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摘要
抛物槽集热系统，在高达数百兆瓦范围内的太阳能领域，开发成在200—350℃

温度范围内应用的太阳能发电应用程序。搜集系统的新支撑结构设计，包括概念

的研究，风洞测量，导致一个中心框架原件。这一新的转矩框设计比较其他的设

计，能使搜集系统重量降低和较少变形。

因此，所有搜集系统连接着一个驱动器，这样减少了连接驱动器的管道数量，
从而降低安装成本和热量消耗。目前的设计具有较高的系统效率(提高太阳能集

热器效率，制定未来发展的最佳工厂的经营战略，推荐将来发展区域)，本项目

最重要的目标。 进行热量损耗测试和光学效率测试，创建一个集热器／接收器效

率曲线图，以评估接收器内流体液体热量传导过程中的热量。为解决能量均衡问

题，接收器管道的温度设置为350K和周围的温度假定为300K。对于不同的流动条

件，各种再循环和温度场围绕的接收管被吸收。当风速低时(基于采集器上的口

径Re≤4．5×105)，平均数量的接收管方位，对于集热器的影响是微不足道的。但

是，当风速高时，吸收管道的玻璃罩周围变化对于集热器的影响是相当大的。
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ABSTRACT

A parabolic collector through system was developed for solar electricity generating application

in the 200-3 50℃temperature range in solar fields up to hundreds megawatts啪ge．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，a11 the collector elements are connected on one drive．which result in reduced toml

number of drives interconnecting pipes．thus reducing the installation COSt and thermallosses．The

present design has a high system efficiencies(Improving the efficiency of solar enemy 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 fl uid flowing within the receiver．

For solution of the enemy equation，temperature of the receiver tube iS taken as 3 50K and ambient

temperature iS assumed to be 300K．Various recirculation and temperature fields were absorbed

around the receiver tube for different flow conditions．E虢ct of collector orientation on the average
Nu number for the receiver tube Was found negligible when the winds speed iS lOW

(Re≤4．5 X 10’based on the collector aperture)．But when the wind velocity is high，the collector

effect on the variation of Nu around the glass cover ofthe absorber tube iS considerable．(可另附页)
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Abstract

A parabolic collector through system
was developed for solar

electricity generating application in the 200—350*(2 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 impoIrtam goals of this project．

The heat．10ss 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 equmion，temperature of the
receiver tube is taken as 35 0K

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

f．or the receiver tube was found negligible when the winds speed
is low

(Re≤4．5×1 05 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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●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 Generming 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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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 plants 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

maj ority of parabolic trough solar 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

-3．



and retLlms to a series of heat exchangers in the power block
where the

nuid 1。s 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 retumed 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

throu曲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 plants 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 t0

1 2 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

s012ur field，or the optional gas steam boiler／reheater
located in parallel



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

．5-



heat疔om the gas turbine in order to augment power generation
in the

Ste锄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 1 00％．The ISCCS design

will likely be preferred over the solar
Rankine plant in regions where

combined cycle plants are already being built·

Fig．2 Inte铲ated Solar Combined Cycle System【23】

．6-
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2．1．3 Advances in parabolic trough solar system in the world

Organized，large—scale development of solar collectors began in

U．S．A．in the mid-1 970s under the Energy Research and

Development Administration(ERDA)and continued with the

establishment of the U．S．Department of Energy(DOE)in 1 978．

Parabolic trough collectors capable of generating temperatures

greater than 5000C(9320F)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，

ging in size from feW hundred to about 5 000 mz ofcollectorrann Ze a tew Un about UUU m ot collector1
一

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 IEA Small Solar Power

Systems Project／Distributed Collector System(SSPS／DCS)in

Tabemas，Spain，in 1 98 1．This facility consisted of two parabolic

trough solar fields with a total mirror aperture area of 7602 m2．The

fields used the single--axis Acurex collectors and the double·-axis

tracking parabolic trough collectors developed by M．A．N．ofMunich，

．7．



GerIllany．In 1 982，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 1 970s and 1 980’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 proj ects．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 1 983 Southem Califomia 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 proj ect·

Consequently，Luz negotiated
similar power purchase agreements wi也

SCE for the Solar Electric Generating System(SEGS)I and
II plants·

Later，witll the advent of the California Standard Offer(S0)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
III through

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

●
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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 1 99 1 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 of the technology was too high to compete in the power

market．Lotker[5】describes the events that enabled Luz to

successfully compete in the power market between 1984 and 1 990

and many of the institutional barriers that contributed to their

eventual downfall．

Tab．1 Characteristics of SEGS I though IX【241

Net Solar Solar Annual

SEGS Year of output

output field turbine output

plant operation temp．℃
MW area，m2 eft．％ M珊l

I 1985 13．8 307 82960 3 1．5 30．1

II 1986 30 3 16 190338 29．4 80．5

III&IV 1987 30 349 230300 30．6 92．78

V 1988 30 349 250500 30．6 91．82

VI 1989 30 390 188000 37．5 90．85

VII 1989 30 390 194280 37．5 92．646

ⅥII 1990 80 390 464340 37．6 252．75

·9·



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

investor groups as independent power proj ects and continue
to

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

solar collectors from 1985 to 1991．

匿篓耋≤，’学。|_”；。萼等；”豢毒；i零

鏊爹一一-量 曩
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Figure 4 Heat transfer fluid loop of a trough system【6】每，

Luz System Three(LS-3)SCA：The LS-3 collector，as shown in

‘}

figure 5，was the last collector design produced by Luz and was used

primarily at the larger 80 MW plants．The LS一3 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一3 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



trou曲collector design．The HCE consists of a 70
mm steel tube with a

cennet 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 0．000 1 mm Hg(0．0 13 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 O．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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Chapter 2 System descriotion

Figure 5 Luz System Three Solar Collector Assemblies【23】

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 precise

alignment required to focus the sun on the HCE during operation within

七|一Q．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 3 5 mph(56 l(IIa／h)．The SCAs are designed to withstand a

maximum of 70 mph(1 1 3 km／h)winds in their stowed position(the

collector aimed 3 00 below eastern horizon)．

2．2 Descri ption 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 8-1 0．
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eb咖c valve

Figure．6 Flow diagram
Collector sub_system
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Chapter 2 System description
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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

Collector length

Drive

Max．wind speed

parabola

Aperture width

Reflector

Receiver tube

Fluid

Steel frame work，

12 m

Electric drive

20m／s

y=号with弘¨h
5．77 m

4 aluminum facets

Evacuated glass envelope

oil
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Chapter 3 New system description
and

mounting

3．1 Selecting the reflector geometry

Selecring 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，

’．2
^

y2万‘

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

verrcex．This efrect can be used in a linear arrangement，where a
mirrored

”trou曲’、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 i11 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 structure．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 12一m long steel

space-frame structure having a squared cross section that holds the

support arms，as shown in Figures 1 0，1 1 and 1 2 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．



tlleir long axis with an electric drive．The
drive system consists of

electrical system mounted on the central drive pylon·

Figure．8 Reflector module mounting

Figure．9 Torque box structure
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Figure．11 Structure support assembly

HCE-$up州

Figure 12 Effect Picture
of trough collector

1181
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Chapter 4 Receiver Heat Loss Test

4．1 Test．Stand descri ption

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 system

efficiency could depend on several parameters．Fig．14
and Fig·1 5 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眦mber 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

也e absorber temperature．The power required is
the heat loss from the

HCE to the environmental．

-24-
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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 1 1 4cm long each and
outer

di舭1eter 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 imemal

electric resistance heaters．Two of the heaters are 4-cm·long，

stamless．steel．sheathed，coiled cable heaters whose surfaces

interior of the copper pipe．The third heater,shown
in Fig．1 7 is a 950mm

i11conel cartridge heater suspended along the cylindrical
axis of the

．26-



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 adj acent to it but just outside the HCE．The

innenllost coil heater compensates for end—loss effects，whereas
the

outennost 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 1 6，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 1 8 shows one of the
two heater assemblies，and table 3

lists heater and power transducer specifications．

Figure．16 Cartridge heater
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Coilled cable heater

Figure．17 Heater assembly

Figure 18 Heaters and transducer assembly
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Chapter4 Receiver Heat Loss 1bst
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Table 3 Heater and Power Transducer Specifications

Heater

Numb
●一

lype

Max．Power of

each Heater(W)

Transducer

Full．Scale

Limit(W)

Error

％of

Full (W)

Scale

Coiled

cable

heater

Carrtfidge

heater

4 250

2 750

500 0．2％0．5

1500 0．2％ 1．5

Thermocouples measure the temperature of the copper pipe，

stainless-steel absorber,and glass at the locations shown in Fig 1 7 and

Fig 1 8．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

I fficients．Cares hav,been taken ．=tach the,pper andexpansioncoe iClents ares have been taken to attach the CO er and●

inconel at only one point to avoid thermal stresses．The cemer of the HCE

．29．



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 1 9

shows the shielding undemeath one thermocouple used
to measure

absorber temperature，and Table 4 lists the thermocouple specifications．

Thermocouple measure also air and heater temperatures-

Figure．19 Absorber thermocouple with required
radiant

shielding on copper pipe【221

．30．
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Chapter4 Receiver Heat Loss T色st

Table．4 Thermocouple specifications

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．，4000C)．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．1 7—1 8．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茎0．50C)over a period of at least 1 5 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·

Figure．19 Detailed installation schema

4．3 Results and discussion

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

TEST

1

2

Table 5 Experimental data

Temp difference Heat loss Glass

ATave W／m Temperature

176．5

220．9

44．O 26．1

64．6

3 266．3 102．0

30．0

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 carl 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 evaluate the heat loss of HCE based on the quasi。steady
state theory m

literatures 3．4 a11d some conclusions have been
made．Because of the

i11conVenience of the latter method literatures【5．刀used the infrared
camera

and pyrometer to measure the outer
surface temperature of glass envelop

and absorber respectively and evaluate the heat loss of
liCE qualitatively·

The existing experiments and simulations
have been conducted on

’

extemal factors such as constant wind velocity and different temperature
·

dif．ferences．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；(2)

．34-



influence of annular pressure on heat loss of HCE；and(3)influence of

wind velocity on heat loss of liCE remain．

-’
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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 liCE is very important．Off-work method and steady state

equilibrium were used to study the influence of selective coatings，

annular pressure，temperature difference A T，wind velocity on the heat

loss of HCE．Besides solving the above problems modeling ofHCE as a

basis of the following researches of parabolic trough collector is very

important too．

5．1 Research on parabolic trough receivers

一
●- ● 一 ●- ● ●

In a combinatiorl of radiactive，convective，and COnductlve

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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output OⅫI is the absorbed thermal energy q如，reduced by prevailing

thermal losses口棚妇，

口∞，=口口6J-4。幽=圣。(吃叫一k) (1)

From equation(i)a conclusion can be made that the collector
thermal

energy output矗col 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口卅．

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

wim infrared camera or pyrometers with wave length in 7-14岬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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Lhapter5 3lmUlation ot receiver heat lOSS

5．I．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 receiver O。6,is equal

to zero and equation(1)Can be simplified as equation(2)as follows：

圣^。砒。=g肘(^拥一ho甜)=oo, (2)

If the change in temperature between inlet and outlet of HCE is of a

few centigrade，assuming a linear function of the heat losses with

temperature，the average fluid temperature is used to calculate the

temperature difference AT345．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，

口加幽耵=只。舶。脚 (3)

Results by this method will be more accurate than that by
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quasi．steady．state equilibdum
due its uniform temperature distribution i11

inner surface along the axis of the absorber．

5．2 Control equations of heat transfer process

Based on oif-work method and steady state equilibrium

aforementioned all empirical model was modeled to evaluate
the thermal

performance of heat loss of HCE． In order to simplify
the modeling we

assul=11e 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

wan is constant；absorber outer surface and glass envelop inner
surface

2ure 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．

B ased on me above assumptions and off-work method with Steady

state equilibrium the heat transfer of
HCE Can be simplified as a

．38．
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two．dimensional heat transfer phenomena along its di锄eter39，as shown

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

diameter．

5

7

2一imer surface of steel absorber 3一outer surface of steel absorber 4一

inner surface of glass envelop 5一outer surface of glass envelop 6一

ambient air7一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，

．39-



口23删=口34栅，+口34脚
(4)

Energy balance on inner surface of glass envelop
4 is as follows，

口34删，+尊34棚=口45cond
(5)

Energy balance on outer surface
of glass envelop 5 is as follows，

q4s删2口56c刚+口57删
(6)

So，the heat loss from receiver to ambient
call be expressed as

follows，

尊№耐汹l=口56删，+雪57删

5．3 Boundary conditions

(7)

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 absorber T2，temperature
of ambient air T6，sky

temperature T7 and wind velocity圪should
be given as the boundary

conditions．Other parameters such as annular pressure，emissivity
of

selective coating，ere．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 air q56删，，radiation heat transfer

rate between outer surfaces of glass envelop and sky口s7。_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口56。，and radiation heat

transfer rate between outer surfaces of glass envelop and sky口57脚．

Conduction heat transfers along steel absorber radius口23。d and along

glass envelop radius q45删are from the Fourier Law,indicated as follows，

二 一2庇23眨一五)吼～2面黼
945D∞d
2
2nk。，亿一瓦)

Radiation heat transfer in annular space is as follows，

与 一o-zD3UJU-．,／3 k、,I 34--个1 44]、吼Ⅷ2网
Convection heat transfer in annular space is as follows 12：

q3,渊，=]r03h34亿一五)

While annular pressure Pa,,,妇<～133．28 Pa convection heat transfer is

mostly the conduction heat transfer between gas molecules and then heat

transfer coefficient k can be write as follows10，

While annular pressure PA,。k,,．>．133．28 Pa convection heat transfer inside

．41-



aImular space is mostly natural convection Raithby‘Holland
correlations

of horizontally natural convection in annular space
can be used as

convection heat transfer口34删，11，

2．425七，。亿一瓦,(PrRao,)4
934洲2———————————了一一

Rao,=

(¨ ㈥D3 ]_
．98电一T4)D33
口y

Convection heat transfer between outer surface and ambient口56删 is

expressed as

尊56删v=h56h56咒1一-35亿一瓦)956删v 2 V5一』6J

：生M1岛D=一YH．
5

上一，

While wind velocity v 6 s 0．1m／s wind flow around HCE can be

considered as natural convection．Nusselt number Nu 5，via

Churchill．Chu correlations，can be expressed as 12，

NuDl2 0．60+
0．387Ra苫,6

[1+(钭6]8，27

2

While wind velocity v6>O．1m／s时，wind flow around HCE
tail be

considered as forced convection．Nusselt number Nu 5，via Zhukauskas

．42-
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Chapter5 Simulation ofreceiver heat loss

囊
i c。rrelati。ns，call be eXpressed as 12，

i
／VuD,=CRew斛4

{

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

．

尊，，脚=o'zD5占，般一巧)

·

and keep the receiver under a thermally steady statel2．One coil heater is

一

used as the parameters of verification of the model．Experimental data

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



Tab．6 parameters of liCE used
in this paper

characters UVAC2008 UVAC3

length(m)

Working temperature

coatings

absorber Inner

diameter(m)

absorber outer

diameter(m)

Inner diameter of

glass envelop(m)

outer diameter of

glass envelop(m)

Annular pressure(Pa)

4．06

Up to 400"C

cc>O．96，e<0．1 at 400。C

Cermet(O．10@400C)’

0．066

O．07

O．109

O．15

0．013

Cermet(O．14@

400C)’

End structure Bellow lies outside glass envelop

．“-
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Tab．7 Experimental data【21

UVAC3 NO．1 UVAC3 NO．2

Fig．23 shows the comparison of experiment data from literature【2】

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 T2

minus ambient temperature T6，simulation results is relatively low

．45．



because of the heat loss by bellows．During relatively high temperature

difIference 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 10ss differenee 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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毒 Chapter5 Simulation of receiver heat loss

i following text．Comparisons of results of UAV3 and UVAC2008 are

! shown in fig．25—34．During the simulation死=20。C is assumed．

j Fig．24 gives the curves of UVAC3 and UVAC2008 between heat loss

j and temperature difference AT．Curves in fig．24 show that heat loss of

j 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 13．So a conclusion

can be made that the performance of selective coating of liCE has a great

influence on the performance of riCEs．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：

厅．． ：5x10—9AT4+10—6AT3+5x10—4AT2+0．0266AT
‘heatloss

_

The correlation is accurate under AT<450。C and T．．<450。C．

High—temperature oxidation and other factors during work of HCE

j

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

witll the i11crease 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 1ess than 20W／m with wind velocity increasing from 0m／s

to 4．5I州s although the gradient of the heat loss CHIVe 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 call be
attained that

influence of wind velocity on total heat loss of liCE is
SO small．

With the increase of wind velocity from 0 rn／s to 4．5rn／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鲈oove in fig．27 is right
that is because the temperature interval is

relatively large in dealing with the transition from
natural convection tO

turbulent convection in literature 1 2．From the cBrve in fig．27
we know

mat when wind velocity increases to some extent convection
heat transfer

rate will be 10wer than that in natural convection region，which
is



consistent with actual condition．

Fig．28&29 show the relationships between the annular pressure and

total heat lOSS of receiver,from which we know when the annular

pressure is above O．1 Pa，especially above 1 00Pa 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 3 80K．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 1 00Pa．when annular pressure is higher than

1 3328Pa 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 1 53．3w／m，and its fraction reduces from

initial 99．3％to 9％．On the contrary convection heat transfer reduces

from initial 1．63w／s to 1 544w／m，and its fraction reduces from initial

O．7％to 9 1％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．3 1 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

i11 fig．3 1 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

ATK
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●

Fig．23 comparison of experiment Fig．24 Heat Loss comparison

data and computation results of between UVAC2008
and UVAC3

UVAC3

V—叫1)

Fig．26 heat loss changes of

Fig．25 heat loss changesOfUVAC3叭c2008 with windVelocity in
with wind velocity in different AT

Vr肭

Fig．27 heat loss of UVAC3 changes

differentAT

P-_．P|

Fig．28 heat loss changes of

wim wind Vel。city at mc3 wim P删Iul觚i11 different△T
△T=377．1＆P删I矿=o．013Pa
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Fig．29 Heat Loss of UVAC2008

changes with annular pressure in

different△T

Fig．3 1 Heat loss comparison of

UVAC3 and UVAC2008 in different

wind velocity at nearly the same AT

．～一

Fig．30 changes of radiation，
．

convection and heat loss of

UVAC2008 through annular space

with the change of P锄lIl缸

．52．

Fig．32 Heat loss comparison of

UVAC3 and俐C 2008 in
different P枷u1缸at nearly the

sameAT



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 400。C for a new

侧C2008．
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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

call 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

C旺．

●Annular pressure is another vital factor,which
has a great influence

total he：at 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

m01ecules to natural flow,laminar flow and finally to turbulent

convection heat transfer when annular pressure increases from

0．0 1 3Pa to 1 3328Pa．when annular pressure is higher than 1 00Pa
heat
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Chapter6 Conclusions

transfer rate increases greatly．When annular pressure is under

O．0 13Pa 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 1 53．3w／m，and its fraction reduces

from initial 99．3％to 9％．On the contrary convection heat transfer

reduces from initial 1．63w／s to 1 544w／m，and its fraction reduces

from initial O．7％to 9 1％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 inside annular space，which can keep

the quality of selective coatings as much as possible．

●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‰

．determine wind direction仅

． detennine the law ofthe 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 Vog thus

deduct its masse flow rate叫，and volume velocity．

．To measure the inlet T．and outlet To讲temperatures of the HTF for

the receiver tube．

．To calculate collector efficiency．



鞭
YresDeclrveS and卜uture J0b

Measurement of direct solar radiation 10

．To measure solar altitude angle，thus determine collecting

irradiance I,．

II=IoScosfl

．To measure the amount of radiation(绋诎)on the surface of

receiver tube，thus determine output scatterings radiant energy

(瓯I础)on 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—Transfclrmer

DAS．--Data acquisition System

轧Total collector thermal energy output，W／m

香幽Absorbed thermal energy of liCE，W／m2

九Enthalpy of heat transfer fluid in inlet of liCE，

k Enthalpy ofheat transfer fluid in outlet of liCE，

g．Mass flow rate of heat transfer fluid，m3／s

屯一Power of
heat source，W；

Power of heaters，W；

香黼Convection heat transfer rate between outer surface of glass envelop

and ambient air per meter receiver length，W／m；

毒"一radiation heat transfer
rate between outer surface of glass envelop

and sky per meter receiver length，W／m；

圣¨酬conduction heat transfer rate through glass envelop wall per
meter

receiver length，W／m；

圣黼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，

嘲|m：

香¨脚radiation heat transfer rate between outer surface of steel absorber

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

q23cond conduction heat transfer rate through steel absorber wall per meter

receiver length，W／m；

qHe．at幻ss total heat transfer rate between outer surface of glass envelop and

ambientper meter receiver length，W／m；

k Convection heat transfer coefficient of annulus gas at T34 in annular

space，W／m2-K；

h。Convection heat transfer coefficient of air at T5 6 around the

horizontal glass envelop，W／m2一K

D2 inside diameter of absorber pipe，m；

D，outside diameter of absorber pipe，m；

D．inside diameter of glass envelop，m；

D，outside diameter of glass envelop，m；

L absorber pipe inner surface temperature，K；

正absorber pipe outer surface temperature，K；

L glass envelope inner surface temperature，K；

L glass envelope outer surface temperature，K；

疋ambienttemperature，K；

￡estimated effective sky temperature，K；
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L AVeragetemperatureof annulus gaS’驴半'K．
△r inner surface temperature r2 minus ambient temperature瓦， K；

瓦average temperature of air, =型量，2_

NuD2 Nusselt number of HTF based on D2；

M。，Nusselt number of air based on D5；

占． ：missivitv of bsorber selective coating；emissivityot aDsorber selective coating瓦

￡ missivitv“i ．rface of glass envelo)e；emissivityot inner surtace OI glass envelopeF．

E emissivity of outer surface ofglass envelope；

屯thermal cOnductance of abs。rber wall at正，=堡÷型，w恤一K：

k Themal c。nductance of黜ulus gas arT3。=掣，W／m-K．
k Thenllalconductance ofglaSs at耻掣，W／m．K；
七。thermal conductance of annulus gas

at standard temperature and

pressure，W／m—K；

七拍therma⋯nductanceom at驴掣，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 T5

Pk Prandtl number for air at T56；

Pr6 Prandtl number of air at T6
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Nomenclature

R％

Rao,

Rayleigh number of annulus gas based on D3；

Rayleigh number of air based on D5；

P慨b Annular gas pressure，Pa；

仃Stefan．Boltzmann constant，盯：5．67×10．．，W／m2．K4；
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