, 1990)

March 21
sun over equator
,(spring begins in northern hemisphere)

of 23.5*

Sept. 23
sun over equator '
(autumn begins in northern hemisphere)

Figure 2.2 Movement of the earth around the sun

2.3 Solar Radiation

The solar constant, which is defined as the average energy flux incident on a unit
area perpendicular to the solar beam outside the Earth's atmosphere has been
measured to be S = 1367 W/m?. The solar radiation incident on a collector on the
Earth's surface is affected by a number of mechanisms, as shown in figure 2.3. The

total radiation consisting of these three components is called global radiation.
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Although it varies significantly, a solar irradiance value of 1 kW/m?has been
accepted as the standard for the Earth's surface, in the figure 2.4, we can see the

world solar energy distribution.

whig
QOD Scattered .

Biffuse

Figure 2.3 The main component of solar radiation in the atmosphere

Calculation of the incident radiation for a particular site from theoretical methods
is extremely difficult as it is highly dependent on variables such as local weather
conditions, the composition of the atmosphere above the site, and the reflectivity of
surrounding land. For this reason, the design of a photovoltaic system relies on the
input of experimental data measured as close as possible to the site of the installation.
Consequently, the solar beams for the city of Izmir city have measured by using the

pyranometers as seen in following sections.
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This data is generally given in the form of global and beam irradiation on a
horizontal surface for each day at a particular location, or for a representative day of
every month. According to the concentrator types of solar collectors, the beam
radiation is the matter portion of the global irradiation from the diffuser because of
the regular irradiance on the earth surface. Therefore, the correct direction of the
beam radiation has to determine. So, it must be known some definitions related to
directly (beam) radiation, in order to determine their direction on the earth surface
(Duffie & Beckman, 1991).

2.4 Direction of Beam Radiation

The geometric relationships between a plane of any particular orientation relative
to the earth at any time (whether that plane is fixed or moving relative to the earth)
and the incoming beam solar radiation, that is, the position of the sun relative to that
plane, can be described in terms of several angles (Benford & Bock, 1939). Some of

these angles are indicated in the figure 2.5.

Zenith

Mormal to
horizontal surface

Figure 2.5 The angles related with the direction of

solar beam irradiance (Duffie & Beckman, 1991)

The angles are as follows,

e Latitude [¢]: the angular location north or south of the equator, north positive; (-
90° < ¢ < 90°.



29

e Declination [6]: The angle that the sun’s rays make with the equatorial plane at
solar noon is called the angle of declination. The angle declination varies from
23.45" on June 21, to 0 on September 21, to 23.45" on December 21, to 0 on March
21, north positive. The declination can be found from the equation of (Cooper,
1969).

(2.1)

S = 23.45sin (360 284+ ”j

365

Where:
n: the day of the year

e Slope [B]: the angle between the plane of the surface and the horizontal (0° < B <
90°).

e Surface azimuth angle [y]: the deviation of the projection on a horizontal plane
of the normal to the surface from the local meridian, with zero due souths, east
negative.

e Hour angle [®]: the angular displacement of the sun east or west of the local
meridian due to rotation of the earth on its axis at 15 per hour, morning negative,
afternoon positive.

e Angle of incidence [0]: the angle between the beam radiation on a surface and the

normal to that surface.
Additional angles are defined to describe the position of the sun in the sky;

e Zenith angle [0,]: the angle between the vertical and the line to the sun, i.e. the

angle of incidence of beam radiation on a horizontal surface.

C0SH, = COS ¢ COS S COS® +SIN Psin & (2.2)

¢ Solar altitude angle [as]: the angle between the horizontal and the line to the sun,

i.e. the complement of the zenith angle.
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e Solar azimuth angle [y;]: the angular displacement from south of projection of
beam radiation on the horizontal plane, east of south is negative. To calculate s,
we must know in which quadrant the sun will be. This is determined by the
relationship of the hour angle o to the hour angle wey (When the sun is due east or
west). A general formulation for ys (Braun & Mitchell, 1983) is written in terms of

vs (a pseudo solar azimuth angle in the first of forth quadrant).

Ve = ClCZ;/; +C, (%)180 (2.3)
Where,
. . Sinwcosod
Sin Vs = SIT (24)

Ci1=1if|®|< ®ew, -1 otherwise
C,=1if ¢ (¢ -9)>0, -1 otherwise

C;=1if >0, -1 otherwise

_ tan o (2.5)

eW  tang@
The parabolic solar collectors track the sun by moving in prescribed ways to

minimize the angle of incidence of beam radiation on their surface and thus

maximize the incident beam radiation and those ways are;

e For a plane rotated about a horizontal east-west axis with continuous adjustment

to minimize the angle of incidence,
cos @ = (1—cos? 5sin? w)"? (2.6)

The slope of this surface become,
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tan B =tan 6, |cos ;| (2.7)

e For a plane rotated about a horizontal north-south axis with continuous adjustment

to minimize the angle of incidence,

cos@ = cos’ @, +cos’ 5sin’ w v (2.8)

The slope of this surface become,
tan 8 =tan &, |cos(y — )| (2.9)

e For plane with a fixed slope rotated about a vertical axis, the angle of incidence is
minimized when the surface azimuth and solar azimuth angles are equal, so the

angle of incidence is,

cosé =cos 6, cos S +sind, sin S (2.10)

2.5 Measured the Global and Beam Irradiation
2.5.1 Measurement Global Irradiance by Black and White Pyranometers

Black and white Pyranometers is used for measuring global and reflected global
radiation and solar radiation on surfaces inclined to the horizontal. The solar
radiation coming from the whole sphere and received on a horizontal surface in the
spectral range from 0, 3 - 3 um is called global radiation. These include radiation
received directly from the sun (beam irradiance) and also diffuse sky radiation that
has been scattered in traversing the atmosphere. The measuring principle of this type
of pyranometers is the measurement of the temperature difference between white and
black painted sectors. By that means the measuring result is not affected from
ambient temperature. A precisely cut dome shields the sensing elements from

environmental factors. The black and white pyranometers is shown in figure 2.6. The
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sensing element of the instrument consists of a 12 sector star, the sections of which
are painted with a special white reflective paint and an absorbing black paint. When
exposed to solar radiation the black sectors are heated more than the white ones and
this temperature difference is determined by the thermocouples embedded below the
star. A precisely cut dome is made of optical glass shields the sensing element from
wind and moisture. One threaded ring and two 0-rings clamp the glass of the
instrument base providing a watertight seal. A desiccator with Silica gel prevents
condensation within the casing. The white painted base shields the desiccator and
prevents an overheating of the instrument. A watertight cable outlet prevents
intrusion of ambient air. For leveling the instrument is equipped with a spirit level

and 3 leveling screws (Meteoclima).

Figure 2.6 The black and white pyranometer

2.5.2 Measurement Beam Irradiance by Pyrheliometer

A pyrheliometer is an instrument designed specifically to measure the direct beam
solar irradiance with a field of view limited to 5. This is achieved by the shape of the
collimation tube, with precision apertures, and the detector design. The front aperture
is fitted with a quartz window to protect the instrument and to act as a filter that

passes solar radiation between 200 nm and 4000 nm in wavelength. A pyrheliometer
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needs to be pointed at the sun at all times so that the solar disk always falls within the
field of view of the instrument. A two-axis tracking mechanism is incorporated to
maintain the sun’s disc within the acceptance cone of the instrument thus the direct
solar irradiance can be measured very accurately during the whole day. This device,
shown in figure 2.7 is essentially a thermopile pyranometer placed at the end of a
long tube which is aimed at the sun.

Acceptance
angle .
Tube (blackened inside)

Alignment indicator
Thermocouples

Black absorber plate

Temperature
compensation

Electricai
readout

Figure 2.7 The pyrheliometer

Since the sun’s disc is approximately 0.5 degree from limb to limb, the normal
incidence pyrheliometer not only measures the direct radiation coming from the disc,
but also most of the circumsolar radiation. As discussed in the following paragraphs,
the circumsolar component becomes significant in atmospheres with considerable
aerosols, where this instrument may measure more energy than is available to most
concentrating collectors. It appears, however, that the 5-degree acceptance angle, is
needed to eliminate the need for an extremely accurate normal incidence
pyrheliometer orientation and tracking system, and is therefore an operational

minimum for this type of instrument (Kipp & Zonen).



CHAPTER THREE
THE MATHEMATICAL MODEL, THE OPTICAL AND THERMAL
ANALYSES FOR THE SUN TRACKER PARABOLIC TRUOGH SOLAR
COLLECTOR

In this section, according to the structure of the parabolic solar collector systems,
mathematical equations which define the optical and heat transfer was derived. To
identified and minimized the various optical and thermal losses, the deriving
equations were used with the prepared computer programs, and the detailed
simulations analyses for the optical and thermal performance behavior of the system
were done. By comparing the simulation model results with the measurement results

which take from the literature, the derived mathematical model was verified.
3.1 The Energy Balance and System Structure for the Parabolic Solar Collector
The parabolic solar collector systems structure which is type of the concentrate

solar collectors that is gone to design it in this study given below by the

schematically figure 3.1.
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Figure 3.1 A schematic for the parabolic trough solar collector

The energy flow on the collector which is accepted as one-dimensional and steady

is defined in two parts. In the first part, the solar beams losses which are determining

34
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the collector optical performance were investigated. These losses consist of the

following types.

i.  The beam losses arise by not track the sun in full (1-K).

ii.  The beam reflection losses which are depending on the surface property of
the coating reflecting surface (1-pref).

iii.  The intersection losses arise by not focus of the beam in full on the absorb
tube which is caused by structural and operational reasons of the reflective
surface of the collector (1-y).

iv.  The beam-transmission losses that depends on the material property of the
glass cover of the absorb tube (1-tg).

v. The beam losses resulting from lack of absorption of the full beam that
depend on the property of the material properties of the selective coated
surface for the absorber tube (1-oaps).

In the second part, the thermal losses (Q.) of the collector which is defining the
thermal performance and occurring from the selective surface of the absorber tube to
the environment which depends on operational and environmental factors were

investigated.

The beams-heat energy flow that related with the concentrator type solar
collectors as shown in the figure 3.2, after removing the atmospheric radiation losses
from the constant flow of the solar beams at the entrance of the atmosphere S, the
solar beams will reach the collector location is S;. When the beams losses resulting
from tracking the sun (1-K) are removed, the amount of the solar beams reaching the
reflective surface is Sy, and when the reflection losses (1-prs) are removed, the rest is
the amount of the beams which direct to the focal point is S3, when the intersection
losses (1- y) have removed, the amount of the beams which reach to the glass cover
Is S4. After removing the transmission losses (1- tg) from the last amount, the beams
on the absorber tube remain is Ss. After removing the losses resulting from lack of
absorbing of the full beam (1-o4ps), the solar thermal energy that is stored in the

absorber tube S¢ = Qg remains. This heat is transferred to the working fluid which is
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passing through the absorber tube by the convection. The solar heat which doesn’t
transferred to the working fluid form the collector is the thermal losses (Q).

<«— Atmosphere _ig Solar Collector System

pd, 43

Thermal
Optical Losses R L:::;s

A

Atmosphere Losses

(1-K) (1-prer) - (-7 (-pap) i

A A A A A LA

A

S, S Qu
Sy

Ss

Solar y . Thermal Eff. *
Beam Optical Efficiency > ; Useful
Inputs . Energy
Transfered
< Collector Efficiency > to_the :
Working
Fluid

A
A4

Figure 3.2 A schematic of the beams-heat energy flow that related with the concentrator type solar
collectors (Colak, 2003)

The convection and radiation heat losses (Q.) from the collector to the
environment depend on many variables. The most important of these are, solar
radiation intensity, ambient temperature, wind speed, the diameter and location of the
absorber tube and glass cover, transparent glass cover features, absorber surface’s
absorpttance and emissivity value, the thermal conductivity of the air which fills the
space between the glass cover and the absorber tube, the wall thickness of the pipes,
the heat transfer capability of the working fluid. By keeping all these variables into

consideration the thermal analysis of the collector was made.

The net amount of the heat which transfers into the fluid by the collector (Qu) is
founded by removing the heat losses (QL) from the gross energy which is
transformed from the solar radiation on the absorber surface (Qg). The net amount of

the heat which transfers into the fluid by the collector is;
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Q, =M.C.AT (3.1)

The gross energy which absorbed by the absorber tube is calculated according to

the PTSC optical efficiency as illustrated above to be,

QG = 81-770;) (32)

Q =Q-Q (3.3)

3.2 The Beam Transfer and the Optical Losses Analyses for the Sun Tracker

Parabolic Trough Solar Collectors

The primary solar radiation input S; which falls on the solar collector (Refer to
figure 3.2) is determined by removing the atmospheric losses from the solar constant
(S=1367 W/m?) (Duffie & Beckman, 1991) which defined at the entrance of the
atmosphere. And this value S; is determined by the direct beam measurement at the

collector place.

Optical analysis is the computation of the optical losses in the reflective surface,
glass cover and selective absorption surface, As was discussed in the figure 3.2, the

solar beams that reach on the elements of the collector system are listed below.

Si: Direct radiation measured in the collector position.

S,: The solar beams which is falling on the reflective surface.

Ss: The redirected solar beams from the reflective surface into the focal point.

S4: The solar beams which intersection the glass cover.

Ss: The solar beams which falling on the absorber tube surface.

Se: The stored solar heat resulting from absorbing the heat energy by the absorber
tube.
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The optical performance is the ratio of the solar heat which is transformed from
the solar beams in the absorber tube (Sg = Qg) into the primary solar radiation input

to the entrance of the solar collector S; and it can be defined as follows.

n=5

Mop = S_G N - Mop, = Mop, "lop, Mops TTop, Mop, (34)
1 i=1
Here,
Si+
1 = (3.5)

The optical performances which are generally defined in the equation 3.4 are

described below.

—_— S, K : It is the Incident Angle Modifier Factor which describes the
s, optical efficiency of the solar tracking mechanism
S, . Describes the optical performance of the reflected surface,
Nop, = S_ = Pret .
2 show the surface reflective value
o = S, _ y . Depends on the reflected surface deformations and the surface
S, pollution and etc factors. Describes reflected surface focus
efficiency
n = Ss . Describes the transmission feature of the glass cover, and give
T gl , . .
st the optical efficiency of the beams transmission
o = Se o . Show selective surface absorber tube’s beam absorptance value
s g b : : - :
S > and describes the optical efficiency of the beams absorption
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So, the overall optical efficiency which is defined in equation 3.4 can be written
as below.

Nop = K. Do -V Ty Qs (3.6)

Solar beams can be condensed by using focused spot lens or an axial-oriented
parabolic reflector. The parallel solar beams condense in both focal point and linear
axis. Concentrated solar beams are collected ideally at a focal spot in the three-
dimensional concentrators and at a focal linear axis in two-dimensional
concentrators. The absorber surfaces which define as receiver in the literature are

placed in focal spot or linear axis in suitable geometry.

One of the most important concepts in the solar collectors is the concentration
ratio, in the literature two different definitions are used for concentration ratio. These
are, geometric and solar beams intensity concentration ratio. Geometric
concentration ratio can be defined as the ratio of the collector’s aperture area Ayt tO

the absorbing surface area Aaps, SO the geometric concentrate ratio is:

_ Aef

C=
Aabs

3.7)

And solar beams intensity concentration ratio is the ratio of the solar beams
intensity to the solar beams intensity which is falling on the collector surface. In
general, the solar beams intensity concentration ratio is used for solar cells, and the

geometric concentration ratio is used for solar collectors.

Concentrate ratio of the circle receiver surface for paraboloidal concentrator’s

reflector which is shown in figure 3.3 can be given as below (Kili¢ & Oztiirk, 1983).

c- f\*:f :(gj (38)
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. — D

Figure 3.3 The paraboloidal dish
concentrators

And the concentration ratio of cylinder concentrators which is shown in figure 3.4

can be given as below (Kilig & Oztiirk, 1983).

W
ref
C= (3.9
2 DabsOu
Dibsou
A \‘L
P o
H,
f
v
[y
His X T
h 4 X >y
< Wt >

Figure 3.4 The cylindrical parabolic collector

To increase concentrator collector efficiency, the solar beams must be falling

parallel to the optical axis in the three-dimension collectors or perpendicular to the



41

optical plane in the two dimension collectors. And that can be achieved by good
tracking to the sun. The variation between the solar heat which is transferred to the
working fluid and the concentrate ratio can be seen in figure 3.5 (Kilig & Oztiirk,
1983).

Q.

Concentrate Collector

FlatCollector

Qs

>

1 ConcentrationRatio = A s/ A,

Figure 3.5 The variation of the concentration ratio with the solar heat which

transferred to the working fluid

As seen above the efficiency can increase as the concentration ratio increases on
condition that the heat losses decrease. The main factors that affect the collector
efficiency are the reflector surface, selective absorbing surface and glass cover
dimensions, optical features and the geometry of the receiver.

The solar beams transfer mechanism for the parabolic solar collector according to
the investigated optical analyses above can be seen in figure 3.6. In this analysis the
direct solar beams are given as S;= lq at the collector position.

The optical balance at the reflector surface: «,, + p,, =Lz, =0 (3.10)

ref

The optical balance at the glass cover: «, + p, +7, =1, py ~0;, +74 =1 (3.11)

The optical balance of selective surface absorber tube: «,, + p s =17, =0  (3.12)

abs
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e e e —.—:= Absorber Tube Axis

i —» Q¢
S‘ QG e Tsl prefId QL y
Selective Surface
Absorber Tube
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$;=1, Glass Cover
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on the Reflector
Surface Reflector Surface

Figure 3.6 The beams transfer and optical losses in the parabolic trough solar collector

The direct beam which falls on the reflector surface Ig;

The reflecting part from the reflector surface = p 1, (3.13)
The part which takes in by the glass cover = 7, p,, 1, (3.14)
The absorption part by the selective surface absorber tube = o, 7, o, I (3.15)

Accordingly, the solar radiation which absorbs by the selective absorbing surface
(Qc) (see figure 3.2) can be defined as (Duffie & Beckman, 1991).

5
Qs = Iy = 1g-] 770, (3.16)
i=1
QG = Id 'pref -7-(Tg| 'aabs)e'K (317)
Where,

lg : The direct solar beams which fall on the reflector surface; for the solar
collectors which have got concentrate ration larger than 10 the direct solar
beams only affects, and the diffuse solar radiations are negligible.
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pret - Reflective value for the reflector surface.

vy : Intercept factor; refers to the part of the solar beams which are reflected by
the reflector and absorbed by the absorbing surface.

K : Incident angle modifier factor.

(Tgl.0abs)e : Multiplying the effective transmittance of the glass cover by the
absorptance of the absorbed tube under the effect of the thermal insulation of

the glass cover.

The y > 0.9 is given in the literature (Duffie & Beckman, 1991). y can be
increased by increasing the absorbing tube diameter as shown in figure 3.7 (Duffie &
Beckman, 1991). but the thermal losses are increased at the same time. Accordingly,
the optimum absorbing tube diameter must be determined to define the maximum
intercept factor. And this factor is affected by 8% in a negative way when the surface
has been dusty. So, the reflected surface should always be clean. Therefore, the soft
water and air lines must be mounted on the ground which the collector is designed
and installed on it too. In the evenings when the collector has been closed, it is
recommended to wash the collector by using the pressurized soft water and dry up it
by using the air. There, the using water must be free of lime and it is aimed to
prevent its particle from making stains on the surface.

Intercept Factor 7y

| |
0 1 2 3 4 5

Absorber Diameter [cm]

Figure 3.7 The variation of the intercept factor with the absorber

tube diameter
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Incident angle modifier factor K is the rate of the optical efficiency for the solar
beams fall on the reflector in particular angle of incidence (noy(6>0)) to the optical
efficiency for solar beams which is falling on the reflector in perpendicular state
(Mop(6=0)) as shown in equation 3.8 (Gilett & Moon, 1985). Incident angle modifier
Is function of incident angle of the solar beams which fall on the reflector surface,
and it is used to fix the deviations from the perpendicular to the surface.

Incident angle modifier factor, K = K(0) = f (9)

Solar Beam

]

7 / I—/ 2 7 Reflector Surface

Figure 3.8 The definition of the direct solar

beam incident angle 6

Incident angle modifier factor K(0) is defined as below [Gilett & Moon, 1985].

Mo (0 >0°)

K(0) =
@) Mo (0 =0°)

=Cosd (3.18)

The rate of the solar beams losses at the tip point of the collector to the total
reaching solar beams increase as the length of the collector decreases. Therefore, the
incident angle modifier factor gains importance at the short collectors tests. So, the
effect of the solar beams losses at the tip point of the short collectors is developed by
(Rabl, 1985) to give the next correlation. So, the incident angle modifier factor K(0)

for short solar collector is:

K(9) =1 f a W )tan @ 3.19
=1-—(1+ :
L 48f2 (3.19)

ref
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Where,

f  :Focus distance [m]
W.e: Reflector width [m]

Lrer : Reflector length [m]

0 :Incident Angle [Degree]

The parabolic reflector surface profile (figure 3.9) can be defined by the parabolic

curve function as given below (Duffie & Beckman, 1991):

Absorber Tube

Reflector

Surface

vi=4.fx

Wit

Figure 3.9 The schematic of the parabolic trough solar collector
y? =4.f.x (3.20)

The collector length has restriction in order to keep the focus losses in certain
range which occur as a result of the twist of the reflector surface which caused by
structural and environmental effects. The large capacity collectors are achieved by
arranged the short solar collectors alongside. Considering to alongside arranging
short collector’s overall losses, the delocalization of the solar beams on the absorber
tube which extends along the spaces between the collectors and the shading which is

happened as a result of the structural elements must be considered.
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In relation to the glass cover thermal insulation, multiplying the effective
transmittance of the glass cover in the absorptance of the absorbed tube (equ. 3.17).
All of the solar radiation that is absorbed by a glass cover is not lost, since this
absorbed energy tends to increase the glass cover temperature and consequently
reduce the thermal losses from the plate. This definition which includes the glass
cover transmission ty can be defined as below if only the absorption and

transmission of the glass cover are accepted (Duffie & Beckman, 1991).

e Koty
7= _takein _ oy 3.21
gl | ol p( COSQ) ( )
Where,

0 : The direct beams incident angle on the glass cover
ty : Glass cover thickness [m]
Kgi: The glass cover transmission tq coefficient, and it’s taken as 4 m™ for low

Iron glass and 32 m™ for ordinary glass (Duffie & Beckman, 1991)

When the total heat transfer (thermal losses) coefficient U_ between the selective
absorbing surface and the environment is determined, the glass cover is accepted as
not absorber to the solar beam. But in fact, amount of the solar beams have absorbed
by the glass cover. And the consequence of absorbing the glass cover to the solar
beam is increase the temperature of the cover as a result of the impact of heat stored.
Therefore, the thermal losses decreases and as a result the solar heat energy have
increased. In order to apply the last effect on the optical performance equation, the
concept of multiplying the effective transmittance of the glass cover in the
absorptance of the absorbed tube (tgi.0ns)e has developed. (tgi.aans)e is always greater
than the (tg.0aps) Value in small amount. To show the difference between the
(Tgl-Oabs)e and (tgi.0mps), the both cases of solar beams, unabsorbed (I) and absorbed
(1) by the glass cover are shown as schematic in figure 3.10. In case of (tgi.0taps)e, AT
is reduced so the thermal losses to the environment are reduced too (Duffie &
Beckman, 1991).
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I/Ugl-a 1/T abs-gl

1/ gla 1/C abs-zl

T‘ -----------------------------------------------------

\ 4

Figure 3.10 The heat transfer electrical analogy between the absorber tube and the

environment

If the cases (1) and (l1) are investigated,;
() In this case, the glass cover doesn’t absorbed the solar beams is accepted,

so the Ty is small. Therefore, the AT= Taps — T IS large. Based on this the

thermal losses is large as well.

QLI =U abs—gl (rabs _Tgl ) (322)
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(11) In this case, amount of the solar beams have absorbed by the glass cover is

!

accepted, so the T ¢ is higher than the last case, and the AT = Taps— T g iS

decreasing. Consequently, the thermal losses are smaller than the first

case.

QLII = Uabs—gl (Tabs _Tgll) (3.23)

The effect of the partial increase in the glass cover temperature on the heat

transfer coefficient Uaps-gi and Uga can be negligible.

To show the thermal losses difference between the cases (1) and (I1):

AQL = Uabs—gl [(Tabs _Tgl) - (Tabs _Tg;l )l (3.24)

Where,

_ (3.25)

U.bns-a: the heat transfer coefficient between the absorber tube and the environment.

Upseq Y
Uabs—a: o s (326)
Uabs—gl +Ug|—a
From this equations,
CoU (T -T) -1 (-7
T, T, =9 (Tops —Ta) — 1y (L —7y) 327
Uabs—gl +Ug|—a
;U 1-
AQ|_= T abs—a( Tgl) (328)

U

gl-a
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Here,

AQL: represent the effect of the glass cover insulation on the collector thermal
losses reduce and it is added to the collector equation. Thus, the thermal energy

which is transferred to the working fluid is:

ITU abs-a (1_ Tgl )

gl-a

Qu = FR O + _UL(Tabs _Ta) (3-29)

I+ is defined in the form of I+ = f(lg, lgif, lref) Which depends on the direct beams Iy,
the diffuse beams Igir and the reflection beams I, that all fall on the glass cover. In
the mathematical model for the parabolic solar collector the I+ = Iq is accepted

because the parabolic solar collector is working on this basis.

So, equation 3.29 becomes,

I dUabs—a (1_ z.gl )

gl-a

Oy =Fe| 1y (ra) +

U (Tys —T,) (3.30)

al a

(r), = () + (1-17,) % (3.31)

gl-a

As seen in equation 3.31, the glass thermal insulation effect can be determined as

(1—74)U,po /U,_, - FOr ordinary glass cover (ta)e = 1.02 (ta), and for white low

Iron glass cover (ta)e = 1.01 (ta) is taken (Duffie & Beckman, 1991). For the
mathematical modeling calculations of the solar collector which is designed and
developed, the used materials properties are taken from the information given by the

manufactures company.

The overall optical efficiency no, Which is found in the consequence of the optical
performance analyses for the parabolic solar collector can be the maximum collector

performance Mmax = Nop (AT=0) when it is accepted that there is no thermal losses.
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And the total thermal efficiency is reduced as increase the thermal losses which
transfer from the selective absorber surface to the environment which depend directly
on AT= Tgps — T4 (figure 3.11).

Tlep \

Thermal Efficiency Losses
y

b

Thermal Efficiency

h 4

>
>

AT= Tnb:On - T‘

Figure 3.11 The variation of the thermal performance of the parabolic trough solar

collector with the temperature difference

3.3 The Heat Transfer and the Thermal Losses Analyses for the Sun Tracking

Parabolic Solar Collector

An amount of the solar beams which are absorbed and stored as a solar heat by the
selective absorbed surface are going to the environment by heat convection,
conduction and radiation. All these heat losses are defined by the value of the
effective overall heat transfer (thermal losses) coefficient U,. Thermal losses increase
as the difference between the absorber surface mean temperature T,s and the
environment temperature T, increases as shown in figure (3.11). Depending on the
application field, the thermal losses can be reduced by the technical optimization at
the design, manufacturing and operation stages. The optical and thermal losses in the
glass cover adversely affect the overall thermal performance of the system. Although
the glass cover reduces the thermal losses but it increases the optical losses. The total
thermal losses coefficient U_ is defined based on the absorber surface mean
temperature. At the definition of the thermal losses the working fluid mean

temperature is used in lieu of the absorber surface mean temperature because of the
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measurement difficulty. The working fluid mean temperature is taken as the
arithmetic mean of the inlet and outlet temperature. The effective overall thermal loss
coefficient U, is equal to the multiplication of collector performance factor Fg in the
total thermal losses coefficient U.. The collector efficiency factor which will explain

in section 3.4.1 is defined as below.

Fo=—¢ (3.32)

The thermal losses which take place in the concentrate types of the solar collector
depend on many factors as a zone, environmental, structural and operational. The
thermal losses to the environment are affected by many factors as the radiation
intensity, wind speed, ambient temperature, collector dimension, the dimension and
the properties (absorption value, emissivity value, thermal conductivity and
thickness) of the absorber tube, the dimension and properties (transmittance,
emissivity, thickness and glass Iron-rate) of the glass cover and the working fluid
properties (temperature, pressure, specific heat capacity, viscosity, thermal

conductivity and prandl number).

The thermal system of the parabolic trough solar collector which consists of
absorber tube and glass cover is given in figure 3.12. The heat transfer is accepted as
one dimensional and steady state in this mathematical model to determine the

thermal losses to the environment.

The thermal efficiency which defines the performance of the parabolic trough
solar collector is a function of the parameters which is illustrated below and given at

the beginning of this study in the list of symbols.

77th: f(ld’Ta’VW’m[’ Lref 'W T T t t gabs"ggl’aabs’rgl’kabs’DabsOu7DgIOu'y’K’pref’\Nf)

ref 7 "in? "ou? “abs? “gl?
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Stagnant Air

Prf, m, Tin P:fs m, To‘u
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Figure 3.12 The Schematic of the selective surface absorber tube and glass cover

Before start thermal calculations, the heat transfer coefficients of the thermal
system in absorber tube and glass cover of the parabolic trough solar collector (figure
3.13) have to define.

Stagnant Air

v

Absorber Tube

Glass Cover

Figure 3.13 Thermal System schematic of the absorber tube and

glass cover

The electrical analogy of the heat transfer system between the working fluid
temperature T,s and the environmental temperature T, is given below. In this

analogy, the glass cover thickness ty can be neglected when it is compared with the
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other dimension. Therefore, the glass cover temperature can be accepted constant
(Tglln ~ TgIOu)-

Thermal Losses Flow Direction

v

-D
(Dglln absOn)/ka l/hg S
1/hys tabs/Kabs '_\
o——\\WW\\—e—"\\W\\y ,_/o
Tt Tabstu TglOu a
1 /hr, abs-gl 1 /hr, gl-a
Convection Condection Convection Condection Convection
Condection Radiation

Radiation

Figure 3.14 Electrical analogy of the heat transfer system between the working fluid temperature

and the environmental temperature

This leads to neglect the thermal gradient in the glass wall. Therefore, the
electrical analogy which is given in figure 3.14 can be taken the new form by

removing the thermal conductivity term tg/ky as given below.

Thermal Losses Flow Direction

-
>

(Dglln = DabsOn)/kl

1/t tabs/Kans
o——\\WW\\——""\WW\
Tt Tabsta
Convection Condection Convection Convection
Condection Radiation
Radiation

Figure 3.15 Electrical analogy of the heat transfer system between the working fluid
temperature and the environmental temperature after removing the temperature

gradient in the glass wall
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If the energy balance at the selective surface absorber tube is written as shown in

the figure 3.16;

Qe

Q@

Figure 3.16 The energy balance
at the selective surface absorber

tube
Q, =Q: —Q, (3.33)
Q, =mC, AT, (3.34)
Here;

Qu: The useful energy which transfers to the working fluid.

Qc: The solar absorbed energy which is absorbed by the selective surface
absorber tube from the reflected solar beam by the unshaded reflector area
after particular optical losses of the collector, and it can be defined as below.

QG = nop'ld 'AJnSh (335)

Here;
Aunsh : Unshaded reflector area [m2]

Unshaded reflector area is the net area which obtains by subtracting the glass
cover shaded projection area from the reflector surface projection area (Duffie &

Beckman, 1991) as shown in the figure 3.17 below.
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AJnSh = A’ef - A%h = Lref Wref - Lref 'DgIOu = Lref (eref - DgIOu) (336)

Wit Projection of Glass Cover Shadow

| 1
Y

Unshaded Aperture Area

Lref

<
-

Y

Figure 3.17 The unshaded reflector area in the parabolic trough solar collector

QL : Represent the convection and radiation heat losses from the selective surface
absorber tube outside surface to the environment.

QL =U L 'AabsOu '(TabsOu _Ta) (337)
Here;

Aabsou : The outside surface area of the selective surface absorber tube.

Tansou . The outside temperature of the selective surface absorber tube.

UL : The total thermal losses coefficient from the selective surface absorber
tube outside surface to the environment (figure 3.18), and it can

determined as shown below from the equation 3.39 (Duffie & Beckman,
1991).

T —\ W\ —,

1/CLAsbsou

Figure 3.18 The total thermal losses
coefficient U,
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1 1 1
= + (3.38)
UL'AabsOu hC,abs—gI + hR,abs—gI 'A-\bsOu hC,gI—a + hR,gl—a "%I
-1
UL — 1 + AabsOu 1 (339)
hC,abs—gI + hR,abs—gI Agl hC,gI—a + hR,gl—a

The hc aps-gi, NRoabs-gl Ncgl-a @Nd hrga Which are used in last equations represent
the convection heat transfer and radiation heat transfer coefficients between the
absorber tube-glass cover and glass cover-environment respectively. Their

definitions and calculation methods are explained below.

(@) hcansg : The convection heat transfer coefficient between the absorber tube

surface-glass cover.

The convection heat transfer doesn’t occur if the space between the two tubes is
evacuated. But in the literature, if it isn’t completely discharged from the air the
conduction heat transfer is more effective than the convection heat transfer (Holman,
1976). Therefore, in this case the conductive heat transfer coefficient k,; should be
use but it should be taken into consideration the effect of the natural convection. So,
the effective conductive heat transfer coefficient ke, is used and it can determine

from the equations as shown below (Holman, 1976).

2k,
DabsOu In Dgl / DabsOu

hC,abs—gl = (340)

Here, to calculate the effective conductive heat transfer coefficient for horizontal
cylindrical tubes, the derived empirical equation is used (Holman, 1976). According

to this equation;
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If (Gr.Pr) < 10°, Koy = K, is taken. Here, “K,” is the conductive heat transfer
coefficient for the air which is between the tubes at mean temperature. “Gr” is

Grashof number and “Pr” is Prandl number.

If (Gr.Pr) > 10°, the following empirical equation is used;

k, =k,.C. Gr.Pr E%) (3.41)

Here, for the natural convection in the horizontal cylindrical tube the following
values are taken (Holman, 1976).

C=0.11
n=0.29
m=0

Accordingly, the equation 3.41 returns to the form below.
k., =k, .(0.11). Gr.pr ** (3.42)

Here, Gr value is found from the following equation (Holman, 1976).

Tsou Ty O°
Gr:gﬂ absOu2 gl (343)

Va

Here;

Dglln - DabsOu
d : Space between the two tubes. [m] | 6 = — 5 (3.44)

B : Volumetric expansion coefficient. [K™] (,B = L j (3.45)

m,abs—gl


http://www.tureng.com/search/coefficient+of+volumetric+expansion
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Here, K,, v, and Pr values are found from the tables at the mean temperature

between the tubes T ans-g1 Which can be calculated as below,

T +T
T = 9 K] (3.46)

m,abs—gl — 2

(b) hrans-gt : The radiation heat transfer coefficient between the absorber tube

surface-glass cover.

The derived equation for the radiation heat transfer coefficient between two

cylindrical surfaces is given below (Holman, 1976).

o ngl +Taf)sOu Tgl +TabsOu
hR,abs—gI = 1_ (347)
1- Eabs n 1 " ggl AabsOu

€ I:abs—gl ggl Agl

abs

Here, the shape factor is taken as Fans.q = 1 because the all radiation which move
out from one of the surfaces reach to the other surface. And the other variables are;

Aansou: Area of the selective tube exterior surface. [Mm?]  Aycous = 7 Dassouler

Ag  :Areaof the glass cover surface. [m?] A, =7D L

If the (E:EJ is written in this form and placed in the equation 4.47, the

| gl
below equation can be obtained.

2 2
o Tgl +TabsOu Tgl +TabsOu

hR,abs—gI = 1 D |: 1 :I (348)
= =1
I

abs

g D

abs

&

gl g
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(€) hcgi-a : The convection heat transfer coefficient between glass cover-ambient.

The convection heat transfer of the air over the glass can be natural, forced or
mixed convection. Therefore these dominates can be determined from the relative
magnitudes of the Grashof and Reynolds number squared (Gr/Re2 ). If this ratio is

greater than one forced convection can be neglected otherwise the natural convection
can be neglected, but if the ratio is approximately one both forced and natural
convection (mixed convection) need to be taken into account. Where,

Grashof and Reynolds numbers can be found as follow,

_ gﬂ Tgl _Ta DgIOu

Gr 5 (3.49)
Va
Re _ pa'VW'DgIOu — Vw'DgIOu (350)
:ua Va

And the general equation of the convection heat transfer coefficient is,

he ya = —2 Nu (3.51)
Y DgIOu
So,

For Gr/Re2 >1, the Nusselt Number for the natural convection can be determined

from the next equation (Churchill, 1983).

— -1/6
Gr.Pr
_ 300
JN _Q/Nuo + iy PN (3.52)
1+ —
=)



http://en.wikipedia.org/wiki/Grashof_number
http://en.wikipedia.org/wiki/Reynolds_number
http://en.wikipedia.org/wiki/Grashof_number
http://en.wikipedia.org/wiki/Reynolds_number
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Where, Nu, =0.36 for the horizontal cylinder case, and

B = (3.53)

Toga = (3.54)

For Gr/Re2 <1, the Nusselt Number for the forced convection which depends on

the wind speed can be determined from the next equation (Duffie & Beckman, 1991).
Nu=0.4+0.54Re** 0.1 <Re<1000 (3.55)

Nu = 0.3Re"® 1000 < Re < 50000 (3.56)

For Gr/Re” ~1, the Nusselt Number for the mixed convection can be determined

from the next equation (Churchill, 1975).

Y6
JNU = /Ny, +—2387Ra (3.57)

0 916 \¥Z
[H(o.ssg) J
Pr

Where, Rayleigh Number is,

_ gﬂ Tgl _Ta D93I0u

Ra _
Vv, .o,

(3.58)

Ka, pa, Va, 0la, Ua @nd Pr are the properties of the ambient air which is flowing on the

glass cover surface at the mean temperature T gi-a.
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(d) hrgia : The radiation heat transfer coefficient between the glass cover-
ambient (Duffie & Beckman, 1991).

h, . . =40, T> (3.59)

R,gl-a gl*"mgl-a

In fact the ambient temperature which is used here must be taken as the sky
temperature Ts. The sky temperature can be found from the below equation which is
derived by (Berdahl & Martin, 1984).

T, =T, [o.711+ 0.0056T,, +0.000073T +0.013cos(15*t)]]/4 (3.60)

Here;

Ts and T, : Sky and ambient temperature. [K]
Tap : Dew Point temperature. [°C]
t : The time which lasts from the midnight to that moment [hour].

However, the difference between Ts and T, in the hot humid climate doesn’t
exceed the 5 °C. So, using T, doesn’t change or affect the collector performance
(Duffie & Beckman, 1991).

Right now the temperature distribution in the selective surface absorber tube
hasn’t taken in the calculation. The resistance which happens because of the heat
capacity of the selective surface absorber tube during the heat transfer from the
outside surface of the tube to the working fluid can be higher in the concentrate solar
collector system. So, based on the tube outside surface, the overall heat transfer
coefficient from the working fluid to the environment U, is defined rather than the
total heat transfer coefficient from outside of the absorber tube to the environment
UL. The electrical analogy for U, is given below.
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Figure 4.19 The electrical analogy of the overall heat transfer coefficient

-1

U = 1 + DabsOu + DabsOu In(DabsOu — Dabsln) (361)

° U L hwf Dabsln 2kabs

The convection heat transfer coefficient of the working fluid h,s depends on the
working fluid’s physical properties, temperature and flow velocity. The convection
heat transfer coefficient of the working fluid is changing between (100-1500) W/m?
depending on the flow type (laminar or turbulent). And the flow type is defined by
determining the Reynolds Number. If the Re < 2300 the flow is laminar and if the Re
> 2300 the flow is turbulent. The convection heat transfer coefficient of the working
fluid hys is determined from determining the Nusselt Number for the turbulent flow
in a flat surface tube which is given below from the empirical equation found by
Dittus Boelter (Mc Adams, 1954).

Nu = 0.023Re®® Pr" (3.62)

In this equation, for heating and cooling application n is taken as 0.4 and 0.3
respectively. So, since the collector system is heating system the last equation can be
written as below.

Nu = 0.023Re®® Pr%* (3.63)

To calculate the Reynolds and Prandl Number for this equation, the following

equations are used (Holman, 1976).
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_ puV.D

V.D bsin
Re = ——absin b (3.64)
Vi Hoo
Pr=c,, (3.65)
kwf
Ve m (3.66)
:uwfﬂ-Dabsln
Re—— M (3.67)
zuwfﬂ.Dabsln
D
NU _ hvvf absin (368)
kwf
Nu.K,;
= 3.69
D (3.69)

absin

The variables in these equations are expressed by; the flow rate m, velocity V,
Viscosity uws, density pws, specific heat Cys and Prandl Number Pr for the working
fluid. Excepting the flow rate and the velocity, all of the rest variables are taken from

the table at the mean flow temperature Ty.

T, =-h" o (3.70)

3.4 The Thermal Performance Analyses for the Parabolic Trough Solar

Collector

Form the energy balance of the absorber tube, the useful solar heat energy which

transfers to the working fluid per unit area of the collector q,, can be expressed in
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terms of the outside temperature of the absorber tube Tapsou, ambient temperature T,
unshaded reflector area Aunsh, direct solar beams lq, optical performance of the

collector 1o and the total thermal losses coefficient U, as follows;

n I 0 U
u = AJ SLh o > AaLbs - TabsOu _Ta (371)

ref ref

Because of the absorber tube outside temperature Tapsou IS unknown and the
difficulty of determining it, the working fluid mean temperature Tus or inlet
temperature T, can be used instead of the absorber tube outside temperature Taps0u tO
simplify the analyses. For this, it should be defined the collector efficiency factor Fg

or the heat removal factor Fr and the flow factor F.
3.4.1 The Determination of the Collector Efficiency Factor Fg

The heat transfer between the absorber tube outside surface and the working fluid
per unit area of the collector can be written as below,

q, = AabsOu / Lref TabsOu _wa
DabsOu +[ DabsOu |n( DabsOu ]]
hwf Dabsln 2kabs Dabsln

To eliminate unknown absorber tube outside temperature Tasou from the

(3.72)

equations and using the mean working fluid temperature T in order to simplify the
calculations and obtain an expression for the useful gain in terms of known
parameters, we substitute equation 3.68 into equation 3.67, and solving the result for

the useful gain, to obtain

AJnSh Idnop _ AabsOu UL wa _Ta (373)

Lref nSh

qu:FE
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But the mean working fluid temperature T is different from the absorber tube
outside temperature Tapsou. SO, With using the collector efficiency factor Fg, it can be
calculated the useful solar energy which transferred to the working fluid with using
the mean working fluid temperature T,s. The physical interpretation for Fg is the
ratio of the actual useful energy gain to the useful energy gain that would result if the
collector absorbing surface had been at the mean fluid temperature, so the collector

performance factor can be written as follow (Duffie & Beckman, 1991).

AT =T, -T
FE — qu absOu a (3.74)
q, AT =T, -T,

F.= W, (3.75)

i + DabsOu + DabsOu |n DabsOu
U L hwf D 2kabs D

absin absin

As a result the collector performance factor is defined as follow.

U,=F.U, (3.76)

3.4.2 The Determination of the Heat Removal Factor Fg and Flow Factor Fg

The useful energy gain above is expressed in terms of the absorber tube outside
temperature Tasou and mean working fluid temperature T But, because of the
changing of the working fluid temperature with the flow direction and the difficulty
to determine the mean working fluid temperature Tz, the useful energy gain to the
working fluid can be expressed in term of the working fluid inlet temperature Tip.
The heat removal factor can be defined as the ratio of the actual useful energy gain to
the maximum useful energy gain which occurs when the whole absorber tube outlet
surface were at the working fluid inlet temperature, so the thermal losses to the

surroundings are then at minimum (Duffie & Beckman, 1991).
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F - Q. AT :TabsOu _Ta (3 77)
g, AT=T,-T, '
mC AoULF
F, = LB I exp| — bsou~ LT E (378)
AabsOuU L m C\Mf

And the flow factor Fr is defined as the ratio of the heat removal factor Fr to the
collector efficiency factor Fg as below (Duffie & Beckman, 1991).

mC
F, _R_ F, - o 1_exp{_ AabsOuULFEJ (3.79)
Fe AspsoY L Fe i Cy
T
A
Ta'bsOu
Tou

wa

Tin
A §8

= ; X
Figure 3.20 The changing of the working fluid temperature with the flow direction in the
absorber tube

If there is no increasing in the working fluid temperature with the flow direction,

then Fr = Fg is taken. The heat energy transfers from the absorber tube surface to the
working fluid at steady state condition can be determined from the next equation.

Q=K I:qG'AJnSh “Ui Ao To—Ta J (3.80)
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Qu = FR'AJnSh Oc _MUL Tln _Ta (3.81)

nSh

The g¢ can be written as follow in this equation.
qG = Id'nop (382)
3.4.3 The Determination of the Working Fluid Outlet Temperature

The difference between the working fluid inlet and outlet temperature is changed
depending on the unshaded reflector area, absorber tube outside surface area, direct
solar beam, flow rate and the thermal losses from the absorber tube outside surface.
And the working fluid outlet temperature To,, can be founded by substituting
equation 3.34 into 3.76.

I:R I:qG'AJnSh _UL'AabsOu Tln _Ta :|
m.C,,

T

Ou

=T, +

In

(3.83)

3.4.4 The Determination of the Glass Cover Temperature

To determine the heat losses from the glass cover to the surrounding, the glass
cover temperature has to determine. If the absorbed energy of the glass neglected
(which is taken into considiration in the optical performance calculation see Equ.

3.17), the energy balance on the glass cover can be defined as Qaps-gi = Qgl-a, SO, the

next equation can be written.

AabsOu hC,abs—gI + hR,abs—gI TabsOu _Tgl = Abl hC,gI—a + hR,gl—a Tgl _Ta (3.84)

Here, if we defined h; and h, as;

hl = hC,gl—a + hR,gI—a (385)
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h2 = hC,abs—gI + hR.abs—gI (386)

T — AabsOu h2TabsOu + Agl tha
! Agl hl + AabsOu h2

(3.87)

If Tabsou IS known, the Ty is assumed, and then h; and h; are determined, and then
Tq is calculated by iterative method and compared with the first guess. If the
difference between them more than 0.1 °C, the T calculated again until satisfied the
condition (Duffie & Beckman, 1991).

3.4.5 The Determination of the Critical Direct Solar Beam Level

The critical direct beam level should be determined to determine the operation
condition for the parabolic trough solar collector system. The direct beam becomes
critical direct beam when the useful heat gain which transfers to the working fluid

become zero, so based on this the critical direct solar beam can be determined as
follow (Duffie & Beckman, 1991).

QU = FRAJnSh Idnop - FRULAabsOu Tln _Ta (388)

So, if the Qu =0, then 14 = Ig and the equation 3.84 become,

ch _ ULAabsOu Tln _Ta (389)
AJnShnop
QU = AUnSh FR Id - ch 770p (390)

So, if Iy > l¢g, then Qu > 0 and on the other hand it means the absorbed useful heat
energy by the absorber tube is more than the thermal losses from it. If 14 < Iy the
thermal losses become more, then the working fluid is unintentionally cooled. And to
prevent this, the working fluid flow must be stopped automatically by the collector

control system.
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3.4.6 The Determination of Thermal Performance of the PTSC

The thermal performance can be defined as the ratio of the useful energy
transferred to the working fluid to the direct solar beam energy falls on the reflector
aperture. The mathematical model for the thermal performance of the PTSC which is
affected by designer, operation and environmental factors is given below. The
parameters of the this equation is investigated very thoroughly and discussed in the

previous sections.

QU _':FR qGAJnSh _ULAabsOu Tln _Ta :I

) Id Aef B IdAref (391)

n

The daily average thermal performance of the PTSC is defined as the ratio of the
total useful heat gain transferred to the working fluid which depends on the intensity
of the direct beam along the day to the total direct solar energy along the day too, and

it can written as below.

Mo = ZQU :un
e zldA'ef Zld

(3.92)

3.5 The Development Computer Program for the Mathematical Simulation of
the Thermal Performance Behavior of the PTSC and Proven Its Validity by
Comparing It with Sample Application

Based on the analyses and discussions that have studied in the former sections,
and by using the equations which obtained as a result of these analyses, a computer
program was developed by using the Visual Basic 6 program. The sketchy flow chart
for this package is given in the figure 3.21, and the detailed flow chart is given in the
Appendix-A while the program’s code and form are given respectivily in the
Appendix-B and Appendix-C. And the sample thermal performance calculation of
the PTSC which is designed in this study is given in Appendix-D in form of print
outputs of the package.
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In order to prove the accuracy and validity of the package, it is required to
compare it with experimental test results. So, on the basis of this objective literature
has been scanned and the thermal performance test results of the PTSC for IST
laboratory in the Sandia, America was obtained (Dudley, Evans & Matthews, 1995).
The design, operation, environmental and the test results of the obtained PTSC are
applied on the mathematical model program.

In the IST test, the thermal oil SYLTHERM 800 is used as working fluid which
using in the high temperature applications. The thermophysical properties of the oil
which needed in the calculations is given in the Appendix-E. And the design
properties and dimensions data for the PTSC parameters which used in test is given
in the next table 3.1.

Table 3.1The properties and dimensions of the Sandia PTSC parameters

PTSC Parameters Properties and Dimensions
Collector Length Les [M] 6.100
Collector Width W [m] 2.300
Rim Angle ¢, [Degree] 72
Absorber Tube Selective Surface Diameter D pso, [MM] 50.8
Absorber Tube Selective Surface Wall Thickness t;,s [mm] 1.6
Absorber Tube Selective Surface Absorptance ogys 0.94
Absorber Tube Selective Surface Emissivity €,pg 0.18
Glass Cover Diamter Dg o, [mm] 75
Glass Cover Wall Thickness ty [mm] 1.25
Glass Cover Transmittance Ty 0.91
Glass Cover Emissivity &g 0.88
Reflector Reflective Value pyes 0.93
Aperture Area A, [m?] 13.2
Working Fluid Syltherm 800
Operation Temperature range [°C] 100 - 300

The incident angle modifier factor K and the intercept factor y for the obtained
test results which important to make the analyses aren’t given. So, to prove the
validity of the mathematical simulation model the value of the both unknown value is
taken as K =0.95 and y = 0.95.
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START

v

Design Data Inputs

v

Operation Data Inputs

v

Environmental Data Inputs

v

Assumptions [Tasou = Tws IS accepted, and assumed the Tq]

v

A

Determine the Convection and Radiation Heat Transfer Coeff. between Glass Cover-Ambient (Equ. 3.85)

v

Determine the Convection and Radiation Heat Transfer Coeff. between Absorber Tube-Glass Cover (Equ. 3.86)

v

Determine the Total Heat Transfer Coeff. U, (Equ. 3.39)

v

Determine the Test Value of the T, (Equ. 3.87)

Let: Ty=Tq,

False

l True

Find the Gross Energy Absorbed by Absorber Tube Surface (Equ. 3.17)

v

Determine the Thermal Losses Q. (Equ. 3.37)

v

Determine the Useful Heat Transferred to the Working Fluid (Equ. 3.33)

v

Determine the Heat Efficiency Factor Fg (Equ.3.75)

v

Determine the Required Collector Length

y

Determine the Optical Performance of the PTSC (Equ. 3.6)

v

Determine the Thermal Performance of the PTSC (Equ. 3.91)

v

END

Figure 3.21 The flow chart for the PTSC thermal performance analyses program
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By entering the properties and dimensions of the PTSC parameters which is given
above in the table 3.1, and the operation and environmental condition of the IST test
which is given in the next table 3.2 in the mathematical simulation model program
which is derived in this study, the thermal performance results is obtained and its
given with the test thermal performance results in the next table 3.2. In addition to
the deviation ratio between the model and test results which given in the next table
also. As a result of comparison when the test results are based, found that the
maximum deviation is 6.21 % and the minimum deviation is 0.12 %, and the average
deviation for the sixteen data is 0.1 % and the standard deviation is 2.17 %. Hereby it
is proving the validity and accuracy of the developed thermal model for the PTSC
system. The thermal performance results of the IST test and model are compared in

form of curve which is given in figure 3.22.

Polinom. (Thermal Effe. (%) Expsirimental

Polinom. (Thermal Effe. (%) , Mathematical Mode

——,

Thermal Effeciency [%]

A

Ambient-Working Fluid Temp. Differe. [°C]

Figure 3.22 The approach curves of the Sandia IST test and mathematical model results

It is seen that the IST test and mathematical model results approach with each
other by 0.1 % deviation. The deviation and deviation approach curves between the
Sandia IST test and mathematical model results at the measurement points is given in

the next figure 3.23.



Table 3.2 The operation, environmental conditions and the performance results for the IST sandia test laboratory and the model program

Test Direct Wind Ambient Inlet Outlet Flow Rate ~ Test Themal = Model Themal Deviation
Date Beam I4 Speed V,,  Temperature = Temperature = Temperature [1t/min] Performance Performance Ratio
1993 [W/m?] [m/sec] T.[°C] T [°C] Tou [°C] [%] [%] [%]
25/08 940.7 1.8 314 29.25 34.40 24.7 71.07 70.14 1.308
25/08 936.0 2.1 29.6 29.18 34.26 24.6 70.20 70.08 0.171
03/09 987.1 0.1 25.4 27.88 33.23 24.6 69.93 70.03 -0.143
03/09 991.2 0.3 254 27.93 33.31 24.6 70.10 70.01 0.128
20/10 995.1 2.9 11.8 100.2 107.38 48.2 67.01 65.89 1.671
20/10 1005.7 3.9 14.1 151.38 158.09 50.4 64.26 62.76 2.334
20/10 875.5 1.8 16.1 200.65 206.16 51.0 60.35 58.79 2.584
21/10 927.2 3.7 10.2 251.34 256.69 51.9 54.82 53.6 2.225
21/10 994.9 4.1 14.0 297.75 303.11 52.5 50.04 50.4 -0.719
21/10 977.1 4.4 16.0 338.16 342.86 53.0 43.27 45.59 -2.981
22/10 920.3 1.2 11.4 63.27 70.35 45.5 67.46 67.88 -0.622
27/10 927.9 3.1 7.8 62.76 69.87 45.9 67.60 67.52 0.118
27/10 969.6 2.4 8.8 99.47 106.25 48.4 65.12 65.77 -0.998
27/10 972.7 25 10.2 152.42 158.73 50.3 62.37 62.58 -0.336
27/10 933.0 3.1 114 202.14 207.74 51.7 58.24 58.32 -0.137
01/11 1001.3 15 15.5 298.57 303.95 52.3 49.73 52.82 -6.213

€L
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The deviation between the Sandia IST test and mathematical model results stems
from Sandia IST test results measurement error, the unknown value of some material
properties, the one dimensional and steady state accepting of the thermal losses
analysis for the mathematical model, the possible errors in the empirical equations
which is used in the calculation of the heat transfer coefficients, the accepting of the

incident angle at the solar noon is 18° (K = 0.95) and the accepting of the intercept
factor y = 0.95.

*
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. ’ /’_\\
/ N Average Deviation
. — AN
=) / ¢ * \
= - . .
c
e .
g . 7 ~
Deviation Approach Curve = N ¢
- ~
) *

Ambient - Working Fluid Temp. Differe. [°C]

Figure 3.23 The deviation and deviation approach curves between the Sandia IST test and

mathematical model results at the measurement points.

The mathematical model for PTSC which its validity proven can be used reliably
in the thermal performance and design calculation and it can be used as basis in the
study which is done on this issue in the future. Especially if the K and intercept
factor enter in the mathematical model as variable, and taken into consideration the
two dimensional and unsteady state conditions of the heat transfer which is taken in
the thermal losses analyses.



CHAPTER FOUR
THE DESIGN OF THE PARAPOLIC TROUGH SOLAR COLLECTOR

The main aim of the solar collector design in the high temperature industrial
applications are, produce high temperature working fluid which is required in these
applications, develop a system around medium concentration ratio (C = 10-30) with
economically acceptable investment (suitable recycling period), minimize the
thermal losses areas to the maximum suitable extent and finally ensure customer

satisfaction in the technical and economic aspects.

The PTSC is the most and easiest applied collector type. The thermal losses of
this type is low because of the receiver surface area is small, but the optical losses is
high because it depends on the direct beams only. Generally, the PTSC is used in
middle and high temperature applications. The main applications are, residential
heating using the solar energy, steam generation in the industrial process, absorbing
cooling system applications and in the solar power stations which used to produce

the electricity.

This collector consists from parabolic reflector coated with high reflective
material, and the reflected solar beams concentrate on the absorber tube which
installed along the parabolic focus line. The absorber tube is covered by glass with
low reflectivity, high transmittance and high temperature and shock resistant glass,
which works to minimize the thermal losses from the absorber tube to the
environment. The high temperature difference between the absorber tube surface and
the environment is one of the important factors which led to increase the thermal
losses. The working fluid temperature can be increase to reach more high
temperature level by in case of insufficient flow. Here, the flow rate of the working
fluid should be controlled to keep the working fluid temperature under the upper
level of the temperature for the design conditions. In case of uncontrolled working
fluid temperature, the absorber tube deformations are concerned. These deformations
can cause an optical deviation of the absorber tube which leds to increse the optical

losses and break the glass cover and explode the system.

75
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The four main parameters which affect the economics of the sun tracking PTSC

are given below (Karaduman, 1989).

e The operation condition of the collectors (direct beam intensity, sun track

type and technique, working fluid temperature and flow rate etc.),

e The design parameters of the collector system (concentration ratio, rim angle

and collector dimensions etc.),

e The properties of the reflector and glass cover (reflectivity, transmittance,

emittance and resistance etc.),

e The properties of the selective surface absorber tube ( absorber tube

geometry, absorptance, emittance, thermal conductivity and resistance etc.).

This design is aimed to transfer 25 kW of useful heat to the working fluid per
collector. The thermal performance of the collector is about 70 % which changes
depending on the environmental and operation factors. Accordingly, if the direct
beams intensity which fall on the aperture area is 900 W/m?, the useful heat gain
which can transfers to the working fluid per unit area is 630 W/m?. So, it is need to

aperture area about 40 m? to get 25 kW of useful energy.

As a result of design calculations, the collector aperture area is determined as 40
m?, and the dimension is determined in accordance with operation and technique
condition as seen below. This assessment is taken into consideration the deformation
which may occur in the reflector as a result of the wind load, that’s led us to accept

the intercept factor y = 0.96. Accordingly;

Lrr = 8.0 m (Collector Length)
W, = 5.0 m (Collector Width)
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4.1 The Design of the PTSC Reflector

4.1.1 Determination the Material of the PTSC Reflector Surface

The reflector is one of the most important parts of the PTSC system, the
weatherproof thin sheet of aluminum material which have high reflected ratio 88 %
is selected. This sheet (Alanod, see table 4.1) can be imported and its width equal to
1 m and thickness is 0.5 mm where it can be pasted on local sheet to install it. The
reflective properties for some types of materials which are used as reflector surface
of the concentrator collectors are compared in table 4.1 (Kilig¢ & Oztiirk, 1983). In
this design plan, the Alanod aluminum material is planned to use and the main

reasons for this are, the silver is too expensive and the mirror is hard to give shape.

Table 4.1 The reflectivity of the some reflector surface materials

Reflector Surface Material Reflectivity
Silver 0.94 +£0.02
Gold 0.76 £0.03
Acrylic-coated aluminum 0.86
Aluminum 0.82+0.05
Copper 0.75
Mirror 0.88
Custom polished aluminum thin film (Alanod) 0.88

4.1.2 The Dimension of the PTSC Reflector Surface

The parabolic reflector surface profile can be defined by the parabola curve
function as given below (Duffie & Beckman, 1991). The definition of this equation is
aimed to reflect the all direct beams which fall on the reflector toward the receiver.
In this equivalent, the f term is defined the focal length. The basic design parameters
of PTSC are given in the next figure (Duffie & Beckman, 1991).

y> =4.f.x (4.2)

In this figure, a = Wit collector width, and ¢, is the rim angle, and r; is the
maximum reflector radius. The rim angle is defined as equation as shown below in
terms of focal length, collector width and the maximum reflector radius (Duffie &
Beckman, 1991).
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Figure 4.1 Section of a PTSC showing major dimensions and the
X,Y,Z, coordinates

8. fl/a ] a
=tan!|— |=sint| — 4.2
7 Le. fla 2—1] [Z.r} (42)

For any point of the parabolic reflector the reflector radius r is defined in equation
4.3 (Duffie & Beckman, 1991).

2.f

r =
1+cose

(4.3)

In order to design compact system the rim angle is taken as ¢, = 70° and to

determine the focal length the next calculations are done. The parameters which are
used in the calculations are defined in the figure 4.1 and 4.2.

W, /2 5000/2

B =910 [mm 4.4
° tang,  tan70 [mm] 44)
W, /2

r=—2 :50_00/ 2 _ 2660 [mm]
sing,  sin70

(4.5)
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Figure 4.2 The basic geometry parameters of the PTSC system

And by substituting the r, and ¢, in equation 4.3, the focal length f = 1.785 [m] in
the last figure can be obtained. By substituting the last in equation 4.1, the reflector
parabola equation can be determined as below.

y? =7140.x [mm] (4.6)

And the Hys value can be defined and determined from the figure 4.2 as shown

below.
H,=f-H, 6 =1785-910=875 [mm] 4.7)

After determining the Hys value, the length of the parabola length W, can be

determined from the next equation to be equal to W, = 5.383 [m].

Wp = 2|: Wref /4 \’1+ 4Href ref 2 + Wrif /16Href In(\’1+ 4Href ref 2 +4Href ref J:| (48)
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According to this dimensions which obtained in the calculations above the
collector is aimed to design. Accordingly, the reflector which has length 8 m can be
designed from 8 pieces (1000 x 5383 x 0.5) mm of the Alanod which can pasted on

local Aluminum sheet to install it.

4.2 The Design of the PTSC Glass Covered Selective Surface Absorber Tube

4.2.1 The Selective Surface Absorber Tube

The design of the selective surface absorber tube is limited by two opposite
factors, where the diameter of the absorber tube should be large as much as possible
in order to increase the optical performance by increasing the intercept factor, and on
the other hand the diameter of the absorber tube should be small as much as possible
in order to make the working fluid flow in turbulent state and reduce the thermal
losses which depend on the outer surface area of the absorber tube. Accordingly,
from the optical performance side the absorber tube diameter should be increased
and from the thermal performance side the absorber tube should be decreased. This is
an optimization problem which used to select the suitable diameter by taking into
consideration the heat capacity aimed of the collector, the temperature difference of

the working fluid at the operation conditions and the concentration ratio.

The absorber tube is the part of the PTSC which absorbed the direct solar beam
and turned it to solar heat transferred to the working fluid. The absorber tube
primarily should be had a high absorber rate to the short wave and low emittance rate
as much as possible to the long wave. In order to achieve good heat transfer from the
absorber tube surface which is heated by absorbed the direct beam to the working
fluid, the high thermal conductivity materials and the thin wall thickness should be
selected. In order to increase the forced convection heat transfer coefficient of the
working fluid, the turbulence of the working fluid flow should be increased which be
provided by decreasing the absorber tube diameter, increasing the working fluid flow
rate or by using the nuzzle if the diameter can’t decrease because of the optical

losses. Generally, the copper, aluminum and stainless steel are used to produce the
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absorber surface. Although the high thermal conductivity of the copper, it is
expensive comparing to other metals. Where the steel can be easily obtained but it is
inclined to corrosion. On the other hand, the soldering and welding for the materials
should be taken into consideration. The soldering and welding of the copper is easy
but expensive, whereas the aluminum is difficult to solder or weld with other
material. In the opaque absorber surface the transmittance is equal to zero (Taps = 0),
and the sum of the reflectivity and absorption rates for specific wavelength are equal

to one (Paps + Oaps = 1).

According to Kirchhoff law, the opaque absorber surface absorption and
emittance rates are equals for specific wavelength at the thermal equilibrium. The
black painted surface has high absorption rate, but it has high emittance rate too. In
the black surface absorber tube absorption rate to the direct solar beam and emittance
rate to the long wave are ranged between (0.90-0.95). The absorption rate of the
surface depends on the incident angle of the direct beam on the surface. The
absorption rate to the direct solar beam and emittance rate to the long wave for some
materials are shown in table 4.2 [Kili¢ & Oztiirk, 1983]. The given (c/¢) ratio in the
table 4.2 is scale to the solar heat gain. At the design of the absorption tube, the high

(o/¢) ratio should be selected.

Table 4.2 Spectral properties of some materials [Kilig & Oztiirk, 1983].

Surface Spectral Properties

c € (3
White painted aluminum 0.20 0.91 0.22
Water 0.94 0.95-0.96 0.98
Black painted (polished) 0.90 0.90 1.00
Black painted (opaque) 0.94-0.98 0.88 1.07-1.11
Galvanized steel 0.65 0.13 5.00
Aluminum 0.15 0.05 3.00
Chrome 0.49 0.08 6.13
Polished zinc 0.46 0.02 23.0

The black body is really absorber to the solar beam. It absorbed the all solar
beams which fall on the surface, while the grey body reflected some of the solar
beams depending on the incident angle of them on the absorber surface. The ideal
black body has a high emittance rate at the same time. The ideal black body is the

surface which absorbed all short waves and not emit to any long waves. Physically,
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this situation is impossible. Here, the selective surface can be defined as the surface
which approximately absorbed the all short waves and doesn’t emit as much as
possible to the long wave. The cross-sectional view of the beam losses mechanism
for the normal surface and selective surface which plays an important role in
increasing the thermal performance of the PTSC is compared in the figure 4.3. The
processing stages of the selective surface absorber tube consisting of cleaning the
tube surface which will be coated and then immersed in an acid tub. It is coated by a
film of a material which has a high emittance rate to the long waves and high
absorptance rate to the short waves. The coating is achieved by a chemical tub,
spraying or by electrolysis plating. The coating by electrolysis plating isn’t difficult
but it is a bit expensive because it is needed to continuo attention and care to control
the electrolysis tub and its homogeneity. In this process, the absorption and emittance
rate of the selective surface is changing with the pH value of the solution, the
solution temperature and the current intensity and its period which given to the

solution.

Selctive
Surface

/ Materal

Absorber
Tube
Matenal

(@)

Selective surface

MNormmal

surface \ £ S

absorber tube

b} (©)
Figure 4.3 (a) Cross sectional view of selective surface absorber tube

(b) Beam losses mechanism at the normal surface

(c) Beam losses mechanism at the selective surface absorber tube



83

The spectral properties of some types of selective surface absorber tube are given
in table 4.3 (Kilig & Oztiirk, 1983). As mentioned earlier the (o/c) ratio is scale to the
solar heat gain. Generally, the (o/€) ratio is more than 4 for the selective surface.
Practically, the absorptance rate decreases with decreasing the emittance rate.
Therefore, the high (o/g) ratio it doesn’t mean that it’s the best. In the application, the
highest absorption rate which compatible with the operation and economic
conditions is selected. The aim in the design of the absorber tube is making the all
reflected direct beams which reflected from the reflector to focus on the absorber
tube. The solar beams fall on the ground in a cone shape with apex angle 0.53° or 32’
(Duffie & Beckman, 1991).

Table 4.3 Spectral properties of some selective surface absorber tube [Kilig & Oztiirk, 1983].

Selective Surface Absorber Tube Spectral Properties
(Upper Layer) (Lower Layer) o € o/g
Nickel Galvanized steel 0.93 0.08 13.6
Cobalt Galvanized steel 0.91 0.12 7.6
Chrome Steel 0.95 0.16 5.9
Iron oxide Steel 0.83 0.06 13.8
Cobalt Aluminum 0.92 0.13 7.1
Copper oxide Aluminum 0.93 0.11 8.5
Lead sulfide Aluminum 0.89 0.20 45
Nickel Zinc coated-aluminum 0.94 0.10 94
Chrome zZinc 0.91 0.08 11.4
Zinc oxide Zinc 0.95 0.08 11.9
Chrome Copper 0.92 0.08 115

This angle is known as the constant sun beams incidence angle. So, the angle
between the cone axis and its rim is (6s = 0.53°/ 2), which has 0.267° or 16 value
(Duffie & Beckman, 1991). The direct beam which falls in a cone shape on the rim
of the reflector which is the most critics point on it is reflected and focuses on the
absorber tube in specific angular aperture. This angle is the constant sun beams
incidence angle as shown in the figure 4.4 below. In order to focus all the reflected
solar beams on the selective surface absorber tube, the diameter of the absorber tube
should be at least equal to the cone base circle of the beams which collected on the

absorber tube.

Mpsou = .-SIN O, (4.9

al
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By substituting equation 4.5 in the last equation, the absorber tube outer diameter
becomes;

D _ Wt g o 4.10
absOu — Sin(D sin S ( ' )
r

(o +16%)

- a2 >

Figure 4.4 View of the solar beam which fall on the PTSC
and reflected into the absorber tube in solar intercept angle,

and the angular aperture of it.

By substituting the design parameters value (W = 5000 mm and ¢, = 70°) and
the half solar intercept angle angle (05 = 0.267°), the minimum selective surface
absorber tube outer diameter (Dapsou = 24.8 mm) can be determined. But this
situation is valid only for the ideal reflector surface which doesn’t have any
imperfections in the shape of parabola. Therefore, the cone angle aperture for the
reflector surface is bigger than the ideal situation by the dispersion angle value 6 as
shown in the figure 4.5 (Duffie & Beckman, 1991). The dispersion angle which
derived from the imperfections in the shape of parabola can be determined by adding

it to the solar intercept angle angle to derive the next equation.

Wref -
DabsOu = _—SII’I(@S + 5/2) (411)
sing

r
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The dispersion angle of the PTSC which is designed in this steady is taken as 6=1
for safety, so the minimum selective surface absorber tube determined to be (Dapsou =
71.2 mm).

Figure 4.5 Schematic of a portion of a
reflector with a dispersion angle 6 added

to the solar intercept angle.

4.2.2 The Glass Cover

The main aim in the design of the glass cover is reduce the thermal losses from
the selective surface absorber tube to the environment and reduce the glass cover
diameter in order to increase the unshaded area of the reflector which leads to
increase the useful heat gain which transferred to the working fluid. Here, to reduce
the unshaded area the glass cover diameter should decrease, but the thermal losses
reducing is achieved by increasing the glass cover diameter in order to increase the
space between the selective surface absorber tube. This condition requires making
the thermal losses equal to zero dQg / dr = 0 and this condition leads to adversely
affect the nops. By taking into consideration these conditions, the glass cover should
design. Particularly, in the windy areas where the thermal losses become too much.

So, the glass cover should be used in the windy areas where the convection heat
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transfer coefficient (thermal losses coefficient) between the absorber tube and the
environment is too much. This leads to divide the convection heat transfer coefficient
above to free convection heat transfer coefficient between the absorber tube and
glass cover and forced heat transfer coefficient between the glass cover and the
environment. Now, in aim to reduce the forced heat transfer coefficient between the
glass cover and the environment the glass cover temperature should be decreased. In
order to achieve that, the space between the glass and tube should be evacuated to
make vacuumed space between them. And that’s leads to reduce the thermal losses in

significant portion.

In addition, the glass cover protects the selective surface absorber tube from the
external influences as the rain, hail and dust. The glass cover should be a good
transmittance to the short solar wave which coming from the reflector (0.3 — 3.0) um
and has a low transmittance to the long solar wave (3.0 — 50) um which coming from
the absorber tube. And should be cheap, be easy to supply, not be affect from the
ultraviolet solar beams, be lightweight and be break and scratch resistant. Generally,
the glass and plastic based materials are used to produce the glass cover. The glasses
are; transmittance to a large portion of the short solar waves (0.3 — 3.0) um and
prevent and the transmittance of the long solar wave (3.0 — 50) um, and it’s a good
resistant to the high temperature and not be affect from the solar beams, but whereas

it is difficult to transportation and difficult to processing.

The transmittance rate of the glass decreases with increasing the rate of the iron-
oxide. Thus, the glasses which have an iron-oxide rate less than 0.05 % should be
selected; these types have a transmittance rate to the short solar beams more than
0.83 %. The ordinary glasses which have a green color when viewed from the side
and the windows glasses have an iron-oxide rate more than 0.10 %; these types have
a transmittance rate to the short solar beams at about 0.70 % (Kili¢ & Oztiirk, 1983).
The reflectivity of the glass is important as the transmittance. The antireflection
materials are used to coat the one or two surfaces of the glass, to reduce the
reflectivity rate and make it to approach zero (Kilig & Oztiirk, 1983). The plastic-

based glass covers have a high transmittance rate for the short solar wave but it also
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has a high transmittance rate for the long solar wave. Thus, it leads to increase the
thermal losses to the environment. It’s cheap, easy to supply, easy to processing, but
whereas non-resistant to high temperature and affected from the solar beams. Some
types of them are resistant to high temperature but it’s expensive. The spectral
properties, thickness and the high temperature resistance for the some types of the
glass and plastic based glass is given in the table 4.4 (Kilig¢ & Oztiirk, 1983) and
table 4.5 (Karaduman, 1989).

Table 4.4 The structure and spectral properties of some types of glass (Kili¢ & Oztiirk, 1983).

Material Type Thickness  Refractive  Normal Transmittance Value High
[mm] Index Temperature
Solar Beams Diffuse Resistance
Beams [°C]
Leksan 3.20 1.586 0.73 0.02 120-130
Acrylic 3.20 1.490 0.80 0.02 80-90
Teflon 0.13 1.340 0.90 0.26 200
Tedlar 0.10 1.450 0.88 0.21 110
Sunlit 0.64 1.540 0.75 0.08 90
Smooth Glass 3.20 1.520 0.79 0.02 730
Temper Glass 3.20 1.520 0.79 0.02 230-260
Water-White Glass 3.20 1.500 0.92 0.02 200

Table 4.5 The spectral properties of some types of glass (Karaduman, 1989).

Glass Type Spectral Properties
Transmittance (1) Absorptance (o) Reflectivity (p)
Pyrex 0.90 0.02 0.08
Window Glass 0.87 0.04 0.09
Cast Glass 0.77 0.16 0.07
Heat Absorptance Cast Glass 0.41 0.53 0.06
Low-Iron Borosilicate Glass 0.92 0.02 0.06

4.3 The Design of the PTSC Tracking System

The optical performance of the PTSC is developed by improving the reflected
solar beams focus on the absorber tube. Thus, the PTSC has to track the sun
accurately. This tracking system of the PTSC can be tracked the sun in a single-axis
or dual-axis. The performance and properties for the four types of the tracking
system which are used in PTSC systems are compared in the table 4.6 [Singh &
Cheema, 1976]. The east-west direction tracking system is planned to use in the
PTSC system which designed in this study. The following system properties are

needed to achieve the aimed tracking system.
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e Movement Range: The PTSC positioned horizontally in north-south axis
direction. To track the sun all day, the reflector has to revolve around the north-
south axis from sunrise to sunset in 180°. Further, for the sleeping mode at
nights and sudden load emergency cases for instance strong wind, hail etc., the

rotation angle should be selected as 270°.

e Tracking accuracy: In the PTSC systems, the single-axis solar tracker system
which provides the possibility to track the sun by one axis with high tracking
accuracy of up to = 0.01 degree.

e Torque of the reflector on the carcass system: The single-axis solar tracker
system should be able to make the collector closing and coming to sleeping
mode in emergency cases. Accordingly, it needs to 750 N.m torque to close the
collector system which has 40 m? aperture area when the wind speed is 15

m/sec.

e Maximum angular rotation rate: The angular rotation rate is very slow in the
normal case. But to protect the collector from the bad weather conditions and
bring it to the sleeping mode, the collector has to return the 270° at most in 10
minutes. So, the maximum angular rotation rate should be at least 270°/600 sec
= 0.45 [°/sec].

The continuous tracking to the sun in east-west direction in the horizontal north-
south axis is satisfied by using software developed to track the sun depending on the
application coordinate, date and time and this software controlled by two photocells
supported on the collector. These photocells measured the direct solar beams on the
collector and depending on the difference between them the deviation information
from the optimum collector position sent to the computer which in turn directs the
collector on the right position. Further, the manual control system should be found in
aimed to bring the collector system to the sleeping mode in the bad weather

conditions or any other emergency cases.
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Table 4.6 The performance and properties for the four types of the tracking system which are used in
PTSC systems (Singh & Cheema, 1976)

horizontal axis.

Sun
No. Definition Tracking Properties
Performa-
nce
. The hourly or seasonal tracking performance
Continuous tracking to doesn’t change because of the continuity
the sun in north-south tracking to the sun,
1 | and east-west direction in 100 % . Precise computer control is required,
both north-south and Expensive,
east-west axis. . The wind effect creates problems,
. The pipe installations are difficult.
. Although the tracking performance doesn’t
show a significant change hourly, but
Continuous tracking to seasonally depending on the application region
the sun in east-west latitude it shows some change,
2 | direction in the north- 96 % . Computer control is required,
south polar axis. . The collector should installed inclined at an
angle equal to the latitude angle in the
application region,
. The wind effect creates big problems.
. Although the tracking performance doesn’t
Continuous tracking to show a significant change hourly, but it shows
the sun in east-west a big change seasonally.
3 | direction in the north- 77.3% . Common photocell and software control are
south horizontal axis. required,
It has high investment costs because of the
large angular path to track the sun.
. Although the tracking performance doesn’t
Continuous tracking to show a significant change seasonally, but it
the sun in north-south shows quite big changes hourly,
4 | direction in the east-west 67.2% . Common photocell and software control are

required,

. The collector will have the same track angle at

sunrise and sunset.
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Taking into consideration the operation conditions of the collector which consist
of 25 kW thermal capacity, 30 °C difference between the inlet and outlet temperature
of the working fluid (Syltherm 800) under 12 atm. The vacuumed glass cover
selective surface absorber tube is selected to have (70 mm diameter, 1.25 mm wall
thickness, 0.96 absorptance rate, 0.09 emittance rate of the selective surface absorber
tube and 115 mm diameter, 2 mm wall thickness, 0.96 transmittance rate, 0.88
emittance rate of the glass cover with 4.060 m length) as it can be imported from a

particular companies.

In order to satisfy the collector length from the absorber tube, 2 number of the
selective surface absorber tube can be welding alongside to have 8 m length in total.
The thermal conductivity of selective surface absorber tube is (k = 27 W/m.K). Now,
after determined the selective surface absorber tube dimensions, the concentration
ratio which is the most important criterion of PTSC can be determined as below.

A’ef Wref _ 5000

C = = =
AabsOu T DabsOu . (70)

=22.73 (4.12)

Now, the dimensions and properties of the PTSC which designed in this study can

be given in the next table 4.7.



Table 4.7 The dimensions and properties of the designed PTSC
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PTSC Parameters

Dimension and Properties

Selective Surface

Material Aluminum (Alanod)
Thickness 0.5 [mm]
Reflectivity Value 0.88
Reflector Intercept Factor 0.96
Width 5 [m]
Length 8 [m]
Parabola Length 5.383 [m]
Parabola Equation y? = 7140 x
Tube Material Stainless Steel
Selective Surface Cermet
Tube Absorptance Value 0.96
Tube Emittance Value 0.09
Tube Thermal Conductivity 27 [Wim.K]
Vacuumed Tube Diameter 70 [mm]
Glass Covered Tube Wall Thickness 1.25 [mm]

Glass Material

Low-Iron Borosilicate glass

Absorber Tube Glass Transmittance Value 0.96

Glass Emittance Value 0.88
Glass Diameter 2 [mm]
Glass Wall Thickness 2 [mm]
Length 4.060 [m]
Collector Tubes Number 2
Tracking Type Single-axis
Tracking Direction East-West
Rotation Angle 270°

Tracking System Angular Rotation Rate 0.45 [®/sec]
Rotation Torque 750 [N.m]
IAMF 0.96
Concentration Ratio 22.73

Geometric Parameters Rim Angle 70°

Focal Length 1785 [mm]

Reflector Rim Radius

2660 [mm]




CHAPTER FIVE
GRAPHICAL ANALYSIS AND ASSESSMENT

Based on the mathematical simulation program which developed in this study
depending on the analyses and discussions those have studied in the chapter 3, and
by using the designed parameters which given in chapter 4, with a simple operation
and environmental conditions which will given later, several sets of calculations
were carried out in the first part of this chapter. In the second part, the mean daily
and monthly net collect energy by the PTSC (which designed in current study) in the
Izmir city were determined by using the typical meteorological year data of this city
which given in Appendix-F (Turkish State Meteorological Service, European

Commission:Joint Research Center).

5.1 The Effect of the Desgin, Operation and Environment Parameters on the

PTSC Thermal Performance

The thermal losses from the collector receiver are functions of operating
temperature. The thermal losses through PTSC are changed in different ways
depending on the receiver’s configuration and operational conditions. The thermal
losses are always existing (if there is a temperature difference between receiver and
ambient) whenever solar radiation is available or not. In order to understand the
PTSC performance, several sets of calculations were carried out. These studies help
us to make the sensitivity analysis for the design and operation parameters which
affect the collector performance. The main design, environmental and operation
parameters which affect the PTSC performance are obtained from the preliminary

simulation studies.

Those parameters are; Ambient temperature, Direct solar beams, Selective surface
absorber tube diameter, Mass flow rate of the working fluid, Emittance value of the
selective surface absorber tube, Absorptance value of the selective surface absorber
tube, Reflectivity value of the reflector, Reflector width, Transmittance of the glass

cover, Wind speed, The inlet temperature of the working fluid and Incident angle.

92
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The variation of the PTSC thermal performance with the parameters which refer
above is simulated and calculated using the mathematical simulation model. In order
to study the effect of specific parameter on the thermal performance of the PTSC
graphically and make the sensitivity analysis of it, the other parameters should keep
constant. The environmental and operation conditions taken as follow; direct beam
900 W/m?, ambient temperature 30 °C, and working fluid working temperature

150/180 °C with 0.45 kg/sec mass flow rate and wind speed is 4 m/sec.

5.1.1 The Effect of the Operating Temperature on the PTSC Thermal

Performance

When the operating temperature increases, the temperature of collector has
enhanced. The thermal losses to ambient are functions of the collector temperature.
As known, the convection has a linear relationship with the temperature and the
radiation has the forth power of the collector temperature. Therefore increased
collector operating temperature induces more thermal losses. Figure 5.1 shows that

the collector efficiency drops with operating temperature increasing.

—&— ] Non-Vacuum [W/m Direct Solar Beams =
—a—] Non-Vacuum [W/m Direct Solar Beams =

1 Non-Vacuum [W/m Direct Solar Beams =
—>—] Non-Vacuum [W/m Direct Solar Beams =
—@—] Non-Vacuum [W/m Direct Solar Beams =

PTSC Performance [%)]

Operating Temperature Above Ambient [°C]

Figure 5.1 The variation of the PTSC performance with the operating temperature
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5.1.2 The Effect of the Ambient Temperature on the PTSC Thermal Performance

Excluding the ambient temperature, the all rest design, environmental and
operation parameters kept constant, and the variation of the PTSC thermal
performance with the ambient temperature which given in the next figure was

studied using the mathematical simulation model.
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Figure 5.2 The variation of the PTSC performance and heat losses with the ambient temperature

In both cases vacuumed and non-vacuum the thermal performance increases
linearly with increasing the ambient temperature, but they range between (71.97 —
72.14) % and (68.13 — 69.62) % for application region of the first and second case
respectively, when the heat losses range between (36 - 46) W/m and (143 — 227)
W/m respectively for application region too. The increasing in the ambient
temperature leads to reduce the temperature difference between the mean working
temperature and the ambient temperate, so reduce the heat losses as shown in the
figure which leads to increase the PTSC thermal performance.
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5.1.3 The Effect of the Selective Surface Absorber Tube Diameter on the PTSC

Thermal Performance

The effect of only the selective surface absorber tube diameter is shown in the
figure 5.3 below. As shown in the figure the PTSC thermal performance decreases by
increasing the selective surface absorber tube diameter. That’s can be explained by
the increasing of the thermal losses as a result of increase the absorber tube exterior

area.

——@—  Abs. Tu. Diameter [mm] =
Non-Vacuum

—aA—  Abs. Tu. Diameter [mm] =
Non-Vacuum

Abs. Tu. Diameter [mm] =
Non-Vacuum

Abs. Tu. Diameter [mm] =
Non-Vacuum

—_— Abs. Tu. Diameter [mm] =
Vacuumed

PTSC Performance [%)]

—_— Abs. Tu. Diameter [mm] =
Vacuumed

- === == === — = Abs. Tu. Diameter [mm] =
Vacuumed

Abs. Tu. Diameter [mm] =
Vacuumed

Collector Width [m]

Figure 5.3 The variation of the PTSC performance with the selective surface absorber

tube diameter

5.1.4 The Effect of the Direct Beams on the PTSC Thermal Performance

Solar collector absorbed more energy along with solar intensity increasing.

Although the thermal losses also increase due to the increased absorber tube
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temperature, it is much smaller than the enhanced absorbed solar energy. As shown
in figure 5.1 and 5.4, PSTC performance increases with the solar intensity increasing.
The increasing in the thermal performance is based on the high concentration ratio of
the PTSC.

Thermal Effe. - Vacuumed [%] —_— Thermal Effe. - Without Vacuum
— — Net Useful Heat - Vacuumed [kW/m] — — Net Useful Heat - Without Vacuum [kW/m
T re e T T T T

PTSC Perfomance [%]
Net Useful Heat [kW/m]

Direct Solar Beams [W/m?]

Figure 5.4 The variation of the PTSC performance and net useful heat with the direct beams

intensity

So, the direct beams collected from the reflector area which is very large
compared with the absorber tube surface area that the heat losses based on it. In this
graphic the vacuumed and without vacuum cases thermal performance curves are
intersected with the x-axis to be zero at 11.2 and 48.1 [W/m?] respectively which
represent the critical direct beams intensity of the two cases. In this critical intensity
the heat losses are equal to the gross solar heat energy which collects on the absorber
tube surface. The both vacuumed and without vacuum cases thermal performance
values range between (70.9 —72.1) % and (64.2 — 69.4) % for application region of
the first and second case respectively, when the net useful energy range between (1.4

—3.6) kW/m and (1.2 — 3.4) W/m respectively for application region too.
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5.1.5 The Effect of the Working Fluid Mass Flow Rate on the PTSC Thermal

Performance

The results under different flow rate show that flow rate does not impact on the
PTSC performance as shown in figure 5.5. The small sectional area of the absorber
tube makes the flow always turbulence (even at low velocities). The thermal
performance in the turbulent flow region is increased in very low linearly form with

increasing the mass flow rate.

——o— /hr] = Flowrate [m
Non-Vacuum

——«— /hr] = Flowrate [m
Non-Vacuum

—8— /hr] = Flowrate [m
Non-Vacuum

—— /hr] = Flowrate [m
Non-Vacuum

—@— /hr]= Flowrate [m
Vacuumed

—X—  /hr] = Flowrate [m
Vacuumed

PTSC Performance [%)]

Direct Solar Beams [W/m?]

Figure 5.5 The variation of the PTSC performance and direct solar beams with the working
fluid mass flow rate
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5.1.6 The Effect of the Selective Surface Absorber Tube Emittance on the PTSC

Thermal Performance

The effect of the selective surface absorber tube emittance on the PTSC
performance is shown in the figure 5.6 below. As seen in the figure the PTSC
performance decreases with increase the emittance of the selective surface absorber
tube.

—_— Thermal Effe. - Vacuumed Thermal Effe. - Without Vacuum [%)]

1
i
i
i
i
i
!
i
|

PTSC Performance [%)]

Selective Surface Emissivity Value [Dimensionless]

Figure 5.6 The variation of the PTSC performance with the selective surface absorber

tube emittance.

5.1.7 The Effect of the Selective Surface Absorber Tube Absorptance on the PTSC

Thermal Performance

As seen below the PTSC performance decreases linearly with decrease the
absorptance of the selective surface absorber tube, whereas the net useful heat gain
which transferred to the working fluid is reduced by reducing the gross heat energy

which absorbed by the selective surface absorbed tube.
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— Thermal Effe. - Vacuumed —>— Thermal Effe. - Without Vacuum [%]

PTSC Performance [%)]

Selective Surface Absorber Tube Absorbtance Value [Dimensionless]

Figure 5.7 The variation of the PTSC performance with the selective surface absorber tube
absorptance.

5.1.8 The Effect of the Reflectivity of the Reflector Surface on the PTSC Thermal

Performance

The PTSC performance decreases linearly with decrease the reflectivity of the
reflector surface, whereas the net useful heat gain which transferred to the working
fluid is reduced by reducing the gross heat energy which absorbed by the selective
surface absorbed tube.

e Thermal Effe. - Vacuumed —>— Thermal Effe. - Without Vacuum [%]

PTSC Performance [%]

Reflectivity of Reflector Surface [Dimensionless]

Figure 5.8 The variation of the PTSC performance with the reflectivity of the reflector surface
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5.1.9 The Effect of the Collector Width on the PTSC Thermal Performance

According to the figure the variation of the collector performance with the
collector width for the both cases can be divided into two regions; for vacuumed
case, the collector performance decreased slowly with decreasing the collector width
until collector width be equal to 1.75 m (when the concentration ratio equal to 7.96),
while it starts to decrease rapidly under this dimension. But the non-vacuum case, the
collector performance decreased slowly with decreasing the collector width until
collector width be equal to 3 m (when the concentration ratio equal to 13.64), while it
starts to decrease rapidly under this dimension. That’s decreasing can be explained
by the unshaded area reducing which directly affected the direct beams reflected into

the absorber tube.

— Thermal Effe. - Vacuumed —— Thermal Effe. - Without Vacuum [%)]

—— Concentration Ratio [Dimensionless]

PTSC Performance [%]

Concentration Ratio [Dimensionless]

Collector Width [m]

Figure 5.9 The variation of the PTSC performance with the collector width

5.1.10 The Effect of the Glass Cover Transmittance on the PTSC Thermal

Performance

The PTSC performance decreased linearly with decreasing the transmittance value
of the glass cover. That’s decreasing can be explained by decreasing the gross heat

gain which absorbed by the absorber tube.



— Thermal Effe. - Vacuumed

PTSC Performance [%]
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—>¢— Thermal Effe. - Without Vacuum [%]

Glass Transmittance Value [Dimensionless]

Figure 5.10 The variation of the PTSC performance with the glass cover transmittance value

5.1.11 The Effect of the Wind Speed on the PTSC Thermal Performance

The solar collector is exposed to the outside surrounding. Natural climate

conditions are at impacts its performance. The PTSC efficiency reduces when the

wind speed increases as indicated in figure 5.11.

PTSC Performance [%)]

Direct Solar Beams [W/m2]

Figure 5.11 The variation of the PTSC performance with the wind speed

— Wind Speed =

[m/sec] Non-Vacuum

—_—— Wind Speed =
[m/sec] Non-Vacuum
—— Wind Speed =
[m/sec] Non-Vacuum

Wind Speed =
[m/sec] Non-Vacuum

—e— Wind Speed =
[m/sec] Non-Vacuum
—_—— Wind Speed =
[m/sec] Vacuumed
—_n— Wind Speed =
[m/sec] Vacuumed
—0— Wind Speed =
[m/sec] Vacuumed
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5.1.12 The Effect of Concentration Ratio on the PTSC Thermal Performance

The concentration ratio plays an important role in this variation (as shown below)
this arises from the increasing the ratio of the heat losses to the gross heat gain. The
parabolic form of the curve arises from the radiation heat losses which depend on the
forth power of the temperature.

—— Thermal Effe. - Vacuumed
[%], C=

—@O3—  Thermal Effe. - Non-
Vacuum [%], C=

——a—— Thermal Effe. - Vacuumed
[%], C=

—@OE—  Thermal Effe. - Non-
Vacuum [%], C =

—a— Thermal Effe. - Vacuumed
[%], C=

PTSC Performance [%)]

—[@OE—  Thermal Effe. - Non-
Vacuum [%], C =

Difference between the Inlet and Ambient Temperature [°C]

Figure 5.12 The variation of the PTSC performance with the concentration ratio and the

difference between inlet and ambient temperature

5.1.13 The Effect of the Incident Angle on the PTSC Thermal Performance

The incident angle modifier factor K is a very important factor impacting on the
solar efficiency. The efficiency of a PTSC decreases when the solar beam incident

angle increases shown in figure 5.12.



PTSC Performance [%]

Average Temperature Above Ambient [°C]
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—&— Incident angle =
Non-Vacuum

—>— Incident angle =
Non-Vacuum

—a&— Incident angle =
Non-Vacuum

—0— Incident angle =
Non-Vacuum

Figure 5.13 The variation of the PTSC performance with the incident angle

5.2 The Expected Mean Hourly, Daily, Monthly and Annually Output Power in

Izmir City

Depending on the typical meteorological year data for Izmir city (Turkish State

Meteorological Service, European Commission:Joint Research Center), The hourly

output power of the PTSC which tracking the sun in north-south axis (from the east

to the west) depending on the month of the year is determined as shown in next

figure.

—&— Januray
—&— February
—&— March
—>— April
—&— May
=& June

—e—July

Net Energy [kW]

Daily Hour

Figure 5.14 The mean hourly load of the PTSC based in Izmir city

—=— August

—&— September

—&— October
November

December
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As shown, the July month has the maximum hourly power capasity when the
December month has a minimum and the long day time in the summer months make
the mean daily and monthly power capasity higher than the winter months as shown
in the figure 5.15 and 5.16 for three different state (sun tracking type and weather
state), where the daily output power ranged between (53.6 — 179.4) kWh for single
axis tracking real sky, (103.1 — 226.2) kWh for single axis tracking clear sky and
(160.4 — 234.4) kwh for two axis tracking clear sky state.

Single axis (real B Single axis (clear B Two axis (clear
=
<
>
>
[
<
|
@
zZ

) ) X D S & » & & & & &
< = S
Time [Day]
Figure 5.15 The mean daily load of the PTSC based in Izmir city
Single axis (real B Single axis (clear B Two axis (clear

Net Energy [kKWh]

Time [Month]

Figure 5.16 The mean monthly load of the PTSC based in Izmir city
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The monthly output power ranged between (1662.7 — 5562) kWh for single axis
tracking real sky, (3197.3 — 7002.2) kWh for single axis tracking clear sky and
(4972.7 — 7268.6) kWh for two axis tracking clear sky state. Finally, the system
which designed in this study can deliver a total output power of 44,143, 63,272 and

73,739 kWh per year for the three state respectively as shown in the next figure.

Net Energy [kKWh per year]

Single axis (real Single axis (clear Two axis (clear

Figure 5.17 The annually load of the PTSC based in Izmir city

It's worth to mention here that the direct solar beams that fall on the plane surface
of the PTSC which track the sun from the east to the west in a horizontal north-south
axis for the three state (real and clear sky) are provided by multiply the global
radiation data which taken from (European Commission:Joint Research Center) by
0.75 and 0.85 for real and clear sky states respectively, depending on the tilt of the
plane surface from the horizontal [B] which have studied and explained in section
2.4. and from its equation [B] can be calculated as shown bellow in sample

application,

Month Hour ¢ ) v ® 0, Wew Ys' Vs p

February 10:00 38 -1329 -90 -30 585 1075 -34.82 -34.82 43
May 09:00 38 1838 -90 -45 435 64.16 -76.52 -76.52 42




CHAPTER SIX
DISCUSSION AND CONCLUSION

The thermal losses from the collector receiver are functions of operating
temperature. The thermal losses through PTSC are changed in different ways
depending on the receiver’s configuration and operational conditions. The thermal
losses are always existing (if there is a temperature difference between receiver and

ambient) whenever solar radiation is available or not.

In order to understand the PTSC performance, several sets of calculations were
carried out. These studies help us to make the sensitivity analysis for the design and
operation parameters which affect the collector performance. The main design,
environmental and operation parameters which affect the PTSC performance are
obtained from the preliminary simulation studies (See Chapter 5).

The PTSC is the most and easiest applied collector type. The thermal losses of
this type is low because of the receiver surface area is small, but the optical losses is
high because it depends on the direct beams only. The performance can increase as
the concentration ratio increases on condition that the heat losses decrease.

As a mathematical model, the developed heat transfer and energy balance PTSC
model is very useful for solar heating and cooling system design. It not only helps to
select the proper operating conditions and to detect the possible problems in the

design of system, but also provides some basic figures for device’s selection.

A rigorous mathematical model considering the geometrical, optical,
environmental and thermal aspects has been carried out. The accuracy of the detailed
simulation model is demonstrated in this study by comparison for thermal efficiency
with steady state experimental data obtained by Sandia National Laboratories for
PTSC with non-vacuum in the space between the receiver and glass cover working
with single-phase thermal oil (Syltherm 800). Sixteen data points evaluated for

thermal efficiency in both systems shown a maximum error of 6.21 % and the
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minimum deviation is 0.12 % when the average deviation for the sixteen data is 0.1
% and the standard deviation is 2.17 %.

Typical performance calculations show that when hot-water at 150 °C flows
through a 8 m by 5 m PTSC with 900 W/m? solar intensity, the estimated collector
efficiency is about 71.89 % to give output power at about 25.88 kW.

Depending on the typical meteorological year data for Izmir city, the expected
mean daily output power of the PTSC system which designed in this study can be
determined to be ranges between (53.6 — 179.4) kWh. Also, it was found that the
PTSC which designed in this study can produce a output power of up to 44,143 kWh

per year under the same ambiance conditions.

The numerical model is based on the applications of governing equations and used
general empirical correlations; for this reason, it is possible to make use of it with
greater confidence to other fluids, mixtures and operating conditions (excluding two-
phase flow); it allows using the model developed as an important tool to design and

optimize these kinds of systems.

The overall optical efficiency no, Which is found in the consequence of the optical
performance analyses for the parabolic solar collector can be the maximum collector
performance nmax = Nop (AT>0) when it is accepted that there is no thermal losses.
The thermal efficiency is reduced as increase the thermal losses which transfer from
the selective absorber surface to the environment which depend directly on AT= T
—Tq.

The design of the selective surface absorber tube is limited by two opposite
factors, where the diameter of the absorber tube should be large as much as possible
in order to increase the optical performance by increasing the intercept factor, and on
the other hand the diameter of the absorber tube should be small as much as possible
in order to make the working fluid flow in turbulent state and reduce the thermal

losses which depend on the outer surface area of the absorber tube.
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It was easy to get high temperatures in parabolic trough collectors, because the

controlling factor is a mass flow rate.

And finally, Solar Electricity Generating Systems are needed to meet the growing
electricity demand and to be prepared to replace the fossil resources to reduce global

emissions.
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APPENDIXES
Appendix-A

The Detailed Flow Chart of the Package Program

Design Data

Operation Data Ambiance Data

Assumptions

Inputs

Inputs

Inputs

‘ Inputs & Assumptions

-

Collector Length: L, [m]

I
Collector Width: W, [m]
I

Collector Rim Angle: 6, [Degree]

Reflector Surfece Reflective Value: p,; [Dimensionless]

Absurber Tube Exterior Surface Diameter: D 5, [mm]

Absorber Tube Wall Thickness: t,, [mm]

Absorber Tube Thermal Conductivity: K,,, [W/m.K]

Absorber Tube Absorbtance Value: o,,, [Dimensionless]

Absorber Tube Emissivity Value: ¢, [Dimensionless]

| Glass Cover Exterior Surface Diameter: Dgiou [Mmm]

Glass Cover Wall Thickness: t, [mm]

[ Glass Cover Transmittance Value:, [Dimensionless] |

| Glass Cover Emissivity Value: &, [Dimensionless]

»
»

Wind Speed: V,, [m/sec]
|

Ambience Mean Temperature: T, [°C]

Ambience Pressure: P, [atm]

The Mean Direct Radiation Beam in Operation Zone : |, [W/m?]

Working Fluid Inlet Temperature: T,, [°C]

»
>

Working Fluid Outlet Temperature: Ty, [°C]

Working Fluid Pressure: P, [bar]
I

Desired (Intended) Useful Energy : Q, [kW]

\4 =l

Intersection Factor: y [Dimensionless]

Incident Angle Modifier Factor: F,,,, [Dimensionless]

Glass Tube Surface Temperature [Assumption]: T,,: [°C]

Absorber Tube Exterior Surface Temperature [Acception]: Tus0,=Tin: [°C]

L

Go To

Operation
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| Start Operation |

If Dapsou < (Wier / SIn6,) * sin(B5+3p;) then MsgBox "You Must Decrease the Reflector Width or Increase the
Absorber Tube Exterior Surface Diamter"

[ Absorber Tube Interior Surface Diameter: D0, [MM] = Doy - (2¥Tpe) |

| Working Fluid Mean Temperature: Tyeyoe [°C]= (T + Toy) /2 |

| Working Fluid Temperature Difference: ATyog [°Cl = Toy - Tia |

| Specific Heat of the Working Fluid at the Mean Temperature: Cpyyq [Ki’kg.K] |

| Viscosity of the Working Fluid at the Mean Temperature: pyos [kg/m.sec] |

Thermal Conductivity of the Working Fluid at the Mean Temperature: Kyos [W/m.°C]

| Pradl Number of the Working Fluid at the Mean Temperature: Pryog |

| Flow Rate of the Working Fluid: m,y,r [kg/sec]: Equ. (3.34) |

| Reynolds Number of the Working Fluid: Rey,g: Equ. (3.67) |

| Nusselt Number of the Working Fluid: Nuy¢: Equ. (3.63) |

| Convection Heat Transfer Coefficient of the Working Fluid: hy,g [W/m2.K]: Equ. (3.69) |

| The Mean Temperature of the air which flows over the Glass Cover: Tyaiovsitu [°Cl: EQu. (3.54) |

| Kinematic Viscosity of the air which flows over the Glass Cover at the Mean Temperature: vpjo,gr, [m?/sec] |

Thermal Conductivity of the air which flows over the Glass Cover at the Mean Temperature: Koy, [W/M.K]

Thermal diffusivity of the air which flows over the Glass Cover at the Mean Temperature: ojougim, [W/M.K] |

Prandl number of the air which flows over the Glass Cover at the Mean Temperature: Pr o,y

Grashof Number of the air which flows over the Glass Cover at the Mean Temperature: Grpjougimy: EQU. (3.49)

Reynolds Number of the air which flows over the Glass Cover at the Mean Temperature: Reaioucmy: EQU. (3.50)

2=
Graiovait/Reaiovarm® = |

Nusselt Number of the air which flows over the Glass Cover at the Mean Temperature: NUajo,cre: EQu. (3.52), (3.55), (3.56) or
(3.57)

Convection Heat Transfer Coefficient of the air which flows over the Glass Cover at the Mean Temperature: haiovgiry [W/M2.K]:
Equ. (3.51)

{ Continue Operation |




Continue Operation

The Mean Temperature of the Air Between the Absorber and Glass Cover: Tyegeancity [°Cl: EQu. (3.46)

Kinematic Viscosity of the Air Between the Absorber and Glass Cover at the Mean Temperature:
Vgeapairy [M?/seC]

Thermal Conductivity of the Air Between the Absorber and Glass Cover at the Mean Temperature:
Kpgeangm, [W/M.K]

Pradl Number of the Air Between the Absorber and Glass Cover at the Mean Temperature: Prgeapcimu

The Gap Between the Absorber and Glass Cover: dg.apgimy [MM] = (Dgjastuexsu = Pavstuexsy = 2% Tame ) /
2

Coefficient of Volume Expansion of the Air Between the Absorber and Glass Cover at the Mean
Temperature: Bgeanery [1/K]: Equ. (3.45)

Grashof Number of the Air Between the Absorber and Glass Cover at the Mean Temperature: Grggapciry:

Equ. (3.43)

The Effective Thermal Conductivity of the Air Between the Absorber and Glass Cover at the Mean
Temperature: Kegeangima [W/M.K]

If Gr*Pr < 103 Then Kegepnaimy = Keeasitu
Else Kegeapciry = Equ. (3.42)

Convection Heat Transfer Coefficient of the Air Between the Absorber and Glass Cover at the Mean
Temperature : hgeapgra [W/m?2.K]: Equ. (3.40)

Tueaiovarmu + 273 [K]

Radiation Heat Transfer Coefficient Between the Glass Cover and Sky: hg,gsc [W/m?.K]: Equ. (3.59)

Radiation Heat Transfer Coefficient Between the Absorber and Glass Cover: hgeagim, (W/m?2.K): Equ.
(3.48)

_| Continue Operation
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Continue Operation

The Total Heat Transfer Coefficient Between the Absorber Tube Surface and Glass Cover: hyygeanaira [W/M2.K]: Equ. (3.86)

The Total Heat Transfer Coefficient Between The Glass Cover and the ambient: hogegrruam [W/M2.K]: Equ. (3.85)

The Total Heat Transfer Coefficient Between the Absorber Tube Surface and Ambient: U+ogeantusuam [W/M2.K]: Equ. (3.39)

l
| The Test Calculation of the Glass Cover Surface Temperature: Tqgr, [K]: Equ. (3.87) |
l
| The Test Calculation of the Glass Cover Surface: T.g, - 273 [°C] : Equ. (4.87) - 273 |
|

Test: If The Difference between the Assumption Value T, and Test Value T, < 0.1 Else Make New lteration

The Collector Efficiency Factor: Feype: EQu. (3.75)

The Effective Multiply of Absorber Tube Absorbtance Value by Glass Cover Transmittance Value: (tgr, * 0apru)er EQU.
(3.31)

The Gross Energy Collect on Absorber Tube Surface Per Unit Area: Qg encopptusuunar LW/M?]: Equ. (3.17)

The Gross Energy Collect on Absorber Tube Surface Per Unit Length: Qg enconptusuunie LYW/M] = Qarencoabrusuunar = (Wger -
Dairuexsy/1000): Equ. (3.17) * (Wher - Diruexsu)

The Total Heat Transfer Losses Between the Absorber Tube Surface and Ambient Per Unit Length: Qo ogeabTusuam LW/M]:
Equ. (3.37) / Lges

The Net Energy Collect on Absorber Tube Surface Per Unit Length: Qyeencoastusuunte [W/M] = QgrencoabTusuunte =
QToLoBeAbTuSuAm

LFR = QDesired *1000/ QNeEnCoAbTuSuUnLe

Let Fr =1, Equ. (3.78) become, (m . Dagrugxsu - Loreco - Uroreantusuam - Foore! Mworr - CPwor) = = IN[1 - (. Daprugssy - Ler -
Urrogeantusuam / Mwort - CPworn)]

| The Total Required Collector Length: Loge . [M], from above Equ. |

l
| The Required Collctor Number: N, = (Lyogere * 1000) / Lge |
|
| The Net Energy Obtained From One Collector: Queenpeonco [W] = QneencoapTusuunie * Lre |
l
The Net Energy Obtined Per Unit Area of the Collector: Qyeenpeunaroico [W/M?] = Queenpeonco ! (Lre * Wre)
|
The Optical Efficiency of The Collector: Equ. (3.3)
i
The Thermal Efficiency of The Collector = Queenpeunarofco ! Ibira
|

Concentration Ratio: Equ. (3.7)

_| End




Appendix-B

The Code of the Package Program

Forml - 1

'Project:
'By:
‘Date:

Parabolic Trough Solar Collector Designer

and Performance Calculator

Sabah Beyatla
September 2010

Option Explicit

'Dimension in Module-Level

Const
Const
Const
Const
Const

SoInAn As Currency = - D3
DiAn As Currency = 0
Pi As Currency = 3.1
GravAc As Currency =
StBoCons As Currency

.81

(6]

-9
415926
=]

= 5.669

o) [W/m2.K4]

Const
Const
Const
Const
Const
Const
Const

Dim
Dim
Dim
Dim
Dim
Dim
Dim
Dim
Dim
Dim
Dim
Dim
Dim
Dim
Dim
Dim
Dim
Dim
Dim
Dim
Dim
Dim
Dim
Dim
Dim
Dim
Dim
Dim
Dim
Dim
erature
Dim
Dim

Refsil
RefGol
RefAlu
RefCop
RefAcr
RefMir
RefCus
ColWi As
ColRiAn

AbsExDi

AbsInDi

As
As
As
As
As

0.94
0.76
0.82
0.75
0.86
0.88
0.88

Currency =
Currency =
Currency =
Currency =
Currency =
As Currency =
As Currency =
Currency
As Currency
As Currency
As Currency
AbsWaTh As Currency
AbsExTe As Currency
WoFlInTe As Currency
WoFlOuTe As Currency
WoFlMeTe As Currency
WoFlSpHe As Currency
WoFlVis As Currency
WoFl1lThCo As Currency
WoFlPrNu As Currency
WoFlMaFlRa As Currency
DeUsEn As Currency
WoFlReNu As Currency
WoFlNusNu As Currency
ConHeTrCoeInAbs As Currency
MeTeAiOvVvGl As Currency
TeAmb As Currency
GlTe As Currency
GlTeTest As Currency
KiVvVisAiOvGl As Currency
ThCoAiOvGl As Currency
ReNuAiOvGl As Currency
GlExDi As Currency
GlWwaTh As Currency
WinSp As Currency
NusNuAiOvGl As Currency
ConHeTrCoeAiOvGl As Currency
[W/m2.K]
MeTeAiBetAbsGl As Currency
KiVisAiBetAbsGl

'Solar Intercept Angle
'Dispersion Angle

'Pi Value

'gravitational acceleration

[Degree]
[Degree]

[m/s2]
avoid make its value equal zer

[m]
[m]
[ram]
[ram]

[ki/kg.K]

'Stefan Boltzman Constant (Attention: without multiply with E-8 to
'Reflective Value Of The Silver

'Reflective Value Of The Gold

'Reflective Value Of The Aluminum

'Reflective Value Of The Copper

'Reflective Value Of The Acrylic Coated Aluminum

'Reflective Value Of The Mirror

'Reflective Value Of The Custom Polished Aluminum Thin Film (Alanod)
'Collector Width

'Collector Rim Angle

'Absurber Tube Exterior Surface Diameter

'Absurber Tube Interior Surface Diameter

'Absorber Tube Wall Thickness

'Absurber Tube Exterior Surface Temperature

'Working Fluid Inlet Temperature

'Working Fluid Outlet Temperature

'Working Fluid Mean Temperature

'Specific Heat Of The Working Fluid At The Mean Temperature
'Viscosity Of The Working Fluid At The Mean Temperature

'Thermal Conductivity Of The Working Fluid At The Mean Temperature
'Pradl Number Of The Working Fluid At The Mean Temperature

'Flow Rate of the Working Fluid

'Desired (Intended) Useful Energy

'Renolds Number Of The Working Fluid

'Nusselt Number Of The Working Fluid

'Convection Heat Transfer Coefficient of the Working Fluid

'Mean Temperature Of The Air Flows Over The Glass Tube

'Ambience Mean Temperature

'Glass Tube Surface Temperature

'Glass Tube Surface Temperature Test

'Kinematic Viscosity of the air which flows over the Glass Tube at

'Thermal Conductivity of the air which flows over the Glass Tube at the Mean Temperature
The Glass Tube At TheMean Temperature

'Reynolds Number Of The Air Which Flows Over
'Glass Tube Exterior Surface Diameter

'Glass Tube Wall Thickness

'Wind Speed

'Nusselt Number Of The Air Which Flows Over

[kg/m.sec]
[W/m.C]

[kg/sec]
[kw]

[W/m2.K]
[C]
[C]
[C]

[m2/sec]
[W/m.K]

the Mean Temperature

[rmm]
[mm]
[m/sec]

The Glass Tube At TheMean Temperature

'Convection Heat Transfer Coefficient of the air which flows over the Glass Tube at the Mean Temp

'The Mean Temperature Of The Air Between The Absorber And Glass Tubes
'Kinematic Viscosity Of The Air Between The Absorber And Glass Tubes At The Mean Temperature

[C]
[m2
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ture

perature

Dim
Dim
Dim
Dim

Dim
Dim

Dim

ThCoAiBetAbsGl 'Thermal Conductivity of the air Between The Absorber And Glass Tubes At The Mean Temperature [W/

PrNuAiBetAbsGl As Currency 'Pradl Number of the air Between The Absorber And Glass Tubes At The Mean Temperature

GapBetAbsGl As Currency 'The Gap Between the Absorber and Glass Tubes [rm]

VoExpCoAiBetAbsGl As Currency '"Volume Expansion Coefficient Of The Air Between The Absorber And Glass Tubes At The Mean Tempera
[1/K]

GrNuAiBetAbsGl As Currency 'Grashof Number Of The Air Between The Absorber And Glass Tubes At The Mean Temperature

EfThCoAiBetAbsGl As Currency
[W/m.K]
ConHeTrCoeAiBetAbsGl As Currency

an Temperature [W/m2.K]

th

Dim
Dim
Dim
Dim
Dim
Dim
Dim
Dim
Dim
Dim
Dim

Dim
Dim
Dim
Dim
Dim
Dim
Dim
Dim

[W/m]

Dim

[W/m]

Dim

[W/m]

[m]

Dim

Dim
Dim
Dim
Dim
Dim
Dim
Dim
Dim
Dim
Dim
Dim
Dim
Dim
Dim

RadHeTrCoeBetGlSk As Currency
GlEmVa As Currency
RadHeTrCoeBetAbsGl As Currency
AbsEmVa As Currency
TotHeTrCoeBetAbsGl As Currency
TotHeTrCoeBetGlAmb As Currency
TotHeTrCoeBetAbsAmb As Currency
ColPerFac As Currency

AbsThCo As Currency
TotHeTrCoeBetWoFlAmb As Currency

'Effective Thermal Conductivity Of The Air Between The Absorber And Glass Tubes At The Mean Tem

'Convection Heat Transfer Coefficient of the Air Between the Absorber and Glass Tubes at the Me

'Radiation Heat Transfer Coefficient Between the Glass Tube and Sky [W/m2.K]
'Glass Tube Emissivity Value
'Radiation Heat Transfer Coefficient Between the Absorber and Glass Tubes [W/m2.K]

'Absorber Tube Emissivity Value
'The Total Heat Transfer Coefficient Between the Absorber Tube Surface and Glass Tube [W/m2.K]

'"The Total Heat Transfer Coefficient Between The Glass Tube and the ambient [W/m2.K]
'The Total Heat Transfer Coefficient Between the Absorber Tube Surface and Ambient [W/m2.K]
'Collector Performance Factor

'Absorber Tube Thermal Conductivity [W/m.K]

'The Total Heat Transfer Coefficient Between the Working Fluid and Ambient [W/m2.K]

EfMulAbsAbsorvVaGlTransVa As Currency '"The Effective Multiply of Absorber Tube Absorbtance Value by Glass Tube Transmittance Val

AbsAbsorVa As Currency
GlTransVa As Currency
RefReflVa As Currency
GroEnOnAbsPerUnAr As Currency
DirRadBeam As Currency

IntFac As Currency

IncAnMoFac As Currency
GroEnOnAbsPerUnLe As Currency

'Absorber Tube Absorbtance Value

'Glass Tube Transmittance Value

'Reflective Value Of The Reflector

'The Gross Energy Collect on Absorber Tube Surface per Unit Area [W/m2]
'The Mean Direct Radiation Beam In Operation Zone [W/m2]
'Intercept Factor

'Incident Angle Modifier Factor

'The Gross Energy Collect on Absorber Tube Surface Per Unit Length

TotHeLoBetAbsAmbPerUnLe As Currency 'The Total Heat Transfer Losses Between the Absorber Tube Surface and Ambient Per Unit Leng

NetEnOnAbsUnLe As Currency
TotLeWiReToNetEnOnAbs As Currency

RegColLe As Currency
RegColNu As Currency
ColLe As Currency
NetEnPerOneCol As Currency
NetEnPerUnAr As Currency
OptEff As Currency
TherEff As Currency
ConcRat As Currency

Ho As Currency

RaRi As Currency

FoLe As Currency

PaEqCo As Currency

Href As Currency

PaArLe As Currency

'The Net Energy Collect on Absorber Tube Surface Unit Length

'The total length with respect to The Net Energy Collect on Absorber Tube Surface

'The Total Required Collector Length [m]
'The Required Collctor Number

'Collector Length [m]
'The Net Energy Obtained From One Collector [w]

'The Net Energy Obtined Per Unit Area of the Collector [W/m2]
'The Optical Efficiency of The Collector

'The Thermal Efficiency of The Collector

'Concentration Ratio

'Distance between the focal point and rim base [mm]
'Radius of the parabola at the rim angle [mm]
'Focal Length [mam]
'Parabola Equation Constant [mm]
'Parabola Depth [mm]
'Parabola Arc Length [mm]
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Dim
Dim
Dim
Dim
Dim
Dim
Dim
Dim

Private Sub

cboSelectReflectorType.Enabled

CriDirRadBeam As Currency
GrNuAiOvGl As Currency
VoExpCoAiOvGl As Currency
CoTrTyTe As Currency
ThDiAiOvGl As Currency
PrNuAiOvGl As Currency
RayNuAiOvGl As Currency
PerAbsExDi As Currency

chkNewReflectorType_ Click()
If chkNewReflectorType = 1 Then

Label7.Enabled = True
txtTheReflectiveValueOfNewReflectorType.Enabled = True

Else

cboSelectReflectorType.Enabled

Label7.Enabled = False
txtTheReflectiveValueOfNewReflectorType.Enabled = False

End If
End Sub

Private Sub chkNewWorkingFluid Click()

If chkNewWorkingFluid.Value = 1 Then
cboSelectWorkingFluid.Enabled
Label22.Enabled = True
txtSpecificHeatAtTheMeanTemperature.Enabled = True
Label26.Enabled = True
Label23.Enabled = True

txtViscosityAtTheMeanTemperature.Enabled

Label27.Enabled = True
Label24.Enabled = True
txtThermalConductivityAtTheMeanTemperature.Enabled = True
Label28.Enabled = True
Label25.Enabled = True
txtPradlNumberAtTheMeanTemperature.Enabled = True

Else

cboSelectWorkingFluid.Enabled
Label22.Enabled = False

txtSpecificHeatAtTheMeanTemperature.Enabled = False
Label26.Enabled = False
Label23.Enabled = False

txztViscosityAtTheMeanTemperature.Enabled

Label27.Enabled = False
Label24.Enabled = False
txtThermalConductivityAtTheMeanTemperature.Enabled = False
Label28.Enabled = False
Label25.Enabled = False
tztPradlNumberAtTheMeanTemperature.Enabled = False

End If
End Sub

Private Sub

cmdCalculate_Click()

False

True

False

True

'Critical Direct Solar Beam Intensity [W/m2]

'Grashof Number Of The Air over glass cover

'Volume Expansion Coefficient Of The Air over glass cover [1/K]

'Convection heat transfer type test

'Thermal diffusivity Of The Air over glass cover [m2/sec]

'Prandtl Number of the air over glass

'Rayleigh number of the air over glass

'Perfect Absorber Tube Exterior Diameter if the Dispersion Angle taken zero

= True

= False
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'dimension in Local_ level

Dim blnIterationFix As Boolean

If txtCollectorLength.Text = "" Or txtCollectorWidth.Text = "" Or txtCollectorRimAngle.Text = "" Or _
txtAbsorberTubeExteriorSurfaceDiameter.Text = "" Or txtAbsorberTubeWallThickness.Text = "" Or _
txtAbsorberTubeThermalConductivity.Text = "" Or txtAbsorberTubeAbsorbtanceValue.Text = "" Or _
txtAbsorberTubeEmissivityValue.Text = "" Or (cboSelectReflectorType.Text = "Select Reflector Type" And chkNewReflectorType.Value =

) Or
(optVacuumPacked.Value = False And optWithoutVacuum.Value = False) Or (optGreenGlass.Value = False And optWhiteGlass.Value = False)

Or

- txtGlassTubeExteriorSurfaceDiameter.Text = "" Or _

txtGlassTubeWallThickness.Text = "" Or txtGlassTubeTransmittanceValue.Text = "" Or _
txtGlassTubeEmissivityValue.Text = "" Or (cboSelectWorkingFluid.Text = "Select Working Fluid" And _
chkNewWorkingFluid.Value = 0) Or txtWindSpeed.Text = "" Or txtAmbienceMeanTemperature.Text = "" Or _
tztTheMeanDirectRadiationBeamInOperationZone.Text = "" Or txtWorkingFluidInletTemperature.Text = "" Or
txtWorkingFluidOutletTemperature.Text = "" Or txtDesiredIntendedUsefulEnergy.Text = "" Or _
txtInterceptFactor.Text = "" Or txtIncidentAngleModifierFactor.Text = "" Or _
txtGlassTubeSurfaceTemperature.Text = "" Then
MsgBox "You need to fill all the texts to make calculation for your design.", vbInformation, "Request"

Else

'convert the text wvalues to numeric value

ColWi = Val (txtCollectorWidth) 'm
ColRiAn = Val (txtCollectorRimAngle) * (3.141592 / 180)

AbsExDi = Val (txtAbsorberTubeExteriorSurfaceDiameter) / 1000 'm
AbsWaTh = Val (txtAbsorberTubeWallThickness) / 1000 'm
WoFlInTe = Val (txtWorkingFluidInletTemperature) e
WoFlOuTe = Val (txtWorkingFluidOutletTemperature) e
DeUsEn = Val (txtDesiredIntendedUsefulEnergy) * 1000 'w
TeAmb = Val (txtAmbienceMeanTemperature) e
GlTe = Val (txtGlassTubeSurfaceTemperature) e
GlExzDi = Val (txztGlassTubeExteriorSurfaceDiameter) / 1000 'm
WinSp = Val (txtWindSpeed) 'm/sec
GlWaTh = Val (txtGlassTubeWallThickness) / 1000 'm

GlEmVa = Val (txtGlassTubeEmissivityValue)
AbsEmVa = Val (txtAbsorberTubeEmissivityValue)

AbsThCo = Val (txtAbsorberTubeThermalConductivity) '[w/m.K]
AbsAbsorVa = Val (txtAbsorberTubeAbsorbtanceValue)
GlTransVa = Val (txtGlassTubeTransmittanceValue)

IntFac = Val (txztInterceptFactor)

IncAnMoFac = Val (txtIncidentAngleModifierFactor)

ColLe = Val (txztCollectorLength) 'm
DirRadBeam = Val (txtTheMeanDirectRadiationBeamInOperationZone) 'W

'calculate the Absurber Tube Interior Surface Diameter
AbsInDi = AbsExDi - (2 * AbsWaTh)

'calculate Working Fluid Mean Temperature
WoFlMeTe = (WoFlInTe + WoFlOuTe) / 2

0
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'Acception
AbsExTe = WoFlMeTe

'calculate the Thermophysical Properties for the working fluid at the mean temperature

' (Attention, the viscosity values of the working fluid multiply by 1000 to avoid

'the diveded by zero when the Renolds Number calculates at next steps)

If chkNewWorkingFluid.Value = 1 Then 'Thermophysical Properties for New Working Fluid
WoFlSpHe = Val (txtSpecificHeatAtTheMeanTemperature) * 1000
WoFlVis = Val (txtViscosityAtTheMeanTemperature) * 1000

WoF1lThCo = Val (txtThermalConductivityAtTheMeanTemperature)
WoFlPrNu = Val (txtPradlNumberAtTheMeanTemperature)
Else
If cboSelectWorkingFluid.ListIndex = 0 Then 'Thermophysical Properties for Water
WoFlSpHe = (((WoFlMeTe ~ 4) / (10 ~ 9)) - 6 * ((WoFlMeTe ”~ 3) / (10 ~ 7)) + 0.000105 * (WoFlMeTe "~ 2) - 0.005 * WoFlMeTe + 4
.25) * 1000
WoFlVis = 1000 * 0.037 * (WoFlMeTe ~ (-1.06))
WoF1lThCo = -3 * ((WoFlMeTe ™~ 4) / (10 ~ 11)) + 2 * ((WoFlMeTe ~ 3) / (10 ~ 8)) - ((WoFlMeTe "~ 2) / (10 ~ 5)) + 0.002 * WoF1M
eTe + 0.567
WoFlPrNu = -5 * ((WoFlMeTe ~ 3) / (10 ~ 8)) + 8 * ((WoFlMeTe ~ 2) / (10 ~ 5)) - 0.029 * WoFlMeTe + 3.873
ElseIf cboSelectWorkingFluid.ListIndex = 1 Then 'Thermophysical Properties for Syltherm 800
WoFlSpHe = ((WoFlMeTe ~ 2) / (10 ~ 6)) + 1.707 * WoFlMeTe + 1575
WoFlVis = 1000 * 0.008 * Exp(—-(0.01 * WoFlMeTe))
WoF1lThCo = - ( (WoFlMeTe ~ 2) / (10 ~ 9)) - 0.00018 * WoFlMeTe + 0.138
WoFlPrNu = 7150 * (WoFlMeTe ~ (-1.11))

End If

txtSpecificHeatAtTheMeanTemperature = Val (WoFlSpHe) / 1000
txtViscosityAtTheMeanTemperature = Val (WoFlvis) / 1000
txztThermalConductivityAtTheMeanTemperature = Val (WoF1lThCo)
txtPradlNumberAtTheMeanTemperature = Val (WoF1lPrNu)

End If

'Calculate the geometry parameters of the PTSC
Ho = ((ColWi / 2) / Tan(ColRiAn)) * 1000

RaRi = ((ColWi / 2) / Sin(ColRiAn)) * 1000
FoLe = (RaRi * (1 + Cos(ColRiAn))) / 2

PaEqCo = 4 * FolLe
Href = FolLe - Ho
PaArLe = 2 * (((Colwi * 1000) / 4) * Sgr(l + ((4 * Href) / (ColWi * 1000)) ~ 2) + ((ColwWi * 1000) ~ 2 / (16 * Href)) * Log(Sqgr(l + (

(4 * Href) / (ColWi * 1000)) ~ 2) + ((4 * Href) / (ColWi * 1000))))

'calculate Flow Rate of the working fluid
WoFlMaFlRa = DeUsEn / (WoFlSpHe * (WoFlOuTe - WoFlInTe))

'calculate Renolds Number Of The Working Fluid
' (Attention the Renolds Number Multyply with 1000 to compensate the (Viscosity*1000) above)
WoFlReNu = 1000 * (4 * WoFlMaFlRa) / (WoFlVis * Pi * AbsInDi)

'calculate Nusselt Number Of The Working Fluid
WoFlNusNu = 0.023 * (WoFlReNu ©~ 0.8) * (WoFlPrNu ™ 0.4)

'calculate Convection Heat Transfer Coefficient of the Working Fluid
ConHeTrCoeInAbs = (WoFlNusNu * WoF1lThCo) / AbsInDi

¢cl
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'Loop to find the correct value for the glass tube temperature

Do Until blnIterationFix = True Or GlTe > 120 'test
If Abs(GlTe - GlTeTest) > 0.05 Then 'test
GlTe = G1lTe + 0.1 'test

'calculate Mean Temperature Of The Air Flows Over The Glass Tube
MeTeAiOVGl = (TeAmb + GlTe) / 2

'calculate the Thermophysical Properties for the Air Which Flows Over The Glass Tube at the mean temperature
KivVisAiOvGl = (-(1 / (10 ~ 10)) * (MeTeAiOvVGl ~ 3) + (9 / (10 ~ 7)) * (MeTeAiOvGl ~ 2) + 0.00087 * MeTeRAiOvGl + 0.137)

ThCoAiOVGl = (8 / (10 ~ 5)) * MeTeAiOvGl + 0.024
ThDiAiOvGl = ((9 / (10 ~ 7)) * (MeTeAiOvGl ~ 2) + 0.00137 * MeTeAiOvGl + 0.202)
PrNUuAiOvGl = KiVisAiOvGl / ThDiAiOvGl

'calculate Reynolds Number Of The Air Which Flows Over The Glass Tube At TheMean Temperature
ReNuAiOvGl = 10000 * (WinSp * GlExDi) / KiVisAiOvGl

'calculate Volume Expansion Coefficient Of The Air over glass cover
VoExpCoAiOVGl = 1 / (MeTeARiOvGl + 273)

'calculate Grashof number of the air flows over the glass cover
GrNuAiOvGl = (GravAc * VoOExpCoAiOvGl * (GlTe - TeAmb) * (GlExDi ~ 3)) / ((KiVvisAiOvGl / 10000) ~ 2)

'To avoid the divided by zero (when Reynolds Number Of The Air Which Flows Over The Glass equal to zero)
If ReNuAiOvGl = 0 Then

If GrNuAiOvGl < 0 Then

GrNuAiOvGl = GrNuAiOvGl * (-1)

NusNuAiOvGl = (0.6 + (((PrNuAiOvGl * GrNuAiOvGl) / 300) / (1 + (0.5 / PrNuAiOovGl) ~ (9 / 16)) ~ (16 / 9))) ~ (2 / &)
Else
NusNuAiOvGl = (0.6 + (((PrNuAiOvGl * GrNuAiovGl) / 300) / (1 + (0.5 / PrNuAiovGl) ~ (9 / 1&)) ~ (16 / 9))) ~ (2 / 6)
End If

Else

'Find the convection transfer type (Natural, Forced or Mixed) Of The Air Which Flows Over The Glass Tube
CoTrTyTe = GrNuAiOvGl / (ReNuAiOvGl ~ 2)

'calculate Nusselt Number Of The Air Which Flows Over The Glass Tube At The Mean Temperature
If CoTrTyTe < 0.95 Then

If ReNuAiOvGl < 1000 Then

NusNuAiovGl = 0.4 + (0.54 * (ReNuAiOvGl ~ 0.52))

Else
NusNuAiOvGl = 0.3 * (ReNuAiOvGl ~ 0.6)
End If
ElseIf CoTrTyTe > 1.05 Then
NusNuAiOvGl = (0.6 + (((PrNuAiOvGl * GrNuAiOvGl) / 300) / (1 + (0.5 / PrNuAiOvGl) ~ (9 / 16)) ~ (16 / 9))) =~ (2 / &)

ElseIf CoTrTyTe <= 1.05 Or CoTrTyTe >= 0.95 Then

'find the Rayleigh number of the air over glass cover

RayNuAiOvGl = (GravAc * VoExpCoAiOvGl * (GlTe - TeAmb) * (GlExDi ~ 3)) / (((KiVvisAiOvGl * ThDiAiOvGl) / 10000) ~ 2)
NusNuAiOvGl = (0.6 + ((0.387 * (RayNuAiOvGl) ~ (1 / &6)) / (1 + (0.559 / PrNuAiOovGl) ~ (9 / 16)) ~ (8 / 27))) ~ 2
End If

End If
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'calculate Convection Heat Transfer Coefficient of the air which flows over the Glass Tube at the Mean Temperature
ConHeTrCoeAiOvGl = (ThCoAiOvGl * NusNuAiOvGl) / (GlExDi)

If optVacuumPacked.Value = True Then

ConHeTrCoeAiBetAbsGl = 0

Else
'calculate The Mean Temperature Of The Air Between The Absorber And Glass Tubes
MeTeAiBetAbsGl = (AbsExTe + GlTe) / 2

'calculate the Thermophysical Properties of the Air Between The Absorber And Glass Tubes at the mean temperature
KiVisAiBetAbsGl = 1000 * 5 * ((MeTeAiBetAbsGl + 273) ~ 1.808) * (10 ~ (-10))

ThCoAiBetAbsGl = 0.00016 * ((MeTeAiBetAbsGl + 273) ~ 0.893)

PrNuAiBetAbsGl = €& * ((MeTeAiBetAbsGl + 273) ~ 2) * (10 ~ (-7)) - 0.0006 * (MeTeAiBetAbsGl + 273) + 0.835

'calculate The Gap Between the Absorber and Glass Tubes
GapBetAbsGl = (GlExDi - AbsExDi - (2 * GlwaTh)) / 2

'calculate Volume Expansion Coefficient Of The Air Between The Absorber And Glass Tubes At The Mean Temperature
VoExpCoAiBetAbsGl = 1 / (MeTeAiBetAbsGl + 273)

'calculate Grashof Number Of The Air Between The Absorber And Glass Tubes At The Mean Temperature
GrNuAiBetAbsGl = (GravAc * VoExpCoAiBetAbsGl * (AbsExTe - GlTe) * (GapBetAbsGl ~ 3)) / ((KiVisAiBetAbsGl / 1000) ~ 2)

'calculate Effective Thermal Conductivity Of The Air Between The Absorber And Glass Tubes At The Mean Temperature
If (GrNuAiBetAbsGl * PrNuAiBetAbsGl) < 1000 Then
EfThCoAiBetAbsGl = ThCoAiBetAbsGl
Else
EfThCoAiBetAbsGl
End If

0.11 * ThCoAiBetAbsGl * ((GrNuAiBetAbsGl * PrNuAiBetAbsGl) ~ 0.29)

'calculate Convection Heat Transfer Coefficient of the Air Between the Absorber and Glass Tubes at the Mean Temperature
ConHeTrCoeAiBetAbsGl = 2 * EfThCoAiBetAbsGl / (AbsExDi * (Log(GlExDi / AbsExDi)))

End If

'calculate Radiation Heat Transfer Coefficient Between the Glass Tube and Sky

RadHeTrCoeBetGlsk = 4 * (StBoCons * (10 ~ (-8))) * GlEmVa * ((MeTeAiOvGl + 273) ~ 3)

'calculate Radiation Heat Transfer Coefficient Between the Absorber and Glass Tubes

RadHeTrCoeBetAbsGl = ((StBoCons * (10 ~ (-8))) * (((GlTe + 273) ~ 2) + ((AbsiExTe + 273) ~ 2)) * ((GlTe + 273) + (AbsExTe + 273))) /
((1 / AbsEmVa) + ((AbsExDi / GlExDi) * ((1 / GlEmVa) - 1)))

'calculate The Total Heat Transfer Coefficient Between the Absorber Tube Surface and Glass Tube
TotHeTrCoeBetAbsGl = RadHeTrCoeBetAbsGl + ConHeTrCoeAiBetAbsGl

'calculate The Total Heat Transfer Coefficient Between The Glass Tube and the ambient
TotHeTrCoeBetGlAmb = RadHeTrCoeBetGlSk + ConHeTrCoeAiOvGl

'calculate The Total Heat Transfer Coefficient Between the Absorber Tube Surface and Ambient
TotHeTrCoeBetAbsAmb = 1 / ((1 / TotHeTrCoeBetGlAmb) + ((AbsExDi / GlExDi) * (1 / TotHeTrCoeBetAbsGl)))

'The Test Calculation of the Glass Tube Surface
GlTeTest = ((AbsExDi * TotHeTrCoeBetAbsGl * AbsExTe + GlExDi * TotHeTrCoeBetGlAmb * TeAmb) / (AbsExDi * TotHeTrCoeBetAbsGl + GlExDi
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* TotHeTrCoeBetGlAmb) )

Else

blnI

End If

Loop

'test
terationFix = True 'test
'test
'test

If blnIterationFix = False Then 'test
Dim strLessThanEarlyEntered As String

Else

ThCo) )

*

strL
MsgB
'te

'The
ColP
(Lo

essThanEarlyEntered = "Please,
ox strLessThanEarlyEntered, vbQuestion,
st

Collector Performance Factor

erFac = 1 / (TotHeTrCoeBetAbsAmb *

g (AbsExDi / (AbsInDi))))))

((1 / TotHeTrCoeBetAbsAmb)

+

(AbsExDi /

'The Total Heat Transfer Coefficient Between the Working Fluid and Ambient
eTrCoeBetWoFlAmb = ColPerFac * TotHeTrCoeBetAbsAmb

TotH

(ConHeTrCoeInAbs *

'The Effective Multiply of Absorber Tube Absorbtance Value by Glass Tube Transmittance Value

If o

Else

End

'Sel
IE &

Else

End

'"The
GroE

'The
GroE

ptGreenGlass = True Then

EfMulAbsAbsorVaGlTransVa = 1.02 *

EfMulAbsAbsorVaGlTransVa = 1.01 *

If

ect the Reflective Value

hkNewReflectorType.Value = 0 Then

If cboSelectReflectorType.ListIndex = 0 Then

RefReflVa = RefAcr

ElseIf cboSelectReflectorType
RefReflVa = RefAlu

ElseIf cboSelectReflectorType
RefReflVa = RefCop

ElseIf cboSelectReflectorType.

RefReflVa = RefCus

ElseIf cboSelectReflectorType.

RefReflVa = RefGol

ElseIf cboSelectReflectorType.

RefReflVa = RefMir

ElseIf cboSelectReflectorType.

RefReflVa = RefsSil
End If

txtTheReflectiveValueOfNewReflectorType.

.ListIndex =

.ListIndex =

ListIndex =

ListIndex =

ListIndex =

ListIndex =

Text

(AbsAbsorVa * GlTransVa)

(AbsAbsorVa * GlTransVa)

Then

Then

Then

Then

Then

Then

= Val (RefReflVa)

RefReflVa = Val (txtTheReflectiveValueOfNewReflectorType)

It

Gross Energy Collect on Absorber Tube Surface by Unit Area

nOnAbsPerUnAr = DirRadBeam * RefReflVa * IntFac * EfMulAbsAbsorVaGlTransVa * IncAnMoFac

Gross Energy Collect on Absorber Tube Surface Per Unit Length

nOnAbsPerUnLe = GroEnOnAbsPerUnAr * (ColWi

GlExzDi)

Enter Glass Tube Surface Temperature Less Than " & FormatNumber (GlTeTest,
"Warning" 'test

(AbsInDi)))

0)

+

( (AbsExDi /

(2 * Abs
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'The Total Heat Transfer Losses Between the Working Fluid Tube Surface and Ambient per unit length

TotHeLoBetAbsAmbPerUnLe = TotHeTrCoeBetWoFlAmb * Pi * AbsExDi * (AbsExTe - TeAmb)

'The Net Energy Collect on Absorber Tube Surface Unit Length
NetEnOnAbsUnLe = GroEnOnAbsPerUnLe - TotHeLoBetAbsAmbPerUnLe

'the total length with respect to The Net Energy Collect on Absorber Tube Surface
TotLeWiReToNetEnOnAbs = DeUsEn / NetEnOnAbsUnLe

'The Total Required Collector Length
ReqColLe = ((WoFlSpHe * WoFlMaFlRa) / (TotHeTrCoeBetAbsAmb * Pi * AbsExDi * ColPerFac)

* AbsExDi * TotLeWiReToNetEnOnAbs) / (WoFlSpHe * WoFlMaFlRa))))

'The Required Collctors Number
ReqColNu = ReqgColLe / ColLe

'The Net Energy Obtained From One Collector
NetEnPerOneCol = NetEnOnAbsUnLe * ColLe

'The Net Energy Obtined Per Unit Area of the Collector
NetEnPerUnAr = NetEnPerOneCol / (ColLe * ColWi)

'The Optical Efficiency of The Collector
OptEff = 100 * GroEnOnAbsPerUnAr / DirRadBeam

'The Thermal Efficiency of The Collector
TherEff = 100 * NetEnPerUnAr / DirRadBeam

'The Critical Direct Solar Beam
CriDirRadBeam = (TotHeTrCoeBetAbsAmb * Pi * AbsExDi * (WoFlInTe - TeAmb)) / ((ColWi -

'"Concentration Ratio
ConcRat = ColWi / (Pi * AbsExDi)

'Format Outputs and show in labels
lblTheExzactGlassTubeSurfaceTemperature.Caption = FormatNumber (GlTe)
lblConcentrationRatio.Caption = FormatNumber (ConcRat)
lblWorkingFluidMassFlowRate.Caption = FormatNumber (WoFlMaFlRa, 3)
lblOpticalEfficiencyOfTheCollector.Caption = FormatNumber (OptEff)
l1blThermalEfficiencyOfTheCollector.Caption = FormatNumber (TherEff)
1blTheTotalRequiredCollectorLength.Caption = FormatNumber (RegColLe)
1blTheRequiredCollctorsNumber.Caption = FormatNumber (ReqColNu, 1)
1blTheNetEnergyObtainedFromOneCollector.Caption = FormatNumber (NetEnPerOneCol) / 1000

cmdCalculate.Enabled = False
mnuCalculateCalculate.Enabled = False
cmdCheckDesignAvailability.Enabled = False
mnuCalculateCheckDesignAvailability.Enabled = False
cmdClearOutputs.Enabled = True
mnuEditClearOutputs.Enabled = True
cmdPrintForm.Enabled = True

mnuFilePrint.Enabled = True

)y * ((=1)

GlExDi)

*

* Log(l - ((TotHeTrCoeBetAbsAmb * Pi

(OptEff / 100))

9Ct
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'Determine the Perfect Absorber Tube Exterior Diameter if the Dispersion Angle taken zero

PerAbsExDi = (ColWi * 1000 / Sin(ColRiAn)) * Sin((SoInAn * (3.141592 / 180)) / 2)
End If 'test
End If
End Sub

Private Sub cmdCheckDesignAvailability Click()

'Dimension in Local-Level
Dim InfoDesAv As String

'convert the text wvalues to numeric value

ColWi = Val (txtCollectorWidth)

ColRiAn = Val (txtCollectorRimAngle) * (3.141592 / 180)
AbsExDi = Val (txtAbsorberTubeExteriorSurfaceDiameter) / 1000

'make sure that the design is Availability
If IsNumeric(txtCollectorWidth.Text) = False Or IsNumeric(txtCollectorRimAngle) = False Or IsNumeric(txtAbsorberTubeExteriorSurfaceDiame
ter) = False Then
MsgBox "To Check Your Design Availability, Please Fill the Collector Width, Collector Rim Angle and Absorber Tube Exterior Surface D
iameter Texts.", vbInformation, "Request"

Else
If AbsExDi < ((ColWi / Sin(ColRiAn)) * Sin(((SoInAn * (3.141592 / 180)) / 2) + ((DiAn * (3.141592 / 180)) / 2))) Then
InfoDesAv = "You Need to Do one of Follow State to Avoid the Losses in Direct Beams:" & vbCrLf & "1. Decrease The Collector Widt
h." & vbCrLf & "2. Increase the Absorber Tube Exterior Surface Diamter." & vbCrLf & "3. Increase The Rim Angle To Possible Limit, For More I

nformation Go To Help Menu."
MsgBox InfoDesAv, vbOKOnly, "Request"
txtCollectorWidth.SetFocus
Else
MsgBox "There is No Problem with Your Design Availibility, You Can Continue Calculate!", vbOKOnly, "Confirm Message"
cmdCalculate.Enabled = True
cmdCalculate.Default = True
mnuCalculateCalculate.Enabled = True
cmdClearAll.Enabled = True
mnuEditClearAll.Enabled = True
End If
End If
End Sub

Private Sub cmdClearAll Click()

'clear all

txtCollectorLength.Text = ""
txtCollectorWidth.Text = ""
txtCollectorRimAngle.Text = ""
txtAbsorberTubeExteriorSurfaceDiameter.Text =
txztAbsorberTubeWallThickness.Text = ""
txtAbsorberTubeThermalConductivity.Text =
txtAbsorberTubeAbsorbtanceValue.Text = ""
txtAbsorberTubeEmissivityValue.Text = ""
cboSelectReflectorType.Text = "Select Reflector Type"

LZT
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End Sub

Private

11

chkNewReflectorType.Value = 0
txtTheReflectiveValueOfNewReflectorType.Text = ""
optGreenGlass.Value = False
optWhiteGlass.Value = False
optVacuumPacked.Value = False
optWithoutVacuum.Value = False
txtGlassTubeExteriorSurfaceDiameter.Text =
txtGlassTubeWallThickness.Text = ""
txtGlassTubeTransmittanceValue.Text =
txtGlassTubeEmissivityValue.Text = ""
cboSelectWorkingFluid.Text = "Select Working Fluid"
chkNewWorkingFluid.Value = 0
txtSpecificHeatAtTheMeanTemperature.Text = ""
txtViscosityAtTheMeanTemperature.Text = ""
txtThermalConductivityAtTheMeanTemperature.Text =
txtPradlNumberAtTheMeanTemperature.Text = ""
txtWindSpeed.Text = ""
txtAmbienceMeanTemperature.Text =
txtTheMeanDirectRadiationBeamInOperationZone.Text =
txtWorkingFluidInletTemperature.Text = ""
txztWorkingFluidOutletTemperature.Text =
txtDesiredIntendedUsefulEnergy.Text = ""
txtInterceptFactor.Text = ""
txtIncidentAngleModifierFactor.Text = ""
txtGlassTubeSurfaceTemperature.Text = ""
1blTheExactGlassTubeSurfaceTemperature.Caption =
lblConcentrationRatio.Caption = ""
lblWorkingFluidMassFlowRate.Caption = ""
1blOpticalEfficiencyOfTheCollector.Caption = ""
lblThermalEfficiencyOfTheCollector.Caption = ""
1blTheTotalRequiredCollectorLength.Caption = ""
1blTheRequiredCollctorsNumber.Caption = ""
1blTheNetEnergyObtainedFromOneCollector.Caption =
cmdCalculate.Enabled = False
cmdCheckDesignAvailability.Enabled = True
cmdPrintForm.Enabled = False

mnuFilePrint.Enabled = False
txtCollectorLength.SetFocus

GlTeTest = O

"

"

nn

nn

Sub cmdClearOutputs_Click()

'clear Outputs

If lblTheNetEnergyObtainedFromOneCollector.Caption = "" Then

MsgBox "Sorry, There Are No Outputs To Clear.", vbInformation,

Else

lblTheExactGlassTubeSurfaceTemperature.Caption =
lblConcentrationRatio.Caption = ""
lblWorkingFluidMassFlowRate.Caption = ""
lblOpticalEfficiencyOfTheCollector.Caption = ""
l1blThermalEfficiencyOfTheCollector.Caption = ""
1blTheTotalRequiredCollectorLength.Caption = ""

"Request"

8¢l
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End

1blTheRequiredCollctorsNumber.Caption = ""
1blTheNetEnergyObtainedFromOneCollector.Caption = ""
cmdCalculate.Enabled = True
cmdCalculate.Default = True
cmdCheckDesignAvailability.Enabled = True
cmdPrintForm.Enabled = False

mnuFilePrint.Enabled

GlTeTest = 0
End If
Sub

Private Sub cmdExit_ Click()

End

Private Sub

Else

'terminate the program
End
Sub

'print
Printer.Print

"

False

cmdPrintForm Click()

Printer.FontItalic = False
Printer.ForeColor = vbRed

Printer.FontSize = 12
Printer.FontBold = Tru
Printer.FontUnderline
Printer.Print Tab(5);
Printer.FontSize = 10

e

True

"Inputs"

Printer.FontBold = False

Printer.FontUnderline

False

Printer.ForeColor = vbRed

Printer.Print
Printer.Print Tab (10);

"Design Data Inputs"

Printer.ForeColor = vbBlue

Printer.Print Tab(15);

"Collector Inputs"

Printer.ForeColor = vbBlack

Printer.Print Tab(20);
Printer.Print Tab(20);
Printer.Print Tab (20);

"Collector Length"; Tab(50);

"Collector Width"; Tab(50)

"Collector Rim Angle"; Tab (50);

Printer.ForeColor = vbBlue

Printer.Print Tab(15);

"Absorber Tube Inputs"

Printer.ForeColor = vbBlack
"Exterior Diameter"; Tab (50); " [mm]

Printer.Print Tab(20);
Printer.Print Tab(20);
Printer.Print Tab (20);
Printer.Print Tab(20);
Printer.Print Tab (20);

"Wall Thickness"; Tab (50);

"Thermal Conductivity"; Tab(50);
"Absorbtance Value:"; Tab(60);
"Emissivity Value:"; Tab(60);

Printer.ForeColor = vbBlue

Printer.Print Tab (15);

"Working Fluid Inputs"

Printer.ForeColor = vbBlack
If chkNewWorkingFluid.Value

Printer.Print Tab(20);

= 1 Then
"Selected Working Fluid";

; "[m]:";

" [H\I\'l] L

Tab (61) ;

" [m] .

; Tab(60); ColLe
Tab (60); ColWi

"[Degree] :"; Tab(61);

FormatNumber ( (ColRiAn /

:"; Tab(60); (AbsExDi * 1000)

Tab (60); (AbsWaTh

"[W/m.K]:"; Tab(60);
AbsAbsorVa
AbsEmVa

"New Working Fluid"

* 1000)
AbsThCo

(3.141592 / 180)),

0)

6¢T
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If cboSelectWorkingFluid.ListIndex = 0 Then
Printer.Print Tab(20); "Selected Working Fluid"; Tab(6l); "Water"
Else
Printer.Print Tab(20); "Selected Working Fluid"; Tab(6l); "Syltherm 800"
End If
End If

Printer.Print Tab (20); "Specific Heat"; Tab (50); "[kj/kg.K]:"; Tab(6l); FormatNumber ((WoFlSpHe / 1000),

Printer.Print Tab (20); "Viscosity"; Tab(50); "[kg/m.sec]:"; Tab(61l); (WoFlvis / 1000)
Printer.Print Tab (20); "Thermal Conductivity"; Tab(50); "[W/m.C]:"; Tab(60); WoFlThCo
Printer.Print Tab (20); "Prandl Number:"; Tab(60); WoFlPrNu

Printer.ForeColor = vbBlue
Printer.Print Tab(15); "Reflector Inputs"
Printer.ForeColor = vbBlack

If chkNewReflectorType.Value = 1 Then

Printer.Print Tab(20); "Selected Reflector"; Tab(6l); "New Reflector"
Else

Printer.Print Tab (20); "Selected Reflector"; Tab(6l); cboSelectReflectorType.Text
End If

Printer.Print Tab(20); "Reflective Value:"; Tab(60); RefReflVa

Printer.ForeColor = vbBlue
Printer.Print Tab(15); "Glass Cover Inputs"
Printer.ForeColor = vbBlack

If optGreenGlass.Value = True Then
Printer.Print Tab(20); "Glass Type:"; Tab(6l); "Green Glass"

Else

Printer.Print Tab(20); "Glass Type:"; Tab(6l); "White Glass"
End If
If optVacuumPacked.Value = True Then

Printer.Print Tab (20); "Vacuum State:"; Tab(61l); "Vacuum-Packed"
Else

Printer.Print Tab (20); "Vacuum State:"; Tab(61l); "Without Vacuum"
End If

Printer.Print Tab(20); "Exterior Diameter"; Tab(50); "[mm]:"; Tab(60); (GlExDi * 1000)
Printer.Print Tab(20); "Wall Thickness"; Tab(50); "[mm]:"; Tab(60); (GlwaTh * 1000)
Printer.Print Tab (20); "Transmittance Value:"; Tab(60); GlTransVa

Printer.Print Tab(20); "Emissivity Value:"; Tab(60); GlEmVa

Printer.ForeColor = vbRed
Printer.Print Tab(10); "Ambiance Data Inputs"
Printer.ForeColor = vbBlack

Printer.Print Tab(20); "Wind Speed"; Tab(50); "[m/sec]:"; Tab(60); WinSp
Printer.Print Tab (20); "Ambiance Temperature"; Tab(50); "[C]:"; Tab(60); TeAmb
Printer.Print Tab(20); "Direct Radiation"; Tab (50); "[W/m2]:"; Tab(60); DirRadBeam

Printer.ForeColor = vbRed
Printer.Print Tab(10); "Operation Data Inputs"
Printer.ForeColor = vbBlack

Printer.Print Tab(20); "Inlet Temperature"; Tab(50); "[C]:"; Tab(60); WoFlInTe
Printer.Print Tab(20); "Outlet Temperature"; Tab(50); "[C]:"; Tab(60); WoFlOuTe

Printer.Print Tab(20); "Desired Useful Energy"; Tab(50); "[kW]:"; Tab(60); (DeUsEn / 1000)

Printer.ForeColor = vbRed
Printer.Print Tab(10); "Accepted Data Inputs"
Printer.ForeColor = vbBlack

Printer.Print Tab (20); "Intercept Factor"; Tab(60); IntFac
Printer.Print Tab (20); "IAMF"; Tab(60); IncAnMoFac

0€T
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Printer.ForeColor = vbRed
Printer.FontSize = 12
Printer.FontBold = True
Printer.FontUnderline = True

Printer.Print Tab(5); "Outputs"
YPrinter.Print "

Printer.FontSize = 10

Printer.FontBold = False

Printer.FontUnderline = False

Printer.ForeColor = vbRed

Printer.Print Tab(10); "PTSC Geometry Parameters"
Printer.ForeColor = vbBlack

Printer.Print Tab(20); "Radius of The Parabola at The Rim Angle"; Tab(100); "[mm]:"; Tab(110); FormatNumber (RaRi, O0)

Printer.Print Tab (20); "Focal Length"; Tab(100); "[mm]:"; Tab(110); FormatNumber (FolLe, 0)

Printer.Print Tab (20); "Parabola Depth"; Tab(100); "[mm]:"; Tab(110); FormatNumber (Href, O0)

Printer.Print Tab(20); "Parabola Arc Length"; Tab(100); "[mm]:"; Tab(110); FormatNumber (PaArLe, O0)

Printer.Print Tab (20); "Parabola Equation"; Tab(100); "[mm]:"; Tab(110); "y2 = "; FormatNumber (PaEgCo, 0); ".x"

Printer.Print Tab (20); "Perfect Absorber Tube Exterior Diameter if the Dispersion Angle taken zero"; Tab(100); "[mm]:"; Tab(110); Format
Number (PerAbsExDi, 1)

Printer.ForeColor = vbRed
Printer.Print Tab(10); "Heat Transfer Coefficients"
Printer.ForeColor = vbBlack

Printer.Print Tab(20); "Convection Heat Transfer Coeff. Inside The Absorber Tube"; Tab(100); "[W/m2.K]:"; Tab(110); FormatNumber (ConHeTr
CoelnAbs, 1)

Printer.Print Tab (20); "Convection Heat Transfer Coeff. Between The Absorber Tube And Glass Cover"; Tab(100); "[W/m2.K]:"; Tab(110); For
matNumber (ConHeTrCoeAiBetAbsGl, 1)

Printer.Print Tab (20); "Convection Heat Transfer Coeff. Over The Glass Cover"; Tab(1l00); "[W/m2.K]:"; Tab(110); FormatNumber (ConHeTrCoeA
iovGl, 1)

Printer.Print Tab (20); "Radiation Heat Transfer Coeff. Between The Glass Cover And Sky"; Tab(100); "[W/m2.K]:"; Tab(110); FormatNumber (R
adHeTrCoeBetGlSk, 1)

Printer.Print Tab(20); "Radiation Heat Transfer Coeff. Between The Absorber Tube And Glass Cover"; Tab(100); "[W/m2.K]:"; Tab(110); Form
atNumber (RadHeTrCoeBetAbsGl, 1)

Printer.Print Tab(20); "Glass Temperature'"; Tab(100); "[C]:"; Tab(11l0); FormatNumber (GlTe, 1)

Printer.Print Tab (20); "Critical Direct Solar Beams Intensity'"; Tab(100); "[W/m2]:"; Tab(110); FormatNumber (CriDirRadBeam, 1)

Printer.ForeColor = vbRed
Printer.Print Tab(10); "PTSC Performance Outputs"
Printer.ForeColor = vbBlue

Printer.Print Tab(20); "Concentration Ratio"; Tab(110); FormatNumber (ConcRat, 1)

Printer.Print Tab(20); "Working Fluid Mass Flowrate"; Tab(100); "[kg/sec]:"; Tab(110); FormatNumber (WoFlMaFlRa, 4)

Printer.Print Tab(20); "Optical Efficiency"; Tab(110); FormatNumber (OptEff, 2)

Printer.Print Tab(20); "Thermal Efficiency"; Tab(110); FormatNumber (TherEff, 2)

Printer.Print Tab(20); "Required Collector Length"; Tab(100); "[m]:"; Tab(110); FormatNumber (ReqColLe, 1)

Printer.Print Tab (20); "Required Collector Numbers"; Tab(110); FormatNumber (ReqColNu, 1)

Printer.Print Tab (20); "Net Energy Obtained From One Collector"; Tab(100); "[kW]:"; Tab(110); FormatNumber ( (NetEnPerOneCol / 1000), 2)
Printer.Print Tab(20); "Heat Losses Per Unit Length"; Tab(100); "[kW/m]:"; Tab(110); FormatNumber ((TotHeLoBetAbsAmbPerUnLe / 1000), 3)
Printer.Print ""

Printer.ForeColor = vbRed

Printer.FontItalic = True

Printer.FontUnderline = True

Printer.FontBold = True

Printer.FontSize = 8
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Printer.Print Tab(130); " By: Sabah Beyatlai"
Printer.EndDoc
cmdPrintForm. Enabled False
mnuFilePrint.Enabled = False

End Sub

Private Sub mnuCalculateCalculate_ Click()
Call cmdCalculate_Click
End Sub
Private Sub mnuCalculateCheckDesignAvailability Click()

Call cmdCheckDesignAvailability_ Click
End Sub

Private Sub mnuEditClearAll Click()

Call cmdClearAll Click
End Sub

Private Sub mnuEditClearOutputs_Click()

Call cmdClearOutputs_Click
End Sub

Private Sub mnuFileExit_ Click()

Call cmdExit_ Click
End Sub

Private Sub mnuFilePrint_Click()
Call cmdPrintForm Click

End Sub

Private Sub mnuHelpAbout_ Click()

frmAbout. Show
End Sub

Private Sub mnuHelpDesignAvailability Click()

frmDesignAvailability.Show
End Sub

Private Sub mnuHelpIAMF Click()

frmIAMF. Show
End Sub

cel

Private Sub mnuHelpInterceptFactor_ Click()
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frmInterceptFactor. Show
End Sub

Private Sub mnuHelpPTSC_Click()

frmPTSC. Show
End Sub

Private Sub mnuHelpPTSCGeometryParameters_Click()

frmPTSCGeometryParameters. Show
End Sub

eeT



Appendix-C

The Form of the Package Program

PTSC Designer and Performance Calculator

File Edit Calculate Help

— Design Data Inputs

— Collector Inputs

Collector Length

[ Jm
[ |m
Collector Rim Angle |:] Degree

Collector Width

— Reflector Inputs

lSeIect Reflector Type

[ New Reflector Type

The Reflec
New

falue of
tor Type

|

— Absorber Tube Inputs

Absorber Tube Exterior |
Surface Diamet L1

Absorber Tube Wall
Thickness

O
Cotaem e [ | wmk

I

-

Absorber Tube
Absorbtance Value

Absorber Tube
Emissivity Yalue

— Glass Tube Inputs

Select Ferrous Amount
) Ordinary Glass

O Low-lron Glass

O Vacuum-Packed

Select Yaccum State
|VC' Without Vacuum

Glass Tube Exterior
Surface Diamet

Glass Tube Wall
Thickness

Glass Tube
Transmittance Value

Glass Tube Emissivity
WValue

[ Jom
[ Jom
|-
[ ]

— Ambiance Data Inputs

Wind Speed i Fsge

Ambience Mean
Temperature

1]

Direct Radiation

W/im2

~ Operation Data Inputs

Working Fluid Inlet
Temperature

(]

‘Working Fluid Outlet
Temperature

(]

-~ Accepted Inputs

Intercept Factor

Incident Angle
Modifier Factor

Desired (Intended) S K
Useful Eneray "

i~ Assumptions Inputs

Glass Tube Surface
Temperature

1111

(]

The Exact Glass Tube
Surface Temperature

e

— Working Fluid Inputs

[Select ‘Working Fluid E] [T New “Working Fluid
Specific Heat at the |:| z Thermal Conductivity at l:]
Mean Temperature kifkg.K the Mean Temperature Wim.C
s at the :I Frandl Number at the I:]
emperature kg/m.sec Mean Temperature
Clear Al | ] Clear Outputs | [ Check Design Availability
Ezit | I Erinit | ” Calculate

~ Outputs

Concentration Ratio

‘Working Fluid Mass
Flowrate

Optical Efficiency of
The Collector

Thermal Efficiency
of The Collector

The Required
Collector Length

The Required
Collctors Number

—

The Net Energy Obtained : K
From One Collector o

vET



Appendix-D

The Print Outputs of the Sample Thermal Performance Calculation

of the PTSC

Inputs

Design Data Inputs
Collector Inputs

Collector Length [m]: 8
Collector Width [m]: 5
Collector Rim Angle [Degree]: 70
Absorber Tube Inputs

Exterior Diameter [mm]: 70
Wall Thickness [mm]: 1.2
Thermal Conductivity [w/m.K]: 27
Absorbtance Value: 0.96
Emissivity Value: 0.09

Working Fluid Inputs
Selected Working Fluid

Syltherm 800

Specific Heat [kji’kg.K]: 1.857
Viscosity [kg/m.sec]: 0.0015364
Thermal Conductivity [w/m.C]: 0.1083
Prandl Number: 24.7115
Reflector Inputs
Selected Reflector Custom polished aluminum thin film (Alanod)
Reflective Value: 0.88
Glass Cover Inputs
Glass Type: White Glass
Vacuum State: Vacuum-Packed
Exterior Diameter [mm]: 115
Wall Thickness [mm]: 2
Transmittance Value: 0.96
Emissivity Value: 0.88
Ambiance Data Inputs
Wind Speed [m/sec]: 4
Ambiance Temperature [Cl: 30
Direct Radiation [w/m2]: 900
Operation Data Inputs
Inlet Temperature [CI: 150
Outlet Temperature [CI: 180
Desired Useful Energy [kw]: 25
Accepted Data Inputs
Intercept Factor 0.96
IAMF 0.95

Outputs

PTSC Geometry Parameters

Radius of The Parabola at The Rim Angle

Focal Length
Parabola Depth
Parabola Arc Length
Parabola Equation
Heat Transfer Coefficients

Convection Heat Transfer Coeff. Inside The Absorber Tube

Convection Heat Transfer Coeff. Between The Absorber Tube And Glass Cover

Convection Heat Transfer Coeff. Over The Glass Cover
Radiation Heat Transfer Coeff. Between The Glass Cover And Sky

Radiation Heat Transfer Coeff. Between The Absorber Tube And Glass Cover

Glass Temperature

Critical Direct Solar Beams Intensity

PTSC Performance Outputs
Concentration Ratio

Working Fluid Mass Flowrate

Optical Efficiency
Thermal Efficiency

Required Collector Length

Required Collector Numbers

Net Energy Obtained From One Collector
Heat Losses Per Unit Length

[mm]:
[mm]:
[mm]:
[mm]:
[mm]:

[w/m2.K]:
[w/m2.K]:
[w/m2.K]:
[w/m2.K]:
[w/m2.K]:
[C]:
[W/m2]:

[kg/sec]:

[m]:

[kw]:
[kw/m]:

135

2,660

1,785

875

5,383

y2 =7,141.x

130.6
0.0
33.4
56
1.1
32.2
12.2

22.7
0.4488
74.70
71.89
7.8

1.0
25.88
0.049

By: Sabah Beyatli
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The Thermophysical Properties of the Thermal Oil (SYLTHERM 800)

136

Temperature | Density | Specific Dynamic Kinematic Thermal Prandtl
Heat Viscosity Viscosity | Conductivity | Number
[°C] [ka/m®] | [J/kg.K] | 0.001*[kg/m.sec] | [mm?sec] [W/m.K]
-40 992 1507 50.63 51.04 0.146 522.6
-30 982 1524 35.38 36.03 0.144 374.4
-20 973 1541 25.81 26.53 0.142 280.1
-10 963 1558 19.57 20.32 0.141 216.2
0 954 1575 15.30 16.04 0.139 173.4
10 945 1592 12.26 12.97 0.137 142.5
20 936 1609 10.01 10.69 0.135 119.3
30 927 1626 8.31 8.96 0.133 101.6
40 918 1643 7.00 7.63 0.131 87.8
50 909 1660 5.95 6.55 0.129 76.6
60 900 1677 5.11 5.68 0.127 67.5
70 891 1695 4.43 4.97 0.126 59.6
80 882 1712 3.86 4.38 0.124 53.3
90 874 1729 3.39 3.88 0.122 48.0
100 865 1746 2.99 3.46 0.120 435
110 856 1763 2.65 3.10 0.118 39.6
120 847 1780 2.36 2.79 0.116 36.2
130 838 1797 211 2.52 0.114 333
140 829 1814 1.89 2.28 0.112 30.6
150 820 1831 1.70 2.07 0.111 28.0
160 811 1848 1.54 1.90 0.109 26.1
170 802 1865 1.39 1.73 0.107 24.6
180 793 1882 1.26 1.59 1.105 22.6
190 783 1900 1.15 1.47 1.103 21.2
200 774 1917 1.05 1.36 1.101 19.9
210 764 1934 0.96 1.26 0.099 18.8
220 755 1951 0.88 1.17 0.097 17.7
230 745 1968 0.81 1.09 0.095 16.8
240 735 1985 0.74 1.01 0.094 15.6
250 725 2002 0.69 0.95 0.092 15.0
260 714 2019 0.63 0.88 0.090 141
270 704 2036 0.59 0.84 0.088 13.7
280 693 2053 0.54 0.78 0.086 12.9
290 682 2070 0.50 0.73 0.084 12.3
300 671 2087 0.47 0.70 0.082 12.0
310 660 2104 0.44 0.67 0.080 11.6
320 649 2122 0.41 0.63 0.079 11.0
330 637 2139 0.38 0.60 0.077 10.6
340 625 2156 0.36 0.58 0.075 10.3
350 613 2173 0.33 0.54 0.073 9.8
360 600 2190 0.31 0.52 0.071 9.6
370 587 2207 0.29 0.49 0.069 9.3
380 574 2224 0.28 0.49 0.067 9.3
390 561 2241 0.26 0.46 0.065 9.0
400 547 2258 0.25 0.46 0.064 8.8




Appendix-F

The Typical Meteorological Year Data of Izmir City (Temperature & Wind Speed)

aily Time
our]
Month

TEMPERATURE [°C]

Januray

February

March
April

May
June
July
August

September

October

November

December

WIND SPEED [m/sec]

Januray

February

March
April

May

June

July
August
September

October

November

December
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The Solar Irradiance Data of 1zmir City
(http://sunbird.jrc.it/pvgis/apps/radday.php)

aily Time
our]
Month

Global Radiation [W/m?]

Single axis (real)

Januray

February

March

April
May
June
July
August

September

October

November

December

Global Radiation [W/m?]

Single axis (clear)

Januray

February

March
April

May

June

July
August
September

October

November

December

Global Radiation [W/m?]

Two axis (clear)

Januray

February

March
April

May

June

July
August
September

October

November

December
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http://sunbird.jrc.it/pvgis/apps/radday.php
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Appendix-G
List of Symbols

Nomenclature

A Area [m?]

a Collector width [m]

C Concentration ratio

c Specific heat [J/kg.°C]

D Diameter [m]

F Shape factor

Fe Collector efficiency factor

Fe Collector flow factor

Fr Collector removal factor

f Focus distance [m]

Gr Grashof number

g Gravitational acceleration [m/sec?]
Height [m]

h Heat transfer coefficient [W/m?.K]

g Critical direct solar beams intensity [W/m?]

lg Direct solar beams intensity [W/m?]

L Length [m]

K Incident angle modifier factor

Kl Glass cover transmission tg coefficient [m™]

k Thermal conductivity [W/m.K]

m Mass flow rate [kg/sec]

Nu Nusselt Number

Pr Prandl number

Q Heat [W]

Re Reynolds Number

r Radius [m]

r Maximum reflector radius [m]
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Greek symbols

S O R ™ R

Subscripts

Constant direct solar beams at the
entrance of the atmosphere
Temperature

Thickness

Time

Heat transfer coefficient

Velocity

Width

Parabola length

Working fluid

Absorbance

Volumetric expansion coefficient
Intersection factor

Distance

Dispersion angle

Emissivity

Efficiency

Incident Angle

Constant sun beams incidence angle

Viscosity

Kinematic viscosity
Density

Reflectivity
Stefan-Boltzman constant
Transmittance

Rim angle

Ambient
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[1367 W/m?]

[’C, K]
[m]
[Hour]
[W/m?.K]
[m/sec]
[m]

[m]

[K]

[m]
[Degree]

[Degree]
[0.267° or 16]
[kg/m.sec]
[m?/sec]
[kg/m’]

[5.669 x 10 W/m?K*]

[Degree]


http://www.tureng.com/search/coefficient+of+volumetric+expansion
http://tureng.com/search/transmittance

abs

apr

max

op
Ou

ref

Sh
th

UnSh
w
wf

Abbreviations

CPC
IST
PTSC

Selective surface absorber tube
Aperture
Convection
Dew Point
effective
Gross

Glass

Inner, Inlet
Loss

mean
Maximum
Overall
Optical
Outer, Outlet
Radiation
Reflector
Sky

Shaded
Thermal
Useful
Unshaded
Wind
Working fluid

Compound Parabolic Collectors

Industrial Solar Technology

Parabolic Trough Solar Collectors
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