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Abstract

Concentrating solar power is an important way ofjaing renewable energy. Model simulation
approaches play a fundamental role in the developwofethis technology and, for this, an accurately
validation of the models is crucial. This work prets the validation of the heat loss model of the
absorber tube of a parabolic trough plant by comgahe model heat loss estimates with real
measurements in a specialized testing laboratdrg.study focuses on the implementation in the model
of a physical-meaningful and widely valid formutatiof the absorber total emissivity depending @n th
surface’s temperature. For this purpose, the sglemtnissivity of several absorber’'s samples are
measured and, with these data, the absorber totasiwity curve is obtained according to Planck
function. This physical-meaningful formulation isad as input parameter in the heat loss model and a
successful validation of the model is performedic8imeasuring the spectral emissivity of the atesorb
surface may be complex and it is sample-destrucéiveew methodology for the absorber’s emissivity
characterization is proposed. This methodology idiesran estimation of the absorber total emissivity
retaining its physical meaning and widely validrfardation according to Planck function with no néed
direct spectral measurements. This proposed meashmdo successfully validated and the results are
shown in the present paper.

Keywords: Concentrating solar power; Parabolic trough; Hedlector element; Heat loss model;
Dynamic simulation; Model validation; Absorber spatemissivity; Radiative heat transfer.

1. Introduction

Solar energy systems can be used for a wide rangptications with significant benefif$]. Among

the solar energy technologies, concentrating gmarer (CSP) is a promising way of providing
renewable electricity. Its ability to store the tieg@ of the sun during the day-light to reuse itidg day-
night, makes it the most cost-effective technoltgprovide dispatchable energy among the renewable
technologies and competitive with the fossil fuelyer plant§2]. Nowadays, parabolic trough collector
is the most advanced technology in this field, emtiating the solar radiation with a parabolic oirr
onto a linear receiver at its focal length.

Parabolic trough collectors have been subject ofarous different modelling approaches. Performing a
thorough validation of the models is of great impoce in order to guarantee accurately simulatidns.
exhaustive review of the parabolic trough collectmrdelling can be found in the work by Zaverskglet

13].

The heat collector element (HCE) is a critical comgnt for the performance of the solar power plant
because it is where solar energy is convertedaiortal energy in the form of sensible (or sometimes
latent) heat of the fluid which circulates throughn addition, it is also where main thermal les®f a
CSP plant are produced.
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Fig. 1. Schematic of a HCE [4]

The Solar Thermal Energy Department of NationaléReble Energy Centre (CENER) is currently
developing and validating a complete simulation elad the performance of a solar power plant. The



object-oriented modelling for the transient perfarmoe simulation of the parabolic trough collecor i
described by Zaversky et &k]. The approach of the heat loss model of the HGE tisrn based on
Forristall's[4] detailed one-dimensional steady state heat tran&fek. Fig.2 shows the HCE model.

This model has been slightly adapted and implendeint®odelica language, and simulations have been
carried out with the commercial tool Dymola and fileely available tool OpenModelica.
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Fig. 2. HCE model scheme according to Zaversky et al. [3]

As shown in 3], validation of the complete parabolic trough coite model against data measured in a
demonstration facility has been already perfornteméng successfully results. The objective of the
present work is to perform a detailed validatiothviaboratory measurements of the heat loss in the
HCE. However, prior to perform any validation,dtrieeded to provide the model with accurate input
parameters to properly describe the tested compoimethis sense, crucial parameters of the hesst lo
model are the total emissivity of the absorber tatsewell as its dependence on absorber temperature
Thee,dT) is often not directly measured. Instead, it is glalted using a radiative heat transfer model:
absorber temperatures,(J, glass temperaturesgkg and heat losses (HL) are experimentally measured
in a laboratory test and later thgdT) is determined by the well-known expressiontfeo bodies

radiative heat transfer:

_emi-H
&4, AFy, &4,

Q

This simple heat transfer model is used for expenits carried out for vacuum annulus absorber tube a
high absorber temperatures, where the convectiaktlbsses can be neglected. This methodology is
described in detail by Burkholder and Kutscfigr and thee,,{T) is usually given as a function of the
absorber’s temperature, in the form:

€aps(T) = ag + a,Tgys (2)
CENER has been performing also this methodologtsiown tests for the characterization of tufgs

A relationship between the emissivity and the absotube surface temperature based on this
methodology was assumed for different validatiorppses in several works], 7], [8].

However, expressiof?) is based on a very specific empirical model thaisaters only the radiation. As
Wirz et al.[7] had already introduced, if the expressiphis adjusted under certain conditions in which



the only-radiative model is suitable and then thgfT) is assumed to simulate that same conditiors, th
agreement between the experimental data and thelmesiilts will be very good. Introducing thgdT)
obtained with this methodologyould provide right results for simulation purposesiong as the
operating conditions simulated were similar toélperimental testing conditions, i.e. for condiidar
which the complete heat transfer model can be reddp well described by the radiative heat transfer
model exclusively. Therefore, this methodology doesguarantee the real behaviour of¢hgT) and
thus, the curvé2) so adjusted is not reliable for different simulgtoonditions (e.g. different operating
temperature range).

Furthermore, the heat loss model based on Fotrigtadpproach includes an important casuistry of
several aspects with physical meaning. Thereforg desirable that the expression of thgT) given in
the model is due to a physical meaning too.

For all these reasons, a validation of the develapedel has been performed using physical-meariingfu
values obtained from measured spectral emissiatyt d,,{T).

2. Validation methodology

The aim is to use as input parameter in the hesst oodel a curve of total emissivity unrelatedhe t
thermal characterization lab test of the absonbee.tFor this reason, samples of an absorber tufece
were sent to a laboratory. The purpose of thisgutace is to achieve a validation of the developedeh
using a physical-meaningful expression of the diesototal emissivity with the absorber temperature,
eandT); based on direct experimental measurementhefvalues of the absorber spectral emissivity,

5abs2»(}‘) .

Three absorber samples were extracted from a coomhabsorber tube. The status, appearance and size
of the sample were checked. No damages were olosduring the cutting processig.3 shows the
absorber samples.

Fig.3. Absorber samples

The spectral emissivityqps (1), Of the three samples was measured for short lesagths § between 0.3
and 2.5 um) and for long wavelengthdgtween 2 and 15 um). The measurements weredanui
with an UV/Vis-NIR Perkin EImer Lambda 950 and &SI20 FT/IR 4700 LEFig.4 shows the spectral
emissivity for short and long wavelengths of thengkes average data.
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Fig. 4. Spectral emissivity, £,,5A(A), average data

The spectral emissivity values measured agreethtlexpected behaviour of an absorber tube surface:
absorbing as much incoming solar radiation as ptesaind retaining the collected heat. Accordingly,
presents high absorptivity for short wavelengthgh{lemissivity according to Kirchhoff's law) andwo
emissivity for long wavelengths.

From this point on, the total absorber emissiviap be determined with physical meaning from meakure
spectral emissivity curve by the expressigh

_E(T) _ [&(MEb(T,DdA

€M =5y = [ Eby(T, 1)dA

(3)

Where ER(T,)) is the Planck function for black-body radianceéesmperature T and wavelendth

Furthermore, according to the work®étién-Fernandez et &b, the spectral emissivity can be assumed
constant, as expressed in equafi®n within a temperature range from ambient tempeeatm over 600

°C. This temperature range seems to be wide enauginf/ application of linear CSP and it will be
considered in the rest of this work as the refezdemperature range.

§(T) =& (4)

In order to accurately approach the integral exgioesin(3), the composite Simpson rule is uséd

- %[sl(ll)Ebl(T,ll) + 252, £ (R Eba(T, A)) + 452, 63(Aayr)Eba(T, Aoy ) + s (A)ED (T, ,1,1)]
&(T) = (

5)
h nq n
3 [Eb,»l(T, M) +2%7, Eb; (T, 22) +4 Y2, Eb (T, Az2j-1) + Eby(T, /1”)]

Where:\; andj,, delimit the wavelength range, and whére %

Fig.5 shows the total absorber emissivity obtained froeasured spectral emissivity values, and how is
its dependence on absorber temperature. The lalbpedtimates the uncertainty that can be obtdimed
the total absorber emissivity in £0.01 using a cage factor of k = 2 (95 % of confidence level)isTh
uncertainty is also represented-iny.5.
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Fig. 5. Total absorber emissivity

This absorber total emissivity curwgy{T), is therefore obtained according to its phylsimaaning from
measured spectral emissivity values. After, itdsdias input parameter in the heat loss modebiardo
perform the model validation.

3. Validation results

As explained before, the developed model is vadidatyainst tested experimental data. These values
belong to the thermal characterization of the saommercial absorber tube for which the total
emissivity has been obtained. The thermal chariaatéyn has been performed in a laboratory test
according to the procedure and using the equipegritiined with great detail in the works, [6]. The
measured values of absorber temperatusg)(Tlass temperature gl and heat losses (HL) for an
absorber tube with perfect vacuum in the annulaambient temperature of 22 are showed in
Table.1

Table. 1. Experimental measures

Tabs (°C)  Tglass (°C) HL (W/m) u(HL) (W/m)

251.7 37.2 60.7 13
301.1 46.3 93.6 t1.0
322.8 50.6 115.3 1.0
343.9 53.5 136.2 t1.0
368.3 60.0 165.5 1.0
392.9 65.6 202.9 +1.0

The result of the simulation of the glass tempeestand the heat losses are compared to the
experimental data in the graphies).6 andFig.7, the uncertainties are also represented.
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Fig. 7. Heat losses simulated values compared against experimental data

The agreement between the model and the experihttais correct for all absorber temperatureg Th
model is thus validated, using as emissivity inparameter the,,{T) obtained according to Planck
function from the measured values of spectral @mifgs e,ns; (1).

Fig.8illustrates that, for the specific conditions slatad, an adjustment ef,{T) based on an only-
radiative mode(2) would provide reasonable values at that range. Kewyeig.8 shows also that, as
aforementioned and expressed by the wiitkg6], [7], that curve is only reliable in a specific
temperature range; while implementing in the megg(T) according to the Planck function approach
guarantees its reliability for any other conditigasy. wider temperature ranges), because it knzes/ala
physical correlation behind.



0.20 L .
e Calculated emissivity for the laboratory test points L’
Adjustment €abs(T) = 0.0606 + 1.8E-7Tabs2 -
Emissivity with physical meaning from directly measured spectral vall
0.15} o’
- - === Measurement uncertainty o e
0.10}
005} ___.---"" i :
0.00 - - - - - - - - ! Tabs[C]
0 100 200 300 400 500 €00 700

Fig. 8. Absorber total emissivity comparison between radiative-empirical approach and spectral physical-
meaningful approach

On the other hand, the radiative-empirical appraaehnon-destructive methodology. If it is desited
use in a model a spectral physical-meaningful aggr®f the absorber total emissivity, it is notqbical
to cut every time a tube in order to extract soamaes to measure its spectral emissivity. Theegfor
this work a new methodology for absorber total eiwity characterization is proposed, valid for giyia
curve ofe,d T) from laboratory tests as well as for using ggital-meaningfut,,d T) in models for
simulation.

4. Proposed methodology for absorber emissivity characterization

In order to obtain experimental data from the tyffereceiver tube that is wanted to characterize, a
thermal characterization of a vacuum annulus tubeerformed in a laboratory test according to
procedure described in works], [6]. It is assumed that at high absorber temperatiggs within a
temperature range between 300 and 400 °C), proeésiuprovides reliable and useful calculated values
of absorber total emissivity, because at theseitiond the heat loss behaviour can be well desdribe
the radiative heat transfer modg).

In addition, the appearance of the spectral enifgsi¥ a receiver tube along the wavelengths id wel
known: high emissivity for short wavelengths anfdst decrease to low emissivity for long wavelesgth
This behaviour can be approximated by a maximumevél,.,) at short wavelengths and by a potential
expression from some value of wavelengif) {o long wavelengths:

att, if 1> A,

gabs,A(/D = {Smax' if 1< /10

(6)

This approach is proposed through the experientieeofommon appearance of the spectral emissivity
behaviour in the absorber tubégy.9 andFig.10show an example illustrating the agreement betwieen
proposed approach appearance and the appearamadegfs (1) in different absorber coatings and
different conditions. The three first curves showe#ig.10were obtained by direct experimental
measurements @f, and the fourth curve was published by Setién-dmiiez et al9].
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Fig. 10. Experimental measurement of the spectral emissivity of various samples of parabolic trough absorber
selective coatings

Therefore, the parametetsandb can be adjusted in such a way that:

* The approximation of,,5 (1) represents a realistic spectral behaviour.
*  eapg(A) is due to a physical-meaningful approach accarttnPlanck function




» It fits the experimental calculated values of absoitotal emissivity,,{T) at high temperatures
according to proceduté].

The adjustment is performed by the following lestpiares adjustment minimizing:

[ ea(DEba(Ty, )dA

T =
8( 1) f;-ln EbA(Tl,/’{)dﬂ
[...] (7)
S 3 (D Eby (T, DA
&(T) = —

7
[;" Eba(Ty, )dA

Wheree(Ty), [...], €(Ty) are the particular values of absorber total einityscalculated according to the
procedure by Burkholder and Kutschig}. In addition, the continuity conditiona@y = &, is

imposed for this adjustment. Reasonable valueth®oparameters,,,andi, are 0.97 and 1.5 pm
respectively. These values have been suggested baghe experience as observed in several
commercial CSP receiver tubes. They are howevesdleetive coating main design parameters and they
can be obtained or estimated through differenéat(e.g. manufacturer data, material propertadated
literature).

Once the parametessandb have been adjusted, the result is the curve oévo&ution of the spectral
emissivity over the wavelength spectra. This isséme notion as the curve showedin.4, which was
obtained before by measuring some receiver’s sanipla laboratory.

From this point on, the procedure is the same #seirsection 2: from a realistic curve of the absor
spectral emissivitygaps.(A), the behaviour of the absorber total emissivitthwhe temperatureq,{T),
according to Planck function is obtained. The reisuh physical-meaningfik,{T) curve that can be
used in the models for simulation purposes.

5. Resultsof the proposed methodology

The heat loss model is validated again, usingigdbcasion as emissivity input parameter in theleho
the absorber emissivity,,{T) , obtained with the new proposed methodology.this validation, the
tube and the simulating conditions are the sanie tie third section, and the experimental dateaise
the ones previously described and showndhle.1

The validation is performed as if there were nooabsr spectral emissivity measurementéuite the
opposite than in the validation shown in the sec8h In this case,{T) is obtained by applying the
methodology proposed in section 4 for the absaidiat emissivity characterization.

The particular values of the absorber total emilssiv,,{T), required to adjust the spectral emissivity
curve are calculated according to procedaidrom the experimental data showedrimble.1and related
to absorber temperatures higher than 300 °C. Wahke data, the aforementioned adjustment of
parametersa andb is performed, obtaining the following approximatiof the spectral emissivity:

(2155967196983 if 1 > 1.5 ym
€absa () ‘{ 0.97, if A< 15um (®)

The agreement between thigg (1) characterization (green) and the real measgygd)) curve (blue
and red) showed in the sectionF2g(4) can be seen in theg.11
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From this realistic curve for the absorber spe@naissivity,e.ns(A), the behaviour of the absorber total
emissivity with the temperature,,d{T), according to Planck function is obtain€dy.12 shows the,{T)
obtained with this new methodology (green) andpieicular values used to adjust this curve (blue
points).Fig.12also compares this obtained curve (green) witlséimple-destructive measured curve
used in the second section (red). Again, the ageaebetween this proposed non-destructive curve and
the curve based on direct real measurements cahdseved, in this case applied to the absorbelr tota
emissivity,eapd T).
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Fig. 12. Total absorber emissivity

This curve o,,dT) is the one that is used as input parametethisemissivity in the model in order to
perform the validation. This curve satisfies thmsghysical meaning than the curve implementeten t
second section, with the difference that no speotemsurements have been needed for its calculation
The way in which the curve is implemented in thedala@ould be complex in some cases if it is needed
to implement in the model the procedure accordinglanck function and the spectral emissivity curve
eapsp(A). Therefore, once the cureg,dT) is obtained according to Planck function, ihdse reasonable to
give a polynomial adjustmeli®) that describes almost perfectly the curve andithaih easier way to be
implemented it in the simulation model.

Eaps(T) = ag + a1 Typs + aZTast €)

11



For this particular case, the adjusted parameg¢stdtrin:a, = 0.0209463, a;, = 0.000112844,

a, = 1.88075E — 7. It should be noticed that this expression respamdy to a simpler way of
providing the physical curve according to Plandhkcion, and it is based on a completely different
approach than the empirical curve describe@jn

The heat loss model validation is now performeagishis estimated emissivity curve as input paramet
in the model. The result of the simulation of tiesg temperatures and the heat losses obtainbisin t
new simulation are compared to the experimental oathe graphicsig.13andFig.14
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Fig. 14. Heat losses simulated values compared against experimental data

As shown in figure$ig.13andFig.14, the agreement between the model and the expeaidata is
correct for all absorber temperatures. Thus, thdehis validated, using as its absorber emissiniyt
parameter the,,{T) according to Planck function from a calculatenve of spectral emissivityans (1)
obtained with the new developed methodology. Funtioee, it can be noticed that the simulation result
obtained with this new,ps (A) characterization methodologlyi().13 Fig.14) are almost the same as the
simulation results obtained with real measuremefis,s, (V) (Fig.6, Fig.7). This is the expected result
due to the high similarity of the estimated and soeaed emissivity curves, as it was previously dbsdr
in the figures-ig.11andFig.12.
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6. Conclusionsand further work

A successfully validation of the heat loss devetbpwdel for a parabolic trough absorber tube with
perfect vacuum in the annulus by comparing the rlogiat loss estimates with real measurements in a
specialized testing laboratory has been achievethis validation, a curve af,{T) according to Planck
function obtained from spectral emissivity direcasurements,,s;(A) has been used as input parameter
for the emissivity in the model, instead of prexd@pproaches that used empirical approachegr)
based on the same laboratory results.

In addition, since measuring the spectral emisgivit (L), may be complex and it is sample-destructive,
a newe,d T) characterization methodology has been propoBeid. methodology provideseg,{T) curve
that is physical-meaningful according to Planckction. This curve is obtained by adjusting,g; ()

curve that describes correctly the real spectragswity of the absorber, and that it matches tinpieical
heat losses tested at high absorber temperatures.

Identified future work includes the complete detdilvalidation of the complex and physical-meanihgfu
heat loss model based & for all the different operating conditions thatyraccur in real CSP plants
(e.g. different vacuum properties in the annulegrddes selective coating, broken glass covegrdiit
ambient conditions in terms of temperature and wgpeked). This means that the present work is tbe fi
part in a more complex work that will cover the qate physical casuistry. From now on, the devedope
methodology fok,,d T) characterization can be used for any of thedielation purposes. In this regard,
an optimization of this methodology will be alsdpact of further work.

Nomenclature

Symbols

a spectral emissivity coefficient (Lith
ao total emissivity coefficient)

a, total emissivity coefficientC™)

a, total emissivity coefficientC?)

A heat transfer area of body 13m

A, heat transfer area of body 23m

b spectral emissivity coefficient (-)
E(T) radiance (W/

Eb(T) black body radiance (WAn

Eb, (T, A) black body spectral radiance Planck function (¥hm)
Fi, view factor from body 1 to body 2 (-)
HL heat losses (W/m)

0 heat transfer (W)

T, body 1 temperature (K)

Ts body 2 temperature (K)



Tabs

Tglass

u(HL)

Greek Symbols
€1

€2

e(T)

€andT)

€max

&

e(T)

€absy (V)

A

Ao

o}
Abbreviations
CSP

HCE

Refer ences

absorber temperatur&)
glass temperaturéQ)

heat losses uncertainty (W/m)

total emissivity of body 1 (-)

total emissivity of body 2 (-)

total emissivity as a function of temperat(ie

total absorber emissivity as a function of pamature (-)
maximum spectral emissivity (-)

spectral emissivity (-)

spectral emissivity as a function of temperatfs)
spectral absorber emissivity as a function ofelength (-)
wavelength (um)

drop wavelength (um)

Stefan-Boltzman constant (=5.67E-8 Vi)
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