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ABSTRACT

A parabolic collector through system was developed for solar electricity generating application
in the 200-350°C temperature range in solar fields up to hundreds megawatts range. The design of
new support structure of the collector includes concept studies, wind tunnel measurements and result
in a structure with a central framework element. This new torque box design will have lower weight
and less deformation design of the collector structure then the other designs considered.

Therefore, all the collector elements are connected on one drive, which result in reduced total
number of drives interconnecting pipes, thus reducing the installation cost and thermal losses. The
present design has a high system efficiencies (Improving the efficiency of solar energy collector,
Developing an optimum plant operating strategy, Suggest area for future developments) the most
important goals of this project.

The heat-loss testing and optical efficiency testing were carried out to create a collector/receiver
efficiency curve that estimates the heat gain to the heat transfer fluid flowing within the receiver.
For solution of the energy equation, temperature of the receiver tube is taken as 350K and ambient
temperature is assumed to be 300K. Various recirculation and temperature fields were absorbed
around the receiver tube for different flow conditions. Effect of collector orientation on the average
Nu number for the receiver tube was found negligible when the winds speed is low

(Re<4.5x10° based on the collector aperture). But when the wind velocity is high, the collector
effect on the variation of Nu around the glass cover of the absorber tube is considerable.( ¥ 7 ft 7 )
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Abstract

Abstract

A parabolic collector through system was developed for solar
electricity generating application in the 200-350°C temperature range in
solar fields up to hundreds megawatts range. The design of new support
structure of the collector includes concept studies, wind tunnel
measurements and result in a structure with a central framework element.
This new torque box design will have lower weight and less deformation
design of the collector structure then the other designs considered.

Therefore, all the collector elements are connected on one drive,
which result in reduced total number of drives interconnecting pipes. thus
reducing the installation cost and thermal losses. The present design has a
high system efficiencies (Improving the efficiency of solar enefgy
collector, Developing an optimum plant operating strategy, Suggest area
for future developments) the most important‘ goals of this project.

The heat-loss testing and optical efficiency testing were carried out to
create a collector/receivér efficiency curve that estimates the heat gain to
the heat transfer fluid flowing within the receiver. For solution of the
energy equation, temperature of the receiver tube is taken as 350K and
ambient temperature is assumed to be 300K. Various recirculation and

temperature fields were absorbed around the receiver tube for different



flow conditions. Effect of collector orientation on the average Nu number
for the receiver tube was found negligible when the winds speed is low
(Re<4.5x10°based on the collector aperture). But when the wind velocity
is high, the collector effect on the variation of Nu around the glass cover
of the absorber tube is considerable.

Key words: Parabolic trough; Receiver tube; Heat loss; Performance

analysis
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Chapter 1 Introduction

.
Chapter 1 Introduction ‘
\
High efficiency Solar Thermal Electricity Generating Systems would
be one of the more effective alternatives to meet the coming energy crisis
and global environmental problems in the world. Among them, Solar
. Parabolic Trough Systems are becoming the most proven because of two
. advantages:
® Electricity generating: Some works have been done on this area. But
the uses of combined system, of SPTS with Single Screw expender
Technologies, would increase the effectiveness of those systems.
® Heat supply (Industrial Process Heat, Heating)
| A distinct advantage of Solar Thermal Electricity Generating Systems
with other renewable energies, such as photovoltaic (PV) and wind, is the
possibility of using relatively cheap storage systems. That is, storing the
thermal energy itself. Storing electricity is much more expensive.
In addition to above mentioned advantages its modular character,
! hybrid working (utilization of fuel, biogas or natural gas in absence of
) solar radiation) improve the quality of produced electricity and increases

the capacity factor of this system, while reducing the cost price of

produced kWh.
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Chagter 2 System descrietion

Chapter 2 System description

2.1 Description of existing systems

Solar Parabolic though technologies are currently the most proven
solar thermal electric technologies in the world. This is primarily due to
nine large commercial scale solar power plahts installed in USA. Large
fields of parabolic trough collectors, as shown in figure 3-4, supply the
thermal energy needed to produce steam for a Rankin steam
turbine/generator cycle. Parabolic collectors have been used or are under
construction for commercial power plants in many countries such as
Mexico, Spain, Egypt, and Greece.

Figure 1 shows a process flow diagram that is a representative of the
majority of parabolic trough vsolar power plants in operation today. The
collector field consists of a large field of single-axis tracking parabolic
collectors. The solar field is modular in nature and is composed of many
parallel rows of solar collectors aligned on a north-south horizontal axis.
Each solar collector has a linear parabolic-shaped reflector that focuses
the sun’s direct bean radiation on a linear receiver located at the focus line
of the parabola. The collectors track the sun from east to west during the
day to ensure that the sun is continuously focused on the linear receiver.

A heat transfer fluid (HTF) is heated as it circulates through the receiver
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and returns to a series of heat exchangers in the power block where the
fluid is used to generate high-pressure superheated steam. The
superheated steam is then fed to a conventional steam turbine/generator to
produce electricity. The spent steam from the turbine is condensed in a
standard condenser and returned to the heat exchangers via condensate
and feed water pumps to be transformed back into steam. Condenser
cooling is provided by mechanical draft wet cooling towers. After passing
through the HTF side of the solar heat exchangers, the cooled HTF is

re-circulated through the solar field.

2.1.1 History

Historically, parabolic trough pl;ants have been designed to use solar
energy as the primary energy source to produce electricity. The plants can
operate at full rated power using solar energy alone, giving sufficient
solar input. During summer months, the plants typically operate for 10 to
12 hours a day at full-rated electric output. However, today, all plants
have been hybrid solar/fossil plants; this means they have a backup
fossil-fired capability that can be used to supplement the solar output
during periods of low solar radiation. In the system shown in Figure 1,
the optional natural-gas-fired HTF heater situated in parallel with the

solar field, or the optional gas steam boiler/reheater located in parallel

with tﬁe solar heat exchangers, provide this capability. The fossil backup




Chapter 2 System description

can be used to produce rated electric output during overcast or nighttime
periods. Figure 1 also shows that thermal storage is a potential option that

can be added to provide dispatch ability.

Suniight:
2.7 MWhim'hyr

Fig.1 Solar/Rankine parabolic trough system schematic [23)

2.1.2 Integrated Solar Combined Cycle System

Integrated Solar Combined Cycle System (ISCCS) is also a new
design concept to improve trough solar systems efficiency. The ISCCS is
a new design concept that integrates a parabolic trough plant with a gas
turbine combined-cycle plant. The ISCCS has generated much interest
because it offers an innovative way to reduce cost and improve the
overall solar-to-electric efficiency. A process flow diagram for an ISCCS

is shown in Figure 2. The ISCCS uses solar heat to supplement the waste
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heat from the gas turbine in order to augment power generation in the
steam Rankine bottoming cycle. In this design, solar energy is generally
used to generate additional steam and the gas turbine waste heat is used
for preheat and steam superheating. Most designs have looked at
increasing the steam turbine size by as much as 100%. The ISCCS design
will likely be preferred over the solar Rankine plant in regions where

combined cycle plants are already being built.

= Oprkia B-Low Prossurg Sol Sigam

]

Fig.2 Integrated Solar Combined Cycle System 1
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2.1.3 Advances in parabolic trough solar system in the world

Organizéd, large-scale development of solar collectors began in
US.A. in the mid-1970s under the Energy Research and
Development Administration (ERDA) and continued with the
establishment of the U.S. Department of Eﬁergy (DOE) in 1978.
Parabolic trough collectors capable of generating temperatures
greater than 500°C (932°F) were initially developed for industrial
process heat (IPH) applications. Much of the early development was
conducted or sponsored by Sandia National Laboratories in
Albuquerque, New Mexico. Numerous process heat applications,
ranging in size from a few hundred to about 5000 m” of collector
area, were put into service. Acurex, SunTec and Solar Kinetics were
the key parabolic trough manufacturers in the United States during
this period.

Parabolic trough development also took place in Europe and
culminated with the construction of the JEA Small Solar Power
Systems Project/Distributed Collector System (SSPS/DCS) in
Tabernas, Spain, in 1981. This facility consisted of two parabolic
trough solar fields with a total mirror aperture area of 7602 m’. The
fields used the single-axis  Acurex collectors and the double-axis

tracking parabolic trough collectors developed by M.A.N. of Munich,
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Germany. In 1982, Luz International Limited (Luz) developed a
parabolic trough collector for electricity generation that was based
largely on the experience that had been gained by DOE/Sandia and

the SSPS projects.

Although several parabolic trough developers sold IPH systems
in the 1970s and 1980's, they generally found two barriers to
successful marketing of their technologies. First, there was a
relatively high marketing and engineering effort required for even
small projects. Second, most potential industrial customers had
cumbersome decision-making processes which often resulted in a
negative decision after considerable effort had already been
expended.

In 1983 Southern California Edison (SCE) signed an agreement with
Acurex Corporation to purchase power from a solar electric parabolic
trough power plant. Acurex was unable to raise financing for the project.
Consequently, Luz negotiated simiiar power purchase agreements with
SCE for the Solar Electric Generating System (SEGS) I and II plants.
Later, with the advent of the California Standard Offer (SO) power
| purchase contracts for qualifying facilities under the Public Utility
| Regulatory Policies Act (PURPA), Luz was able to sign a number of SO
‘ contracts with SCE that led to the development of the SEGS I through

SEGS IX projects. Initially, the plants were limited by PURPA to 30 MW

\ -8-
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in size; later this limit was raised to 80 MW. Table 1 shows the
characteristics of the nine SEGS plants built by Luz.

In 1991 Luz fell to bankruptcy when it was unable to secure
construction financing for its tenth plant (SEGS X). Though many
factors contributed to the demise of Luz, the basic problem was that
the cost Qf the technology was too high to compete in the power
market. Lotker™ describes the events that enabled Luz to
successfully compete in the power market between 1984 and 1990
and many of the institutional barriers that contributed to their

eventual downfall.

Tab.1 Characteristics of SEGS I though IX 24

Net Solar Solar | Annual
SEGS | Yearof output
output field turbine | output
plant | operation temp. C
MW area,m’ eff.% MWh
I 1985 13.8 307 82960 315 30.1
II 1986 30 316 190338 294 80.5
&IV 1987 30 349 | 230300 30.6 92.78
\' 1988 30 349 | 250500 30.6 91.82
VI 1989 30 390 188000 375 90.85
VII 1989 30 390 194280 375 92.646
VIII 1990 80 390 | 464340 37.6 252.75
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IX 1991 80 390 | 483960 37.6 | 256.125

It is important to note that all of the SEGS plants were sold to

investor groups as independent power projects and continue to

operate today. Table 1 shows the characteristics of SEGS I though IX

solar collectors from 1985 to 1991.

|
Figure 3 Array of trough collectors i
|
|

‘ -10-




Figure 4 Heat transfer fluid loop of a trough system 6 5.

Luz System Three (LS-3) SCA: The LS-3 collector, as shown in
figure 5, waé the last collector design produced by Luz and was u;ed
primarily at the larger 80 MW plants. The LS-3 collector represents the
current state-of-the-art in parabolic trough collector design and is the
collector that would likely be used in the next parabolic trough plant built.

A more detailed description of the LS-3 collector and its components

follows.

The linear receiver also referred to as a heat collection element (HCE),

is one of the primary reasons for the high efficiency of the Luz parabolic

-11-
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————————————————————— e ————————
trough collector design. The HCE consists of a 70 mm steel tube with a
cermet selective surface, surrounded by an evacuated glass tube. The

HCE incorporates glass-to-metal seals and metal bellows to achieve the .

vacuum-tight enclosure.

The vacuum enclosure serves primarily to protect the selective surface
and to reduce heat losses at the high operating temperatures. The vacuum
in the HCE is maintained at about 0.0001 mm Hg (0.013 Pa). The cermet
coating is sputtered onto the steel tube to give it excellent selective heat
transfer properties with an absorptance of 0.96 for direct beam solar
radiation, and a design emissivity of 0.19 at 350°C (662°F). The outer
glass cylinder has anti-reflective coating on both surfaces to reduce
reflective losses of the glass tube. Getters, metallic substances that are
designed to absorb gas molecules, are installed in the vacuum space to

absorb hydrogen and other gases that permeate into the vacuum annulus

over time.
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Figure 5 Luz System Three Solar Collector Assemblies 3

The SCAs rotate around the horizontal north/south axis to track the
sun as it moves through the sky during the day. The axis of rotation is
located at the collector center of mass to minimize the required tracking
power. The drive system uses hydraulic arms to position the collector. A
closed loop tracking system relies on a sun sensor for the precisé
alignment required to focus the sun on the HCE during operation within
+/- 0.1 degrees. The tracking is controlled by a local controller on each
SCA. The local controller also monitors the HTF temperature and reports
operational status, .alarms, and diagnostics to the main solar field control
computer in the control room. The SCA is designed for normal operation
in winds up to 25 mph (40 km/h) and somewhat reduced accuracy in
winds up to 35 mph (56 km/h). The SCAs are designed to withstand a
maximum of 70 mph (113 km/h) winds in their stowed position (the

collector aimed 30° below eastern horizon).

2.2 Description of the new system

The new system includes the receiver tubes, the concentrator, heat
transfer fluid loop, and generator. See fig.6 and fig.7. The track system

and collector structure support system are shown in figures 8-10.

-13-
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SOLAR TROUGH FIELD

| |

] 7

electric vaive
flow regulator
T hight pressur nitrogen cylinder shackrc valve
electric vaive,
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electric valve

Figure.6 Flow diagram Collector sub -system
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SOLAR TROUGH FIELD

f WATER PUMP

Figure.7 Flow diagram of the whole system
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Table 2: Characteristics of the new system

Layout Parabolic trough collector
Support structure Steel frame work,
Collector length 12m
Drive Electric drive
Max. wind speed 20m/s
parabola y= L2 with f = 1.7l m
4f
Aperture width 577m
Reflector 4 aluminum facets
Receiver tube Evacuated glass envelope
Fluid oil

-16-
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Chapter 3 New system description and

mounting

3.1 Selecting the reflector geometry

Selecting optimum geometry of mirror facets (shape, size) excessive
heat loss could be avoided. The collector model used in this study is a

parabola having the equation,

The rays of light parallel to the axis of a mirrored parabola will mostly
be reflected and focused at the focal point at a distance f from the
vertex. This effect can be used in a linear arrangement, where a mirrored

“trough" with a parabolic cross section will focus solar radiation on a

line focus, which is pointed directly at the sun.

3.2 Collector module size

The collector models are made up of three identical 12000mm long
collector modules, as shown in Figure 8. Each module comprises 36
parabolic mirror panels and 9 along the horizontal axis between pylons

and 4 in a vertical cross-section. Each mirror is supported on the structure

-18-
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at four points on its backside. This permits the panel to bend within the

range of its flexibility without effect on the focal point.
3.3 Steel structure design

Based on existing design a so-called torque-box design has bee
selected for the present study with less weight and less deformations of
the collector sf:ructure. This reduces torsion and bending of the structure
during operation and results in increased optical performance and wind
resistance.

See Figure 9 the central element of the box design is a 12-m long steel
space-frame structure having a squared cross section that holds the
support arms, as shown in Figures 10, 11 and 12 for the parabolic mirror
facets. The torque box is built out of only 4 different steel parts. This
leads to easy manufacturing. |

The design utilizes mirror supports that make use of the aluminum
facets as static structural elements, but at the same time reduce the forces
on the aluminum sheets by a factor free. This promises less deformation
with highest wind speeds. Absorber tube supports were designed such to
reduce the breakage risk and to ease mirror cleaning in comparison to the
existing, The majority of the structural parts are produced with steel
construction tolerances.

The collector system is tracked with the sun during operation along

-19.-
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their long axis with an electric drive. The drive system consists of

electrical system mounted on the central drive pylon.

1 2
|
|
|
|
|
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Figure.9 Torque box structure
|
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Figure.10 Arm assembly system
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Figure 12 Effect Picture of trough collector )
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Chapter 4 Receiver Heat Loss Test

4.1 Test-Stand description

The operation of any solar thermal energy collector can be described
as an energy balance between the solar energy absorbed by the collector
and the thermal energy removed or lost from the collector. The systém
efficiency could depend on several parameters. Fig. 14 and Fig. 15 are the
photographs of the Key Laboratory of Enhanced Heat Transfer and
Energy Conservation Heat Loss Test Stand. This test stand is located in
the lab number 506 and uses electric resistance heating on the inside of
the HCE to bring the absorber surface up to desired test temperatures.
Once a desired temperature is reached and the system comes to steady
state, power transducers measure the electric power required to maintain
the absorber temperature. The power required is the heat loss from the

HCE to the environmental.

-2%.
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Figure.14 Heat loss test stand assemblies in the lab

-25-



R T AFTHELENRT

Figure 15 Heat loss stand in lab

Present HCEs is 2m long with an absorber inner diameter of 59.5mm.
To test HCE heat loss, two copper pipes 114cm long each and outer
diameter 4.9cm are inserted into the ends of an HCE-one copper pipe per
end. Bolt heads protruding from the copper pipe surface center it in the
HCE and prevent it from touching the inner absorber surface. The copper
pipe evens out the temperature distribution generated by four internal
electric resistance heaters. Two of the heaters are 4-cm-long,
stainless-steel-sheathed, coiled cable heaters whose surfaces contact the
interior of the copper pipe. The third heater, shown in Fig.17 is a 950mm

inconel cartridge heater suspended along the cylindrical axis of the

.26-
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copper pipe using inconel spacers. The cartridge heater is fully inserted
into the copper pipe so that its innermost end is flush with the innermost
end of the copper pipe. The coil heaters are held in position on the
cartridge heater by shrink-fitted inconel spacers. When the copper pipe is
inserted into the HCE, one coil heater ends up just inside the HCE,
Whereas the other is adjacent to it but just outside the HCE. The
innermost coil heater compensates for end-loss effects, whereas the
outermost coil heater is used to create an adiabatic boundary along the
copper pipe between the two coil heaters and the two cartridge heaters.
The cartridge heater, shown in Fig 16, supplies most of the thermal input
to the system, especially at increasing absorber temperatures. Power
transducers measure heater output. The total heat-loss is based on the sum
of the powers of the two innermost coil heaters and the two cartridge
heaters. Figure 18 shows one of the two heater assemblies, and table 3

lists heater and power transducer specifications.
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Coilled cable heater

Thermocouple location Insulation

Stainless pipe

Main heater

Glass

sz NCOllEd spcOr————>1

Ll——___ﬁ_‘ evacuated annulus

i

Thermocouple

Figure 18 Heaters and transducer assembly
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Table 3 Heater and Power Transducer Specifications

Error
Transducer
Heater Max. Power of % of
Numb Full-Scale
Type each Heater(W) Ful (W)
Limit(W)
Scale
Coiled
cable 4 250 500 02% 0.5
heater
Cartridge
2 750 1500 0.2% 1.5
heater

Thermocouples measure the temperature of the copper Dpipe,
stainless-steel absorber, and glass at the locations shown in Fig 17 and
Fig 18. The copper end temperature is measured at two locations (two
transducers by location), the absorber inner surface at one location, the
heater surface at one location (two transducers by location) and the glass
at one location. The heating assembly and thermocouple locations for the
other half are identical and symmetrical about the HCE center line. The
ends of copper pipes touch when both heating assemblies are inserted into
an HCE. Inconel, copper, and stainless steel have different linear
expansion coefficients. Cares have been taken to attach the copper and
inconel at only one point to avoid thermal stresses. The center of the HCE
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is the approximate location of this attachment.

Wires attach the thermocouples to the copper and glass surfaces. The
thermocouples measuring absorber temperature spring out from the
copper pipe to contact the inner absorber surface. Reliable absorber
temperature measurement requires good contact between the
thermocouple and the absorber, as well as local radiation shielding to
prevent radiant heating of the thermocouple by the copper pipe. Figure 19
shows the shielding underneath one thermocouple used to measure
absorber temperature, and TaBle 4 lists the thermocouple specifications.

Thermocouple measure also air and heater temperatures.

T g RS

4

S

P T S

NS e

%‘ﬂi“aqf M m“:&’a .

Figure.19 Absorber thermocouple with required radiant

shielding on copper pipe 2
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Table.4 Thermocouple specifications

Temperature Error
Thermocouple Calibration Range Maximum of
Description Type C % of
T
reading
Alloy 600 sheath  K-special limits 0-1200 0.5% 6

4.2 Experience procedure

Testing proceeds once the heating assemblies are in place and the
HCE is supported in the test stand. Electrical'power to the inner coil and
cartridge heaters is increased slowly until all absorber temperatures
approach a value of interest (e.g., 400°C). The power to the outer coil
heaters is adjusted so that the outer copper temperatures are equal to the
inner copper temperatures, creating adiabatic boundaries between
thermocouples shown in fig.17 -18. Temperatures and power values are
logged every 5 seconds. Steady state is achieved when heater set-points
are not changed and the center-of-glass and absorber temperatures remain
constant (variation < 0.5°C) over a period of at least 15 minutes.

Once a desired temperature is reached and the system comes to steady
state, power transducers measure the electric power required to maintain

the absorber temperature. The power required is the heat loss from the
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HCE to the environmental. Table 4 shows some experimental data.

220ACV

Figure.19 Detailed installation schema

4.3 Results and discussion

The heat —loss data for the given trough receiver is sown in Table 5.

Table 5 Experimental data

Temp difference Heat loss Glass
TEST
AT W/m Temperature
1 : 176.5 44.0 26.1
2 2209 64.6 30.0
3 266.3 102.0 34.5

Data logged in Table.5 shown that the heat losses are within uncertainty.
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Chapter 5 Simulation of receiver heat loss

There are two different ways to evaluate the heat loss of HCE:
on-work method and off-work method. The first method is used when the
HCE is working (the system is running), and can only be used in daytime
and collector field. It is very complicated to conduct the experiment by
this way. The second way needs the direct and indirect sunlight to be
prevented from the receiver tube in daytime, or can be conducted at sunny
night or in the lab. The latter has been used to evaluate the heat loss of
HCE based on the steady state equilibrium theory in literatures 1-2 and
some conclusions have been made. The latter method has also been used
to évaluate the heat loss of HCE based on the quasi-steady state theory in
literatures 3-4 and some conclusions have been made. Because of the
inconvenience of the latter method literatures " used the infrared camera
and pyrometer to measure the outer surface temperature of glass envelop
and absorber respectively and evaluate the heat loss of HCE qualitatively.

The existing experiments and simulations have been conducted on
external factors such as constant wind velocity and different temperature
differences. Those documents referred to other relative documents which
present modeling heat transfer process of HCE. But the following

problems as : (1) influence of selective coatings on heat loss of HCE; )
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influence of annular pressure on heat loss of HCE; and (3) influence of

wind velocity on heat loss of HCE remain.

1. Bellow, 2. Glass envelops, 3. Absorber, 4. Getter, 5. Getter Bridge

Figure.21 Model of parabolic trough receiver

As the key part of the parabolic trough collector the design and
optimization of HCE is very important. Off-work method and steady state
equilibrium were used to study the influence of selective coatings,
annular pressure, temperature difference AT, wind velocity on the heat
loss of HCE. Besides solving the above problems modeling of HCE as a
basis of the following researches of parabolic trough collector is very

important too.
5.1 Research on parabolic trough receivers

In a combination of radiactive, convective, and conductive
energy transfers, the heat absorber tube loses power to the ambient,
which was  called as the heat loss of HCE.

For parabolic trough receivers the total collector thermal energy
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outputg,, is the absorbed thermal energy 4., reduced by prevailing
thermal 10SS€S  §puices *
Geot = Gt~ Dhets = G (Pt =) (1)
From equation(1) a conclusion can be made that the collector thermal
energy output 4, is determined by operating conditions and is
proportional to the change in enthalpy of the heat transfer fluid between

the inlet and outlet of the receiver and mass flow rate ¢, .

5.1.1 Methods by Surface temperature measurements

It is not practical to measure the change in the enthalpy of the fluid
between the inlet and outlet of receiver in a collector field. Because of
this inconvenience the heat loss from receiver to ambient can be
evaluated by measuring the outer surface temperature of the glass envelop
with infrared camera or pyrometers with wave length in 7-14 pm range
without regarding to the energy balance of absorber boundary. This
method serves only as a relative measurement for the heat loss due to the
strong dependence of glass temperature on coating properties, annulus
vacuum level, irradiance, wind velocity, ground temperature, and sky
temperature, but it can show some information on possible degradation of

the selective coating and vacuum.
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5.1.2 Methods of Quasi-steady-state equilibrium

If the absorber is placed in the position where direct and indirect
irradiation are shielded then the absorbed energy by receiverq,, is equal
to zero and equation (1) can be simplified as equation (2) as follows:

heatoss = Dn(Pin = ) = G )

If the change in temperature between inlet and outlet of HCE is of a
few centigrade , assuming a lineér function of the heat losses with
temperature, the average fluid temperature is used to calculate the
temperature difference AT*®. Due to the small difference in temperature

between fluid and wall adjacent to, the fluid temperature is considered to

be identical to the absorber temperature.

5.1.3 Methods of Steady state equilibrium

Due to the complexity and higher cost to conduct the experiment via
quasi-steady-state equilibrium steady state equilibrium can be used to
simplify the test. Heaters are used to keep inner surface temperature of
absorber uniformly and the receiver system in balance, and then power
exhausted of heaters to keep receiver system in steady state equilibrium is
equal to the heat loss at that temperature difference. Then the heat loss
can be expressed in equation (3) as follows,

Gheattors = Pheatsource 3)

Results by this method will be more accurate than that by
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quasi-steady-state equilibrium due its uniform temperature distribution in

inner surface along the axis of the absorber.

5.2 Control equations of heat transfer process

Based on off-work method and steady state equilibrium
aforementioned an empirical model was modeled to evaluate the thermal
performance of heat loss of HCE. In order to simplify the modeling we
assume that: end heat loss of HCE is negligible; in radial direction inside
the absorber and the glass envelop temperature distribution of the wall
is linear; heat conduction in circumferential directions of HCE is
negligible; thermal resistance of absorber coating and glass envelope
anti-reflection coating is negligible; thermal conductance of glass envelop
wall is constant: absorber outer surface and glass envelop inner surface
are gray and inside the annular space is diffuse irradiation and reflections;
annular space is long, horizontal, concentric cylinders at uniform

| temperatures; annulus gas is nonparticipating; glass envelope is opaque
to radiation in the infrared range; wind direction is normal to the axis of
the HCE; Glass envelop is a Long isothermal horizontal cylinders;
Effective sky temperature is 8°C below the ambient temperature; HCE is
small convex gray object in a large blackbody cavity.

Based on the above assumptions and off-work method with Steady

state equilibrium the heat transfer of HCE can be simplified as a
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two-dimensional heat transfer phenomena along its diameter®, as shown

in fig.22. Heat transfer is under steady state in each interface along the

diameter.
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2—inner surface of steel absorber 3 —outer surface of steel absorber 4—
inner surface of glass envelop 5—outer surface of glass envelop 6 —
ambient air7—sky
Fig.22 Steady state heat transfer process of two-dimensional
parabolic trough receiver

Based on fig.23 and energy conservation law we can write the
following equations:

Energy balance on outer surface of steel absorber 3 is as follows,
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G 1300md = Qascom * G34rad (4)
Energy balance on inner surface of glass envelop 4 is as follows,
Gscom + G34rad = Gascond (5)
Energy balance on outer surface of glass envelop 5 is as follows,
ascond = Ds6com + Gs1rad (6)
So, the heat loss from receiver to ambient can be expressed as
follows,

4 Heattoss = Dsscom T+ - (7N

5.3 Boundary conditions

Actually this model simulates the steady state equilibrium of heat
transfer of HCE based on the off-work method, so the inner surface
temperature of steel absorberT,, temperature of ambient airT;, sky
temperature7, and wind velocity 7, should be given as the boundary
conditions. Other parameters such as annular pressure, emissivity of
selective coating, etc. given by absorber suppliers are not treated as
Boundary conditions.

By solving equations (4), (5) and (6) together with boundary
conditions simultaneously convection heat transfer rate between outer
surfaces of glass envelop and ambient airg,,,, radiation heat transfer

rate between outer surfaces of glass envelop and sky g, can worked
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out.
Equation (7) shows that heat loss of parabolic trough receiver is made

up of two parts, namely convection heat transfer rate between the outer

surfaces of glass envelop and ambient air ¢, and radiation heat
transfer rate between outer surfaces of glass envelop and skygs;,,;.
Conduction heat transfers along steel absorber radius §,,,,,,and along

glass envelop radiusg,,,,, are from the Fourier Law, indicated as follows,

q- = 2”"23 (Tz - Ts)
Bend = In(D, / D,)

i < (0 =T
45cond ln( D,/ D4)
Radiation heat transfer in annular space is as follows,

oD, (TJ‘ - T:)

o B

£ gD,

Convection heat transfer in annular space is as follows '%:
Q3acom = TD; 3, (Ts 'T4)
While annular pressurep,,,,, <~133.28Pa convection heat transfer is
mostly the conduction heat transfer between gas molecules and then heat

transfer coefficient &, can be write as follows',

koa

h34=
&ln ) +bA) l+&
2 \D, D,

While annular pressure?,,.,, >~133.28Pa convection heat transfer inside
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annular space is mostly natural convection Raithby-Holland correlations

of horizontally natural convection in annular space can be used as

convection heat transfer .o “,

1
PrRa,
0.861+Pr,

1+L-&)
D,

gh(T, -T,)D;
av

2425k, (T, -n{

qJAcanv
3
5

RaDJ =

Convection heat transfer between outer surface and ambient §sseon is

expressed as

hy =——=Nu,,

While wind velocity v, s0.1m/sBf, wind flow around HCE can be

considered as natural convection, Nusselt number Nu, , Via

Churchill-Chu correlations, can be expressed as 2,

0.387Rap’
9/16
{ [0.559] }
1+
Pr

While wind velocity v, > 0.1m/s Bf, wind flow around HCE can be

Nu,, =10.60+

\
8/27

\

considered as forced convection. Nusselt number u,, via Zhukauskas
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: 12
correlations, can be expressed as

P 1/4 |
Nu,, =CRe" Prg[i] 1
¢ ] Prs

Radiation heat transfer between outer surface and sky is as follows, |

5100 = OTDs5E (Ts4 - T74)
N 5.4. Verification of the model

Off-work method with steady state equilibrium has been used to
conduct the experiment in literature 2. The experiment uses two 2
m-length heater assemblies with one cartridge heater and two coil heaters
in each heater assembly , and each heater assembly is inserted into the
absorber concentrically as a heat source to heat the receiver uniformly
and keep the receiver under a thermally steady state'?. One coil heater is
inserted inside receiver and the other coil heater is just outside the end of
the receiver. Then equation (3) can be employed to calculate the heat loss
to ambient. Parameters of HCE used in literature 2 are shown in tab.6 and
used as the parameters of verification of the model. Experimental data

used for comparison with the model results are still cited from literature 2,

as shown in tab.7
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Tab. 6 parameters of HCE used in this paper

characters UVAC2008 UVAC3
length (m) 4.06
Working temperature Up to 400C
0>0.96, £<0.1 at 400°C Cermet (0.14 @
coatings :
Cermet (0.10 @ 400C)' 400CY
absorber Inner |
0.066
diameter(m)
absorber outer
0.07
diameter (m)
Inner diameter of
0.109
glass envelop (m)
outer diameter of
0.15
glass envelop (m)
Annular pressure(Pa) 0.013
End structure Bellow lies outside glass envelop ,
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Tab.7 Experimental data !

UVAC3 NO.1 UVAC3 NO.2
Uncert. Uncert.

Uncert. Uncert.
Ts in Heat Ts in Heat

AT(K) in AT AT(K) in AT
(K) Loss (K) Loss

(#K) (K) -
(W/m) ' (W/m)
133.3 229 1.6 8.9 126.8 23.7 1.6 8.9
2239 23 1.6 8.9 171.2 23.8 1.6 8.9
2863 23.1 1.7 9.0 226.5 22.7 1.6 9.0
328.5 22.7 1.8 9.1 2769 229 1.6 9.1
377.1 23.1 1.9 9.2 2769 235 1.6 9.1
1783 229 1.6 8.9 3253 24 1.8 9.2
4256 24.6 2.1 94 376.7 23.5 1.9 9.3
425.5 242 2.1 94

Fig.23 shows the comparison of experiment data from literature

and simulation results of UVAC3. From fig.24 we can see that there are a
very small difference between the simulation results and experimental
data. The maximum error between simulation results and experiment data
is less than 7% and is reasonable. During relatively low temperature
" difference AT, which is the inner surface temperature of absorber T,
minus ambient temperature Ty, simulation results is relatively low
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because of the heat loss by bellows. During relatively high temperature
difference AT simulation results is relatively high This is maybe because
the emissivity curve of the solar selective absorber is an experimental
data curve fit and there is some difference between the emissivity curve
and the experimental data, which causes some heat loss difference
between the simulation results and experimental data. Additionally, the
assumptions for simplifying the mathematic model can also cause some
heat loss difference between the simulation results and experimental data.
In general simulation results can fit the experimental data very well.
Taking the uncertainty of the test, as shown in tab.6, into account the
model made in this paper can indicate thermal performance of heat loss
and it is feasible for the model to evaluate the thermal performance of

heat loss of HCE.

5.5 Investigation on UVAC3 and UVAC2008 evacuated

receiver and discussions

Tab.6 shows the basic parameters of UVAC3 and UVAC2008. From
tab.6 we know that the parameters are almost the same except for the
great improvement in coating of UVAC2008. No performance data of
UVAC2008 receiver have been found in public documents by now so
evaluation of thermal performance of heat loss of UVAC3 and

UVAC2008 was conducted and analyzed with parameters in tab.6 in the
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following text. Comparisons of results of UAV3 and UVAC2008 are
shown in fig.25-34. During the simulation 7,=20C is assumed.

Fig.24 gives the curves of UVAC3 and UVAC2008 between heat loss
and temperature difference AT. Curves in fig.24 show that heat loss of
UVAC2008 increases still fast with the increase of temperature difference
AT, but ’total heat loss of UVAC2008 reduces in large amount in
comparison to that of UVAC3 at the same temperature difference AT due
to the improved selective coating, which means the thermal performance
of UVAC2008 increase greatly in contrast with UVAC3. Selective coating
performance of UVAC2008 has confirmed this result B3, S0 a conclusion
can be made that the performance of selective coating of HCE has a great
influence on the performance of HCEs. Based on the simulation results a
correlation has been developed to predict the heat loss as a function of

temperature difference AT for UVAC2008 as follows:
q =5x10" AT +1078A73 +5x107 4 AT2 +0.0266AT
heatloss

The correlation is accurate under AT <450°C andT.,,, <450°C.

High-temperature oxidation and other factors during work of HCE
will degrade the performance of selective coatings, which cause the
increase of emmisivity and decrease of absorptance of selective coatings.
The increase of emmisivity and decrease of absorptance of selective

coatings will degrade the efficiency and finally cause the disablement of

HCE
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Fig.25 &26 give the relationship between ambient wind velocity and
the total heat loss of UVAC3 and UVAC2008 respectively. Those curves
are identical. Fig.26 &27 show that the total heat loss is becoming larger
with the increase of wind velocity, but the gradient of the curves is so
small that the change of heat loss can not be found while the temperature
difference AT is low. Change of total heat loss at temperature difference
AT=377.1K is less than 20W/m with wind velocity increasing from Om/s
to 4.5m/s although the gradient of the heat loss curve is becoming clearer
with the temperature difference AT becoming larger. This is because with
the increase of wind velocity the outer surface temperature of glass

envelop reduces in small amount, and then increase of radiation heat

transfer through annular space is very small with radiation as dominant
heat transfer inside annular space. So the conclusion can be attained that
influence of wind velocity on total heat loss of HCE is so small.
With the increase of wind velocity from 0 m/s to 4.5m/s heat transfer
‘ form changes from natural convection to turbulent heat transfer, and so
\

there should be a groove during low wind velocity, as shown in fig.27.

The groove in fig.27 is right that is because the temperature interval is

turbulent convection in literature 12, From the curve in fig.27 we know

relatively large in dealing with the transition from natural convection to
that when wind velocity increases to some extent convection heat transfer

rate will be lower than that in natural convection region, which is
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consistent with actual condition.

Fig.288&29 show the relationships between the annular pressure and
total heat loss of receiver, from which we know when the annular |
pressure is above 0.1Pa, especially above 100Pa the total heat loss
increases rapidly and trend of curves is identical. The higher the annular
pressure is the larger heat loss is.

Fig.30 shows the changes of convection heat transfer, radiation heat
transfer and total heat loss through annular space for UVAC2008 with AT
equal to 380K. Gas density increases and heat transfer form changes from
initially dominant conduction heat transfer between molecules to natural
flow, laminar flow and finally to turbulent convection heat transfer when

annular pressure increases to 100Pa. when annular pressure is higher than

13328Pa heat transfer rate increases greatly, while radiation heat transfer
reduces slowly.

Radiation heat transfer reduces in small amount that is because
convection heat transfer increases greatly with the increase of annular
pressure, which causes the increase of outer surface temperature of glass
envelop. During the increase of annular pressure radiation heat transfer
reduces from initial 234.4w/s to 153.3w/m, and its fraction reduces from

initial 99.3% to 9%. On the contrary convection heat transfer reduces

from initial 1.63w/s to 1544w/m, and its fraction reduces from initial

0.7% to 91% during the increase of annular pressure. Influence of annular
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pressure on the radiation heat transfer through annular space can be
ignored in contrast with convection heat transfer.

Gas entering annular space through sealing, absorber wall and other
possible places can causes the increase of annular pressure and then
accelerates degradation of selective coatings and HCE.

Fig.31 shows the comparison of total heat transfer of UVAC3 and
UVAC2008 at different wind velocity. We can see that heat loss of
UVAC2008 is 66 W/m lower than that of UVAC3 at the same annular
pressure, wind velocity and identical temperature difference AT, which
means thermal performance of UVAC2008, has been improved greatly
and wind velocity has a little influence on heat loss of HCE too. Results
in fig.31 are consistent with that in fig.26&27.

Fig.32 shows heat loss change of UVAC3 and UVAC208 with annular

pressure at identical temperature difference AT. As fig.32 shows, annular
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Fig.33 different Heat Loss in

annular space at AT equal to 380K

for a new UVAC2008

Pressure has a great influence on heat loss, and heat loss will be equal
to each other when annular space rises to ambient pressure. Fig.33 shows
the detailed heat transfer including convection heat transfer, radiation heat
transfer and the total heat loss through the annular space at the
temperature difference AT equal to 380K for a new UVAC2008.
Convection heat transfer is very small in contrast to radiation heat transfer
with inner surface temperature of absorber at 400C for a new

UVAC2008.

-53-



R T AETHELFEMRT

B LSS

Chapter 6 Conclusions

® A two-dimensional empirical model is modeled based on the
computation methods and the analysis of heat transfer process of
HCE, and simulation results show that the 2D model is accurate and
can be used to evaluate the thermal performance of heat loss. .

® Thermal performance of heat loss of UVAC3 and UVAC2008
receivers have been evaluated, and simulation results show that
performance of selective coatings is one of the most important factors,
which has a great influence on thermal performance of heat loss of
HCE, and so improvement of selective coating property such as
increase of absorbance and decrease of emmitance of selective
coatings is one vital way to improve the thermal performance of
CHE.

® Annular pressure is another vital factor, which has a great influence
total heat loss of receiver too. The higher the annular pressure is the
larger heat loss is. Gas density increases and heat transfer form
changes from initially dominant conduction heat transfer between .
molecules to natural flow, laminar flow and finally to turbulent

convection heat transfer when annular pressure increases from

0.013Pa to 13328Pa. when annular pressure is higher than 100Pa heat
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transfer rate increases greatly. When annular pressure is under
0.013Pa heat transfer by air in annular space is only conduction and
can be ignored.

® During the increase of annular pressure radiation heat transfer
reduces from initial 234.4w/s to 153.3w/m, and its fraction reduces
from initial 99.3% to 9%. On the contrary convection heat transfer
reduces from initial 1.63w/s to 1544w/m, and its fraction reduces
from initial 0.7% to 91% during the increase of annular pressure.
Influence of annular pressure on the heat transfer through annular
space can be ignored in contrast with convection heat transfer. So it \is
very important to prevent gas from entering inside annular space and
improve the capacity of getter insidé annular space, which can kee;p

the quality of selective coatings as much as possible.

T
‘

® Influence of wind velocity on thermal performance of heat loss of
HCE is very low in contrast with selective coatings and annular
space.

® Simulation results show that thermal performance of UVAC2008 is

much higher than that of UVAC3.
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Perspectives and Future Job

Besides heat loss testing on the receiver and optical efficiency analysis,
several parameters on which the efficiency depends should be studied in
details section by section as follow.
According to available surface, wind load test results, mechanical and .
technical properties of the materials, optimum method for the collector
mounting have been selected to:
- Size the geometry of the still structure
- measure the wind speed V,,,
- determine wind direction a
- determine the law of the influence of the wind angle of attack on the

efficiency of the whole collector system.

Measurement of the Heat Transfer Fluid properties

- To measure the volume flow rate of the Heat Transfer Fluid?,, thus

deduct its masse flow rates,, , and volume velocity. ’
- To measure the inlet T,and outlet7,, temperatures of the HTF for .
the receiver tube.

- To calculate collector efficiency.
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Measurement of direct solar radiation I

- To measure solar altitude angle, thus determine collecting
irradiance/, .

I, =1,Scosp

- To measure the amount of radiation ( Q,,,) on the surface of

receiver tube, thus determine output scatterings radiant energy

(Q.ua) O the surface of receiver tube.

Measurement techniques for the characterization of the focal region
of trough collectors
The focal region of parabolic trough collectors is extended over the whole

length of the concentrator. This complicates the measurement of the flux

distribution on the absorber of such solar collectors. However, in order to
optimize the solar field output it is essential to study the effects of
concentrator precision on the optical performance of the collectors. The
intercept factor of radiation with the absorber tubes is a significant
measure for this. Research existing techniques found that one the best

way consist of using Ray — tracing based on information obtained from

photogrammetry.
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Nomenclature

HCE - Heat Collecting Element

HTF — Heat Transfer Fluid

TC - Temperature Controller

TRSF — Transformer

DAS - Data acquisition System

4., Total collector thermal energy output, W/m

4., Absorbed thermal energy of HCE, W/m?

», Enthalpy of heat transfer fluid in inlet of HCE,
h_ Enthalpy of heat transfer fluid in outlet of HCE,
g, Mass flow rate of heat transfer fluid,m*/s

P__.. Power of heat source, W,

P.... Power of heaters, W;

i Convection heat transfer rate between outer surface of glass envelop
and ambient air per meter receiver length, W/m;

4, radiation heat transfer rate between outer surface of glass envelop
and sky per meter receiver length, W/m;

d... conduction heat transfer rate through glass envelop wall per meter
receiver length, W/m;

Convection heat transfer rate between outer surface of steel

-
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Nomenclature

absorber and inner surface of glass envelop per meter receiver length,
W/m;

4. Tradiation heat transfer rate between outer surface of steel absorber
and inner surface of glass envelop per meter receiver length, W/m;

duemd conduction heat transfer rate through steel absorber wall per meter

receiver length, W/m;

dneatos tota] heat transfer rate between outer surface of glass envelop and
ambient per meter receiver length, W/m;

h, Convection heat transfer coefficient of annulus gas at T34 in annular
space; W/m2-K;

n, Convection heat transfer coefficient of air at T56 around the
horizontal glass envelop, W/m2-K

D, inside diameter of absorber pipe, m;

p, outside diameter of absorber pipe, m;

p, inside diameter of glass envelop, m;

p, outside diameter of glass envelop, m;

1, absorber pipe inner surface temperature, K;
1, absorber pipe outer surface temperature, K;
glass envelope inner surface temperature, K;
1, glass envelope outer surface temperature, K;

7, ambient temperature, K;

T, estimated effective sky temperature, K;
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1, Average temperature of annulus gas, T, = -Tilgﬂ, K;

AT inner surface temperature7, minus ambient temperature 7,5 K;-

T, +T;

T, average temperature of air, Ty = y K

MNu,, Nusselt number of HTF based on D2;
Mu,, Nusselt number of air based on D5;

¢, emissivity of absorber selective coating;

-

emissivity of inner surface of glass envelope;

-

emissivity of outer surface of glass envelope;

-

(@+1)
2

thermal conductance of absorber wall at T, = » W/m-K;

(1, +T,)

Thermal conductance of annulus gas atT;, = , Wm-K;

k¥, Thermal conductance of glass at T, = ﬁgﬂ » W/m-K;

t, thermal conductance of annulus gas at standard temperature and

pressure, W/m-K;

ks thermal conductance of air at T, = LTS%T‘—) y W/m-K;

Pr, Prandtl number of HTF evaluated at T2;
Pr, Prandtl number of annulus gas at T34;
Pr5 Prandtl number of air at TS

Pr, Prandtl number for air at T56;

Pr6 Prandtl number of air at T6
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Nomenclature

Ra,, Rayleigh number of annulus gas based on D3;
Raj, Rayleigh number of air based on D5;

P,.., Annulargas pressure, Pa;

o Stefan-Boltzmann constant, o=567x10*, W/m>-K*;
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