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Kurzfassung

Diese Arbeit untersucht die Eignung von fliissigem Blei-Bismut (Pb-Bi) als
Wirmetransport-Medium in zentralen Rohr-Receivern von konzentrieren-
den solarthermischen Kraftwerken. Dazu werden zwei Ansitze verfolgt:
a) auf theoretischer Ebene werden anhand existierender Literatur die Ma-
terialeigenschaften von Pb-Bi und existierende Auslegungswerkzeuge fiir
Fliissigmetall-Anwendungen betrachtet und b) anhand eines Praxisbeispiels
wird die Auslegung, der Bau, die Inbetriebnahme sowie erste Betriebser-
fahrung eines Pb-Bi-gekiihlten Modellkreislaufs in einem eigens errichteten
Solar-Ofen im Technikumsmafstab erprobt.

Der Pb-Bi-gekiihlte Solarreceiver dieses Kreislaufs besitzt eine thermis-
che Leistung von 10kW. Pb-Bi besitzt einige hervorragende und einige
ungiinstige Stoffeigenschaften fiir seine Anwendung in Solarreceivern im
kommerziellen GroB3-Mafstab: eine hohe thermische Leitfdhigkeit und eine
geringe Viskositit stehen einer durchschnittlichen Wiarmekapazitét und einer
sehr hohen Dichte gegeniiber. Diese fiihren fiir Pb-Bi im Vergleich mit
Alternativ-Wirmetransportmedien Solarsalz und Natrium beim Einsatz in
Receiver-Rohren zu den hochsten Entropie-Erzeugungsraten. Pb-Bi ist
dariiber hinaus teuer.

Im Pb-Bi muss eine definierte Sauerstoffkonzentration eingestellt wer-
den, um die Korrosion der Edelstahl-Rohrwerkstoffe zu begrenzen. Dadurch
wird allerdings der Bereich der Einsatztemperaturen eingeschréinkt: Infolge
dessen kann entweder der Vorteil einer geringen Schmelztemperatur von
Pb-Bi nicht ausgenutzt werden, oder aber eine Betriebstemperatur oberhalb
der Temperaturgrenze von Solarsalz kann nicht erreicht werden. Nach dem

aktuellen Stand der Technik dient Solarsalz als Warmetransportmedium.
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Kurzfassung

Die Literaturrecherche dieser Arbeit gibt deutliche Hinweise darauf, dass
Fluide mit niedrigen Prandtl-Zahlen und insbesondere Pb-Bi empfindlicher
als "konven-tionelle" Medien auf Randbedingungen mit inhomogener Wiir-
mestromdichteverteilung reagieren. Tatsichlich werden die Rohrstromung-
en in konventionellen Solarreceivern nur einseitig beheizt. Unter dieser
Randbedingung fiithren klassische Nusselt-Korrelationen, die fiir homogen
beheizte, voll-turbulente Rohrstromung entwickelt wurden, bei Medien ge-
ringer Prandtl-Zahl zu einer deutlichen Unterschitzung der Wandtemperatur
und damit einhergehend zu einer Unterschidtzung der thermischen Span-
nungen in der Rohrwand. Daher werden alternative Auslegungsmethoden
présentiert.

Erste Messungen am Pb-Bi-Kreislauf zeigen tatsdchlich dulere Wandtem-
peraturen der Receiver-Rohre, die hoher sind als von klassischen Nusselt-
Korrelationen vorhergesagt. Trotz dieses Befundes hat Pb-Bi fiir seinen
Einsatz in einem Modell-System seine Berechtigung, da es im Vergleich zu
bspw. Natrium inhdrent deutlich sicherer ist und kann fiir Receiver-Betrieb
und die Untersuchung von Phinomenen, die spezifisch fiir Fliissigmetalle
sind, verwendet werden.

Diese Arbeit beschreibt die Auslegung der wichtigsten Teile des Pb-Bi-
Kreislaufs und die ersten experimentellen Ergebnisse, darunter auch solche
bei einer Wirmestromdichte von etwa 4 MW m 2.

Zur Messung derart hoher Wiarmestromdichten wurde im Rahmen der Ar-
beit ein passiv-gekiihlter Wirmestrom-Scanner entwickelt, dessen Funktion
auf einem einzigen Heat-Flux-Mocro-Sensor basiert. Dieser Sensor bewegt
sich wihrend des Scannens auf einer Spiral-Bahn durch die Messebene.
Dieses Messgerit wurde vor Messbeginn im Solarofen des DLR in Koln
fiir den Betrieb kalibriert.
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Abstract

The potential of molten lead bismuth eutectic (LBE) as heat-transfer fluid
in tubular thermal central receivers in concentrating solar power plants is
assessed in this thesis. Two approaches are taken: a) the theoretical review
of LBE’s properties and existing design tools and b) the design, construc-
tion, commissioning and early operation of a solar furnace and a small scale

LBE-cooled receiver therein with a thermal solar power of 10kW.

LBE has several advantageous as well as some unfavorable properties for
its application in large-scale, commercial application in thermal receivers: a
high thermal conductivity and low viscosity, however, its average mass spe-
cific heat capacity and very high density lead to higher minimum entropy
generation of LBE during convective heat transfer compared to two alterna-

tive heat transfer fluids, solar salt and sodium. LBE is also expensive.

The requirement of a controlled oxygen content for corrosion protection
in stainless steel tubes limits the operation temperature range: Either LBE’s
low melting temperature or its potential for operation at a higher upper tem-
perature limit compared to solar salt cannot be utilized.

A literature review indicates furthermore that fluids with low Prandtl
numbers, and LBE in particular, show a high sensitivity with regard to non-
uniform heat flux boundary conditions. In conventional thermal tubular
receivers the coolant flow is subject to heat flux along only half of the tubes’
circumference. For low-Prandtl number fluids, and in case of LBE quite sig-
nificanty, the application of Nusselt number correlations for uniform heat
flux and fully turbulent flow will lead under such condition to a signifi-

cant under-estimation of the maximum wall temperature and the resulting
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Abstract

thermo-mechanical stresses in the steel wall. Alternative design methods
are presented.

The experimental operation of the LBE loop indeed shows higher-than-
expected outer wall temperatures of the receiver tubes for operation with
LBE. However, LBE is also inherently safer than for example sodium and
therefore well suited as a model fluid for the investigation of liquid metal
heat transfer characteristics and model receiver operation.

The design of key LBE-loop components is described and first-hand ex-
perimental results presented. During commissioning of the loop, heat fluxes
of 4 MW m~2 have been successfully applied to the thermal receiver.

Furthermore, a flux scanner was developed which utilizes an un-cooled
heat flux micro sensor (HFM) to scan the solar flux distribution by means
of a circular and superimposed linear motion pattern. It was designed, build
and finally calibrated in the solar simulator of the German Aerospace Center

(DLR) in Cologne, Germany.



Contents

Symbols and Abbrevations . . ... ... ... ..........

1 Liquid metal as heat transfer fluid in solar thermal elec-

tricity generation plants . . . . .. ... ... ... ......
1.1 Liquid metals technology . . . . . ... ... ... .....
1.2 Solar thermal electricity generation (STE) . . . .. ... ..
1.3 Liquid metal-cooled solar facilities: promising results . . . .
1.3.1 The Small Solar Power Systems project in Almeria .
1.3.2 The Jemalong Solar Thermal Station . . . . . . . ..
1.3.3 The LBE thermal storage testat CSIRO . . . . . . .
1.4 A Liquid metal-cooled solar tower system study (DLR) . . .

The SOMMER project: Re-evaluation of liquid metal solar
technology . . .. ... ... ... .. ... ... ... ...

LBE: dense, hot and brilliant? . . .. ... ... ... ...
3.1 LBE’s thermo-physical properties and their impact on its
cooling performance . . . . . ... ... .. ... ... ..
32 LBE’savailability . . . . ... ... ... ... ...,
33 LBE’ssafety. . . .. ... ... ... ... ...
34 LBE’scorrosionbehavior . . . . . ... ... ... .. ..
3.5 Heat transfer: Nusselt number calculation . . . ... .. ..
3.5.1 Forced turbulent convection in fully developed flows

352 Mixedconvection . . . . ... ... ... ... ...

xi



Contents

xii

3,53 Developingflow . ..................
3.5.4 Non-uniform heat flux in fully turbulent tube flow . .
3.6 Thermal tube stress calculation . . . . ... ... ......
3.7 Pressure loss calculation . . . ... .............
3.8 LBEasa‘model fluid” . ...................

Solar test loop and receiver design with LBE: SOMMER .
4.1 Thesolarfurnace . . .. ... ... .. ... ........
4.1.1 Theheliostat . . ... ... .............
4.1.2  The parabolic mirror . . . . .. ... ... .. ...
4.1.3 The DNI measurement . . . .. ...........
4.1.4  The shutter and emergency flux shutoff . . . . . ..
42 Theliquidmetalloop . . . . .. ... .. ... .......
421 Thepump . . ... ... ..
422 Theheater. . .. ... ... ... ... ... ... .
423 Theaircooler . . . . ... ... ... .......
4.3 Thethermalreceiver . . . . ... ... ... ........
4.3.1 A hypothetical reference receiver . . . . . ... ..
4.3.2 The down-scaled tube coil design . . . . ... ...
433 Down-scalingeffects . . . ... ... ... .. ...
4.3.4 The thermal efficiency of the model receiver . . . . .
4.3.5 Measurable quantities and equipment . . . . . . . .
4.4 The heat flux measurement . . . . . .. ... ... ... ..
4.4.1 The measurement problem . . . . . ... ... ...
4.4.2 Discussion of existing concepts . . . . . ... ...

4.43 Mechanical implementation of a spiral-path scan-
ningmotion . . . . ... ...
444 Scanneroperation. . . . . . .. ... .. ......
445 Devicecalibration . . .. ... ... ... .. ...

45 Loopcontrol. . . . ... . ... ...



Contents

5 Results of LBE solar loop operation . . . . . . ... ... .. 141
5.1 Overall loopoperation . . . ... .............. 141
5.2 Theloopandthepump . ... ... ... ... ....... 147
53 Thecooler . . ... ... .. . ... ... 149
54 Thereceiver . . . . . . . . ... 150
5.5 Theheater . . . . . . . ... 153
5.6 General operation experience . . . . . . . . ... ... ... 156

6 Summary . . . ... ... 157

A Appendix . . ... ... 183
A.1 Expression of uncertainty . . . . . . . ... .. ... .... 183
A.2 Heat flux measurement . . . . .. ... ... ... ... .. 184

A.2.1 Existingconcepts . . . . . . . ... 184
A22 Dataacquisition . . . .. ... ... ... ... .. 189
A23 Userinterface . . . . . .. ... ... ... ... . 191
A.2.4 Sources of uncertainty . . . . ... ... ...... 195
A.2.5 Devicecalibration . ... ... ... ........ 200
A.2.6 Example calculation of uncertainty . . .. ... .. 214
A.2.7 Uncertainty of the flux scanner . . . . . ... .. .. 215
A.2.8 Comparison with HFM’s off-the-shelf calibration . . 217
A.29 Practical experiences . . . . . . . . ... ... ... 221
A.2.10 Summary of system components . . . . . ... . 222
A.3 Thethermal Receiver . . . . .. ... ... .. ....... 222
A.3.1 Alife-scale model receiver design . . . . . ... .. 222
A.3.2 A down-scaled model receiver design . . . . . . .. 228
A33 Receiverconstruction . . . . . ... ... ... ... 229
A4 Receivercontrol . . . . . . .. ... 232
A.4.1 Reference control algorithms . . . . . .. ... ... 232
A.4.2 Heater: Anon-linearmodel . ... ......... 234



Contents

A.4.3 Heater: Experimental step responses . . . . . . . . . 238
A.4.4 Heater: Alinearizedmodel . . . . . ... ... ... 243
A.4.5 Heater: The model stepresponse . . . . . . ... .. 246
A.4.6 Heater: Controllerdesign. . . . ... ... ..... 246
A.4.7 Receiver: Single tube thermal model . . . . . . . . . 254
A.4.8 Receiver: Single tube steady state solution. . . . . . 258
A.4.9 Receiver: Single tube step response . . . . . . . .. 259
A.4.10 Receiver: The complete non-linear model . . . . . . 261
A.4.11 Control of the thermal receiver and heater . . . . . . 263
A4.12 Conclusions . . . . ... ... ... .. 267
A5 Theheaterdesign . . . ... ... ... ... ........ 268
A.6 Theaircoolerdesign . .. ... ... ............ 273

Xiv



Symbols and Abbrevations

Roman Symbols

A

XNT QS TmMg S S .

Q™ ™3I =X

[m?] surface area

[arbitrary] half-width of rectangular probability distribution
[arbitrary] correction function for heat flux measurement
[m] heat capacity

[arbitrary] nominator in least squares system of equations
[-] view factor

function

transfer function in frequency domain

[Wm 2K '] convective heat transfer coefficient

[Wm~2] incident solar heat flux.

[arbitrary] constant factor

[m] length

[kg] mass

[W] power

[m] pitch between hexagnoally arranged rods

[J] enthalpy

[arbitrary] the k* of n observations of a randomly varying
quantity g

[s~!] variable in LaPlace transformed diff. equation
[arbitrary] experimental standard deviation, best estimate of
c

[arbitrary] experimental variance

[s] time constant

[s] time
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=< =E < 5,8 Qo Q

~

V1

y2

V4
Zz

Abbreviations

[V] voltage

[m] perimeter

[arbirary] acting variable

[arbitrary] standard uncertainty

[arbitrary] Type A variance, variance of the mean of an in-
put quantity estimated from n repeated observations
[ms~!] velocity (of a flow or an object)

[arbirary] set point

[m] Cartesian coordinate in x direction

[m] measured sample of length in X-direction

[arbitrary] estimate of an input quantity X;

[m] Cartesian coordinate in y direction

[arbirary] controlled variable

[arbitrary] fitting parameter in correction function for heat
flux measurement

[arbitrary] fitting parameter in correction function for heat
flux measurement

[m] Cartesian coordinate in z direction

[arbirary] disturbance

differentiating gain
integrating gain
free crosssection
proportional gain
gain delay

Dimensionless Numbers

d
N
n;

r

[-] differental operator
[-] number of measured samples
[-] sample index

[=] coefficient of correlation

Greek Symbols
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Symbols and Abbrevations

v O Q R

m

Mg

a o

T
0]
Subscripts
0

A

amb

avg

Cu

el

HFM
HES

LBE

[K~'] coefficient of thermal expansion

[m] measured sample of length in X-direction

[-] partial derivative operator

[arbitrary] independent variable in linearized equation, de-
noting deviation from design condition

[-] black body light absorptance

[Pas] dynamic viscosity

[arbitrary] expected value of quantity g

[kgm~3] density

[5.67 x 108 Wm~2K—*] Stefan-Boltzmann constant
[arbitrary] standard deviation of a normal probability distri-
bution

[s] response time constant as in e %

[rads~!] rotational speed

initial condition at =0
compensation

ambient

average

convective

combined uncertainty
copper

electric

heater

hydraulic (e.g. diameter)
Heat Flux Micro Sensor
Heat Flux Sensor
incident solar heat flux
[-] sample index

index

lead bismuth eutectic alloy
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molten metal in heater
constant pressure
controller

heater rod

®® RS Z

receiver
ref reference value

res residence time

~

TS Resistance Thermal Sensor

%)

process, system

steady state condition, i.e. at % =0
irradiated tube section

ambient

vessel

wetted

X-direction

Y -direction

A = R

Z-direction

All units are metric units unless otherwise specified. Currencies are given
in USD or in EUR. The symbol $ refers to USD unless stated differently.
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1 Liquid metal as heat transfer fluid in
solar thermal electricity generation
plants

1.1 Liquid metals technology

Metals are not only used in their solid state but also in their liquid state.
depending on their melting temperature they are applied throughout a range
from significntly below 0 °C up to significantly more than 1000 °C.

At the lower end of this temperature range, for example, the widely
known mercury is used. This element melts at —38 °C and does not boil
below 357°C. It is therefore used as temperature indication material in
glass thermometers but also as electric conductor in switches, batteries or
thermostats fand even as liquid mirrors in telescopes. Due to its toxicity, a
transition to less toxic technical solutions is attempted internationally.

Gallium based alloys, for example, are liquid at room temperature, too,
but not toxic and can therefore additionally serve as conductors in stretch-
able hoses, soft electrodes and for renewable surfaces [1]. A liquid drop of
a gallium indium tin alloy on a stainless steel surface is shown in Figure 1.1.

Although it is liquid, the ’tip’ shape is maintained and stabilized by a thin
oxide layer, which is immediately formed by this alloy in contact with air.
At higher temperatures, for example, molten tin is applied above its melting
temperature of 232 °C in the float glass production where in a continuous
process glass melt is allowed to solidify floating on a pool of liquid tin which
has a density higher than glass. Due to tin’s high surface tension, a very

smooth glass surface is thus obtained [2].
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Figure 1.1: Liquid drop of InGaSn on steel plate at room temperature. Pho-
tographed by Ulli Hammann @KIT 2015

Besides their uses due to their electric, hydraulic and physical properties,
which are taken advantage of by the previous applications, liquid metals
have thermo-physical properties that make them very attractive in heat man-
agement and cooling systems. For example, gallium based alloys are used
in CPU cooling systems [3] or, at higher temperatures, sodium is used for
the cooling of pistons in combustion engines [4]. But liquid metals are also
applied in the cooling of nuclear fission and fusion reactors.

Sodium cooled fast breeder reactors have among many other countries
also been developed in Germany: Between 1957 and 1991 extensive ex-
perience in large scale liquid metal handling was also obtained in fast
breeder reactor projects. The development of a ’Kompakte Natriumgekiihlte
Kernkraftanlage’ (compact sodium-cooled nuclear power facility) KNK
with an electric power output of 20 MW using 89 tons of sodium for cooling
was initiated in 1960 by Interatom, later to be executed at the former Kern-
forschungszentrum Karlsruhe’ (nuclear research center Karlsruhe) which
finally merged into today’s KIT. Broad research was executed in order to
later contribute to the development of a much more powerful *SNR 300’
sodium-cooled fast reactor with an electric power of 300 MW. The KNK
reactor started full load operation in 1974. It was later re-configured for
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operation of fuel rods with length specific thermal loads of 435 Wcem™![5].
Under those changing settings, much practical experience with sodium was
therefore obtained. While German development activities in sodium cooled
fast breeder technology were stopped in 1991, such reactors are continued to
be built and operated: the Russian BN-800 with a thermal power of 2.1 GW
in Belojarsk started full load operation in 2016. At KIT sodium was con-
tinued to be used for different applications till today, with thermal hydraulic
experiments for nuclear safety in ALINA and KASOLA loops.

Lead-bismuth eutectic (LBE) has been used as coolant in Russian nuclear
submarines during cold war and is today intended for use in small modular
breeder reactors SVBR [6]. It is attractive for these purposes since it does
not boil up to a temperature of more than 1600 °C, thus maintaining single-
phase conditions even in off-design conditions and contributing to operation
safety.

In a different nuclear application, LBE can serve as a so-called spallation
target: When exposed to accelerated protons it generates neutrons that can
sustain nuclear fission in sub-critical nuclear cores. These kinds of nuclear
reactors are called ‘accelerator driven systems’ (ADS) and have the inherent
safety feature of shutting down when the proton beam is switched off. They
may be part of a new generation of nuclear power sources with passive safety
characteristics. Thermal-hydraulic experiments with LBE are continuously
being executed at KIT as well, for example in the THEADES loop.

Due to these decades of practical experience, liquid metal technology is
mature in the field of nuclear power generation and research.

Their benefits in the cooling of thermally highly loaded surfaces make lig-
uid metals also beneficial in thermal receivers of concentrating solar power
plants. These receivers convert radiation energy from concentrated sun light
at very high flux densities to thermal energy. Liquid metals can serve in
these receivers as fluids that remove the absorbed thermal energy from ir-
radiated surfaces and transfer it to electric power generation cycles. The

feasibility of using liquid metals for this purpose has been demonstrated in
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the 1980s with sodium as heat-transfer fluid (HTF) in a demonstration plant
with an electric power of 500 kW.

Unfortunately, upon successful demonstration of the technology, a sodium
leak led to a severe fire that destroyed the demonstration facility, showed
the risk inherent in sodium and brought the interest of the solar community
in this coolant fluid to a hold. Since then, the solar thermal technology
has instead focused on steam, air and — commercially most successfully —
molten salt as coolants. However, it appears that these alternative fluids
have reached their inherent techno-economical limitations compared with

competing renewables such as wind power and photovoltaics.

Therefore, renewed interest in the application of liquid metals can be ob-
served in the scientific and industrial community: Several research articles
on the use of liquid metal in solar thermal electricity generation (STE) have
been published only recently, often being reviews on heat-transfer fluids and

numerical system studies!.

As an addition to these mostly theoretical works, in this thesis LBE’s
potential as a coolant under the conditions present in such solar thermal
receivers is assessed experimentally. A critical discussion of the applicabil-
ity of the available tools required for thermal receiver design precedes the
efforts of putting these tools to a test by also designing, constructing and
operating an LBE loop with an experimental model thermal receiver of a
thermal power of 10 kW.

This work seems to be executed at the right time: only very recently,
commercial activities in using sodium in solar power generation have been
resumed. The public results from this thesis — although using LBE instead
of sodium — may complement well the results from these privately executed

projects.

! For example, references Pacio et al. [7], [8], [9], Wetzel et al. [10],Heinzel et al. [11], Hering
et al. [12], Lorenzin et al. [13], Kotze et al. [14], Boerema et al. [15] and [16], Logie [17], Pye
et al. [18], Wilk [19], Ho [20], Benoit [21], Coventry et al. [22].
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receiver

~—— tower

Figure 1.2: Ivanpah solar thermal power plant near Las Vegas, USA. The heliostats
in the foreground are currently de-focussed from the black direct steam
receiver on the tower. Photographed by Jonathan Flesch Sep. 2016.

1.2 Solar thermal electricity generation (STE)

In solar thermal electricity generation, radiation energy from the sun is col-
lected, transformed to heat and delivered to a steam power cycle for elec-
tricity generation. The sun light thus replaces the combustion of fossil fuels
or the fission of nuclear fuels in conventional steam power plants.

In one particular kind of solar thermal power plants, so-called central re-
ceivers are used as absorbers. Many mirrors located on the ground re-direct
the incident sunlight to this kind of central absorber mounted on a tower tip
such as shown in Figure 1.2. The one shown in the figure represents one
of three central receivers of the Ivanpah solar thermal power plant near Las
Vegas in the US.

In the receiver shown in Figure 1.2 steam is directly generated. Alterna-
tively, and more commonly, a primary, non-evaporating coolant fluid other
than water/steam flows in the absorber and delivers the generated heat to an
evaporator of a steam power cycle.
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The stat-of-the-art fluid is solar salt. It is a binary nitrate salt mixture with
amelting temperature of 238 °C, consisting of mass specific 40 % KNO3 and
60 % NaNOs [23].

Besides serving as a coolant and heat-transfer fluid, its low cost and high
volumetric heat capacity also enable its direct use for thermal storage. For
this purpose, solar salt is heated up in the thermal receiver and then stored
it in a thermally well insulated tank for later use. It can be taken from
this tank during periods without sunshine, either during cloud passages or
after nightfall. Furthermore, solar salt’s liquid temperature range above its
melting point is well suitable for operation and the receiver can thus be
operated at moderate pressure. Water, on the other hand, evaporates and
forms high pressure steam which requires thick-walled, expensive and heavy
tubes in the thermal receiver.

Therefore, only when no thermal storage is required water is directly
evaporated in the receiver, rendering the solar power plant shown in Figure
1.2, where direct steam generation in the receiver is applied, an exception.

Generally, in central receiver power plants the solar absorber is the target
for the reflected sunlight of all mirrors. All these mirror tracking mech-
anisms allow them to reflect the incoming light at a fixed position of the
receiver in spite of the apparent motion of the sun — they are therefore called
heliostat mirrors. Horizontally oriented and thus in-active heliostat mirrors
are shown in the foreground of Figure 1.2. When directed to illuminate
the receiver in state-of-the-art plants, all of them together generate an aver-
age flux on the absorber of about 0.5 MW m~2 and peak fluxes of slightly
more than 1 MW m~2, the latter of which is about three orders of magnitude
higher than the natural intensity of the sun light.

Large arrays of such mirrors are required for commercial solar power
plants of more than 100 MW. In one very recently built solar power plant
with solar salt as HTF, Crescent Dunes, Nevada, USA, 10347 heliostats
with a reflective area of 115.7 m? each have been installed. These incredible

numbers contribute significantly to these plants’ investment costs which are
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in total much higher per electric power output than for conventional power
plants. However, since no fuel costs arise throughout those plant’s lifetime
the power costs are competitive even with fossil plants in some locations in
the world. The large number of heliostats covers large areas where the outer-
most ones have a distance to the receiver of one kilometer and more. Even
small aiming inaccuracies of the tracking mechanisms of these far-away mir-
rors lead to ’‘spillage’ that is, the reflected light misses the absorber area of

the receiver and is lost for the purpose of power conversion.

The absorber is typically made of tubes which are arranged in flat receiver
panels. Several of these flat panels can be arranged in a plane (‘billboard re-
ceivers’), or they can cover the rear walls of a chamber which has an open
wall facing the heliostats (‘cavity receiver’) or they can be arranged to sur-
round the tower tip, facing outwards (‘central receivers’). For example, the
Solar Two receiver consisted of 24 such panels. A single one of these pan-
els is schematically shown in Figure 1.3. Such panel typically consists of
a flow diverter on one end and a flow collector on the opposite end. The
flow is evenly distributed to many parallel tubes which ideally form a plane
without gaps between individual tubes. The tubes individual thermal ex-
pansion is compensated by bends in the top and bottom parts. The receiver
surfaces attain high temperatures from the incident solar flux. All thermal
loss mechanisms are directly related to the surface temperature and to the
surface area. Therefore, a reduction of these losses and simultaneously of
construction costs can in principle be obtained by reduction of the receiver
aperture size. The same solar power would then be projected onto that re-
duced area, leading to increased heat fluxes. An additional cost reduction
potential would result from higher receiver outlet temperatures which could
lead to increased Carnot efficiency in the steam power cycle. This is where

liquid metals can be applied.

While sodium has already been used in solar plants in the past and present,

for example, LBE and tin have been discussed as potential candidates. These
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Figure 1.3: Schematic of a single panel of tubes of a central receiver, including
example dimensions (in mm) of the Solar Two receiver, adapted from
[24]

three coolants are liquid and chemically stable over a wider range of tem-
peratures than the state-of-the-art conventional coolant solar salt.

Solar salt de-composes at temperatures above 600 °C and thus, local peak
temperatures must be avoided during operation. Therefore, due to a safety
margin, the receiver outlet temperature is typically limited to about 560 °C.
Also, the maximum allowable light concentration factor that prevents local
tube wall temperatures to exceed the upper temperature limit is already ap-
plied in modern facilities so that no size reduction potential of the receiver
remains.

The mentioned liquid metals do not de-compose at 600 °C. Using higher
heat fluxes and reduced receiver sizes with decreased losses and potentially

increased outlet temperatures should be possible.



1.2 Solar thermal electricity generation (STE)

Electricity generated in solar thermal power plants has to compete with
electricity form other sources, both conventional and renewable. Today,
wind and photovoltaic power have very low generation costs, thus putting
pressure on the generation costs of solar thermal power. Substituting the
state-of-the art heat-transfer fluids has to be justified by cost reduction. A
low market price of the coolant is therefore beneficial. However, not only
purchasing costs are relevant. Different fluids’ thermo-physical and chemi-

cal properties will lead to individual installation and operating costs:

* Melting and boiling points are constraints for the operating tempera-
ture range. A large operating temperature range may allow for higher
heat fluxes, a reduced receiver size and higher thermal efficiency.
Also, in the power block, the Carnot efficiency grows with the maxi-
mum operating temperature, potentially leading to increased econom-

ical benefit.

* The generation of entropy and thus loss of ’available work’ caused by
heat transfer and irreversibilities from flow friction is influenced by
the physical properties. A desired high convective heat transfer coef-
ficient comes with the trade-off of the cost of the required pumping

power.

* A high volumetric heat capacity of the fluid enables thermal storage
in small volume. Small storage tanks are desirable from an economic

point of view.

* The density influences the required pumping power. A large fluid

mass requires strong and potentially expensive support structures.

* Chemical compatibility with structural material enables long plant
life.

* Chemical reactivity with the environment has influence on the cost for

safety measures.
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Besides these parameters the technology required for operating the coolant
must be available.

In the past, liquid metals have demonstrated successfully some of these
requirements for solar thermal power generation. Also, a detailed system
study has recently indicated a significant cost reduction to be obtained from
switching to liquid metal as heat-transfer fluid in central receivers. These
demonstration projects and the system study are presented in the following

sections:

1.3 Liquid metal-cooled solar facilities: promising results

The following sections briefly summarize three key solar thermal projects,
both historic and recent where liquid metals have been applied as heat-
transfer fluids. A review on the historic application of liquid sodium in
additional STE projects is given by Coventry et al. [22].

1.3.1 The Small Solar Power Systems project in Almeria

Scientists and engineers from nine countries participated in the Small Solar
Power Systems (SSPS) demonstration project initiated by the International
Energy Agency IEA worth a budget of approximately 90 million Deutsche
Mark. Within that project, two power plants with an electric power out-
put of 500 kW each were built in Almeria, Spain and operated from 1981
on. An areal shot of the facility is shown in the left photograph of Figure
1.4. One of the plants built was a central receiver power plant, the other
a ’distributed collector system’ with parabolic trough concentrators with
thermal oil as heat-transfer fluid [25], which will not be further discussed
here. The DFVLR (Deutsche Forschungs- und Versuchsanstalt fiir Luft-
und Raumfahrt e.V), the predecessor of today’s German Aerospace Center

(DLR) supervised the execution of the project. During the testing and op-
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1.3 Liquid metal-cooled solar facilities: promising results

eration phase, the economics of the plants, the operational behavior and the
viability of the selected technical solutions have been carefully assessed.

The central receiver system was operated with sodium as the heat-transfer
fluid and featured a two-tank direct sodium storage system (thermal capacity
of 5.5 MWh). The sodium-cooled receiver was installed at a height of 43 m
and a set of 93 heliostats with a total reflective area of 3360 m? redirected
incident sun light onto a 7.8 m? flat panel receiver (as shown on the right
photograph of Figure 1.4), designed for a peak heat flux of 1.4 MW m~2 and
an average heat flux of 350kWm™2. A design thermal power of 2.75 MW
could be delivered by the heliostat field.

Figure 1.4: Left: Plataforma Solar de Almeria with the sodium cooled receiver,
which is presented enlarged at the right [26]

A 6-piston steam motor was used to convert the collected thermal power
into electric power with steam at 510 °C and 100 bar and with a net effi-
ciency of 23.5%. Two different receiver designs were tested during the
project: First, a cavity receiver where absorber tubes are mounted within a
casing that limits thermal losses to the environment and which has a win-
dow through which the light is projected. Later, a flat billboard receiver was
tested where the absorber tubes are arranged in a square plane and are ex-
posed to the ambient conditions unprotected. In the latter receiver, the flow

11



1 Liquid metal as heat transfer fluid in solar thermal electricity generation plants

of sodium was directed through five serial panels, which consisted of 39 par-
allel tubes each, the tubes being of an inner diameter of 12 mm and a wall
thickness of 1 mm. Liquid sodium entered the receiver at 270 °C and was
heated to 530 °C at design conditions. Between April of 1983 and August
of 1984 that receiver was operational for 880 hours.

After this testing period under design conditions was completed, a ‘high
flux experiment’ was started in early 1985 in order to test the receiver’s capa-
bilities of operating under increased heat flux of 2.5 MW m~2 and increased
flux gradients [27] — much higher fluxes compared to the capabilities of to-
day’s state-of-the art molten salt receivers, where peak fluxes only slightly
above 1 MW m~2 are applied. A good performance under these conditions
would show the potential of further size reduction. This would generate the
benefits of reduced receiver weight, construction and material costs and re-
duced thermal losses during operation for future receivers. Therefore, a one
aiming point strategy was applied instead of the three point strategy that had
been used previously and which had distributed the flux more evenly across
the receiver.

The peak flux values were slowly increased throughout test phase I in
1985. In the spring of 1986, additional heliostats had been installed so that
during test phase II shortly before August the maximum peak flux of more
than 2.5 MW m~2 was obtained.

On August 18th, 1986 a sodium fire destroyed the facility which occurred
during maintenance work on a valve that required opening its seal weld and
which was located on the pipe between receiver and hot storage tank.

Due to sodium’s violent chemical reaction with water, it generates thick
white caustic NaOH smoke when in contact with air oxygen and humidity
inhibiting access to the fire.

This incident brought the project to an end, demonstrated visibly the risk
that is inherent in liquid sodium. It resulted in a period of about 25 years
with no further attempts globally of using sodium as coolant in solar thermal

tower plants.
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1.3 Liquid metal-cooled solar facilities: promising results

Nevertheless, with all plant components working well, successful receiver
operation was demonstrated during the high flux experiment before the ac-

cident.

1.3.2 The Jemalong Solar Thermal Station

Since 2009 the Vast Solar company in Jemalong, New South Wales in
Australia has conducted research and development for solar thermal power
plants with sodium as the heat-transfer fluid. In 2017, the company com-
missioned a pilot plant with an electric power of 1.1 MW.

That pilot plant® has five separate modules which are connected together,
each consisting of one tower billboard receiver mounted at a height of 27 m
and with one individual heliostat field. Each of these modules delivers
heated sodium coolant to a central thermal storage tank from which a single
steam power cycle is fed. The plant has a total thermal power of 6 MW.

The construction of this plant was delayed by a sodium fire on June 14,
2015 due to a leaking flange beneath the sodium storage tank. The leak-
age could, however, be stopped, the fire extinguished and the construction
continued.

A 50 MW hybrid plant is in the planning with 30 MW contributed from a
solar thermal plant and the balance by a PV plant 3.

1.3.3 The LBE thermal storage test at CSIRO

At Australia’s Commonwealth Scientific and Industrial Research Organisa-
tion CSIRO, LBE was assessed prior to 2015 as a heat transfer and storage
medium in an experimental concentrated solar power plant with a press-

urized air receiver and a solar air turbine [28]. LBE’s performance was

2https://vastsolar.com/portfolio-items/jemalong-solar-station-pilot-1-
imwe/ last accessed: Sep. 20, 2020
3 https://vastsolar.com/portfolio-items/mount- isa/last accessed: Sep. 20, 2020
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1 Liquid metal as heat transfer fluid in solar thermal electricity generation plants

tested at storage temperatures of up to 770 °C, a much higher temperature
compared to conventional concentrating solar power plants.

The test loop featured the solar pressurized air receiver, an air cooler and
the air-to-LBE heat exchanger. It could be put into different modes of oper-
ation, namely a heat storage test mode during which the collected heat was
transferred to LBE and secondly, a heat release mode where that heat was
passed to the air flow and removed in the air-to-air cooler. Thirdly, in the
receiver test mode, collected heat from the receiver was directly removed in
the cooler, by-passing the storage system.

A tube-in-tube counter-current flow heat exchanger, made of Sandvik’s
253MA steel was used to transfer heat from the pressurized air to the LBE.
Stagnant tests in LBE had in a different project identified more corrosion
at 860 °C compared to Kanthal — nevertheless, in spite of 185 um corrosion
depth vs. 7 um in Kanthal APMT under not specified oxygen concentration
values, 253MA was selected for the intended short term operation due to
cost constraints and available welding personnel and equipment. The heat
exchanger consisted of two five meter long straight sections connected by
an U-bend with LBE flowing in the resulting annulus and air flowing in the
inner tube. Controlled LBE flow from the cold tank to the hot tank at the
required high temperatures was successfully generated by differential argon
hydrogen cover gas pressure. The tank levels were monitored with a laser
distance meter and ceramic coated thermal couples. LBE was pre-hated with
resistive electric heaters in SiC-C crucibles to 490 °C and further heated in
the heat exchanger to 770 °C.

The test system was mounted on top of CSIRO’s solar tower with a LBE
volume of 0.190 m>. It was tested at 70 % part load condition with the air at
an inlet temperature of 824 °C was cooled to 605 °C while LBE was heated
from 490 °C to 770 °C. Unfortunately, no experimental but only design mass
flow rates are reported, being 0.728 kgs~! for LBE and 0.105 kgs~! for air.

The authors of the report on this system’s performance were satisfied to

have successfully demonstrated the integration of a liquid metal-based ther-
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mal storage system into the air receiver and air turbine system, indicating
that indeed liquid LBE systems can be designed and operated with available

design tools.

1.4 A Liquid metal-cooled solar tower system study (DLR)

Between 2012 and 2017, the German Helmholtz Association funded the
LIMTECH research alliance worth 20 million Euros in order to amplify
synergies among German research centers seeking improvements in liquid
metal technology. Beside applications such as continuous steel casting, sep-
aration technologies and measurement techniques also the application of
liquid metals as heat-transfer fluids in concentrating solar thermal power
plants was one major research field in this program.

This was motivated by the fact that in many industries liquid metal tech-
nology development had been continued since the receiver tests in Almeria.
This should in principle have improved design methods and operation of
liquid metal cooled solar power plants compared to the past.

The German Aerospace Center DLR participated with a strong back-
ground in STE research and the task of conducting a detailed techno-
economical system study in collaboration with the Karlsruhe Institute of
Technology with its strong background in liquid metal technology. KIT was
supposed to contribute advice and experimental results for the validation of
the simulation results.

At DLR, A. Fritsch performed detailed numerical simulations of solar
tower concepts operated with the state-of-the-art heat-transfer fluid solar
salt compared with liquid sodium and LBE [29]. For the comparison, an-
nual simulations of power plants with an electric power of 125 MW in the
location of Postmasburg, South Africa were performed.

Fritsch assessed plants with a single tower central receiver with a ther-
mal power of 700 MW but also a multi-tower system with five individual

receivers instead of one. Several towers distributed among the same sized
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1 Liquid metal as heat transfer fluid in solar thermal electricity generation plants

heliostat field reduce the maximum distance between the available heliostats
and the receivers. This improves the heliostat field’s efficiency, however, at
the cost of increased piping length and potentially increased tower costs.

All cases consisted of complete plants, including a thermal storage and
power cycle.

For comparability with a reference salt system, the operating tempera-
ture range of the liquid metals was limited to that of the salt system, thus
penalizing the metals which could in principle operate at lower and higher
temperatures than solar salt.

Currently, no state-of-the-art commercial thermal storage system exists
that uses liquid metal as heat storage fluid. A. Fritsch therefore assumed
two-tank molten salt thermal storage for all concepts assessed in the study
at the disadvantage of additional heat exchangers in the liquid metal plants
required to transfer heat to the salt thermal storage system.

Fritsch found a cost reduction potential in his sodium operated single-
tower concepts of up to 16 % compared to state-of-the-art solar salt systems.
This reduction is achieved due to reduced parasitic losses from pumping and
trace heating and due to reduced manufacturing costs of the receiver, which
can be built much smaller and lighter than for the use with molten salt.

For multi-tower arrangements, cost reduction potential of more than 8 %
is obtained for sodium. This results again from strongly reduced receiver
costs.

For LBE, Fritsch found a cost reduction potential of up to 6 %.

General advantages identified in these studies include that during design
operation, sodium’s Reynolds number is approximately ten times larger than
that of solar salt. That Reynolds number is linear with the power input so
that turbulent heat transfer is maintained even at operating conditions where
solar salt attains laminar flow already. The use of sodium allows further-
more a receiver design with fewer serial panels. This results in significantly

reduced flow transit times which leads to benefits in the receiver control.
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2 The SOMMER project: Re-evaluation of
liguid metal solar technology

After excellent results had been generated in Almeria and before the catas-
trophic failure had occurred, a report on the experiments at design condi-
tions was published [26, p1.-3]. It states that at the start of the plant design
process, everyone had expected to be able to demonstrate a power plant in
commercial scale. During the process, everyone had then realized that this
could not be achieved. Rather, ‘prototype plants’ had been tested instead
in the view of the authors. After the completion of these tests, they had
expected that, with the lessons learned throughout the project, commercial

plants could now be developed.
Is this still true today, a quarter of a century later?

By now the practical experience collected by individuals in these exper-
iments has probably been dismissed to retirement. The state of knowledge
once established is most likely lost except for what was written in reports.
On the other hand, knowledge in liquid metal technology has improved in
other technical fields since then, making new efforts in applying liquid met-
als to solar thermal power generation very promising. The successful im-
plementation of the experiments at CSIRO and the demonstration plant by

Vast Solar may support the latter statement.

The fact that the promising nature of liquid metals in STE once seen in
Almeria has a theoretical cost reduction potential today, as identified in the

system simulation by A. Fritsch, justifies more efforts.
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But could we actually build commercial metal-cooled plants today, as
it is intended by Vast Solar, or will we have to recognize, too, that more
prototype plants are first required to re-learn the skills?

It is the intention of this work to provide answers to this question. An
experimental solar powered liquid metal loop is therefore designed, build
and operated.

Small model testing is convenient when critical effects during operation
can only be predicted with difficulty or uncertainty with the available design
tools. Furthermore, it provides great operational flexibility. Finally, only
through testing, unexpected operation difficulties can be revealed.

One example of difficult-to-predict effects that arise in the model receiver
are those from the non-uniform heat flux boundary condition, both in axial
and circumferential direction present in solar thermal receivers. Forced and
natural convection losses as well as thermal radiation losses super-impose
these effects and make them difficult to distinguish in large-scale receivers.
These losses can be suppressed in the experimental model setup in order
reveal the impacts of the different simultaneously present boundary condi-
tions. Since there is no significant negative impact of freezing coolant on
the project success, the model receiver can be operated at low temperatures
thus reducing natural convection losses and thermal radiation losses.

In contrast to the CSIRO project, which aimed at solar air turbine tech-
nology, in this work design tools, the process technology and the liquid
metals’ performance under direct solar irradiance in tubular, liquid cooled
central receivers are re-assessed.

In spite of the fact that commercial activities applying sodium as heat-
transfer fluid have been picked up recently, the need for public experimental
work persists: the details on the technology applied and the operation expe-
rience from those privately conducted facilities is likely to be kept secret as
the company’s intellectual property.

Vast Solar, interested in commercial operation is furthermore not likely

to apply extreme operating conditions such as flux density and outlet tem-
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perature to their equipment. Only in laboratory conditions such conditions’
impact can be assessed safely.

More public information on the design process and the operation is re-
quired, as even public works often don’t provide a complete picture. For ex-
ample, the ASME conference publication on CSIRO’s LBE storage system
test [28] does, unfortunately, not contain detailed thermal-hydraulic design
targets as, for example, heat transfer coefficient values. The conclusions are
not based on a clear figure-of-merit success or failure criteria which enable
to scientifically judge LBE’s performance.

It is therefore necessary to conduct experimental work in order to regain
lost experience in liquid metal technology for solar thermal power genera-
tion, to validate the findings reported in the earlier demonstration systems
and the predictions based on numerical simulations, to complement public
experimental findings, to demonstrate technological advancement that has
occurred in the mean time and, finally, to identify potential further demand
for research.

This task was given to KIT’s liquid metal laboratory within the LIMTECH
framework. Its execution is described within this thesis.

The main focus is on the coolant performance in the thermal receiver,
as this component must operate under the most critical conditions in the
coolant cycle of solar power plants. This performance is theoretically as-
sessed in terms of thermal-hydraulic behavior, operation limits and cost-
contribution factors associated with the coolant operation.

The experimental loop’s scope is slightly broader: Three receiver op-
eration targets are specified: Operation at average heat flux of more than
1 MW m~2 at an outlet temperature of 600 °C and at a Reynolds number in a
range which will be present in commercial-scale receivers. Its value is to be
determined in this thesis. All three targets shall simultaneously be obtained
during the loops’ operation.

Besides this general demonstration of a working principle, the receiver’s

thermal efficiency and the liquid metal’s heat transfer performance in straight
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2 The SOMMER project: Re-evaluation of liquid metal solar technology

receiver tubes is studied as careful and as detailed as possible within the
constraints of the experimental setting.

Also, the receiver outlet temperature shall be kept constant under the
fluctuating nature of the solar power source. It must be demonstrated that
knowledge in liquid metal technology enables to design the remaining LBE
loop’s components, namely the pump, the heater and the cooler appropri-
ately in order for this difficult control task to be achieved.

The limitation of the scope on the thermal receiver’s performance is jus-
tified by the parallel works executed within the LIMTECH alliance: DLR’s
simulation system studies cover all conventional plant components which
can be maintained if liquid metal replaces solar salt in the coolant loop.

One major plant component which is directly influenced by the selec-
tion of the primary coolant is the thermal storage. In spite of the fact that
direct two-tank storage solutions have been applied in the Almeria experi-
ments and that two-tank storage is today applied by Vast Solar, these have an
economical disadvantage compared with direct molten salt storage systems.
Therefore, such a direct thermal storage system has not been introduced into
the experimental loop.

At KIT, in parallel to the work presented here, instead Klarissa Nieder-
meier numerically assessed additional storage options for plants using liquid
metal in the primary coolant loop. She identified the economic competitive-
ness for direct liquid metal based storage systems in solid particle packed
beds [30], [31]. If these particles are cheap, the costs for using sodium are
reduced to the same level as when salt is used in these packed beds.
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3 LBE: dense, hot and brilliant?

In spite of sodium having already proven its outstanding performance in cen-
tral receivers, there has also been demonstrated its inherent operational risk,
making the identification of alternative HTFs, beyond solar salt’s limits, a
requirement. Consequently, the following sections discuss several criteria
for heat-transfer fluids and specifically for the case of LBE, which has had
limited application in STE systems. Wherever suitable, the properties of
LBE are compared to those of sodium and solar salt, which is currently the
state-of-the-art heat transfer and direct storage fluid.

Lead and bismuth exhibit a melting point of 125 °C if mixed in the eutec-
tiic composition, i.e. at mass specific 44.5 % Pb and 55.5 % Bi. This eutectic
mixture is then liquid in a very large temperature interval up to 1638 °C [32]
and has a high thermal conductivity and low viscosity. It can be pumped
and be used as coolant in heat transfer devices while being chemically sta-
ble throughout this range.

LBE has been selected for this demonstration for the following reasons:

* LBE has attracted only little scientific interest for the application in
STE in the past. A systematic assessment of its suitability including

theoretical and practical experience is missing in literature.

* Sodium’s inherent operational risk was clearly demonstrated in the
Almeria fire. Therefore, strong concerns exist in the solar thermal
community against taking it into consideration for commercial oper-

ation again. LBE is free of this risk.
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» Experimental work benefits from this passive nature of LBE as well.
For example, re-configuration of a once-established LBE loop for new

experiments is facilitated.

* LBE has the heat transfer characteristics typical for liquid metals that
result from their very high thermal conductivity. Experience obtained
with LBE provides a strong basis for the application of other liquid

metals.

This selection was made in spite of several indicators that predict inferior
performance of LBE compared to sodium and even to solar salt in many
aspects. For example, the authors in the CSIRO report on LBE test, Kim
et al. [28] note that LBE’s density and costs make an application in high
capacity storage systems unlikely, although the expected good heat transfer
characteristics were validated in the tests. The following sections of this
thesis will add further limitations of LBE in the context of STE.

Nevertheless, in spite of these constraints and the material cost A. Fritsch
found a cost reduction potential for LBE compared to solar salt. This jus-
tifies the selection of LBE for demonstration purposes even if LBE will be

used only in the receiver in combination with molten salt storage systems.

3.1 LBEFE’s thermo-physical properties and their impact on its
cooling performance

The physical properties of LBE, sodium and solar salt which are most im-
portant for the thermal-hydraulic design of central receivers are shown in
Figure 3.1, plotted over the temperature.

These properties are the density, the heat capacity at constant pressure, the
thermal conductivity and the dynamic viscosity. The properties of solar salt
and sodium are plotted approximately within their operating temperature

ranges, thus, where they are liquid. LBE’s liquid temperature range is larger
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Figure 3.1: Thermo-physical properties of solar salt, LBE and sodium in the appli-
cable temperature ranges of the property correlations within the liquid

state temperature ranges. Correlations for sodium are obtained from
Ref. [33], for LBE from Ref. [32], and for solar salt from Ref. [23].
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than shown, it is of the three coolants thus the fluid with the highest boiling
point.

Average values of these and additional properties are listed in Table 3.1.
They are averaged in the temperature range of 301.85 °C to 596.85 °C which
can be viewed as a potential range of operation in a solar thermal power
plant.

Of all three fluids sodium has the highest thermal conductivity, being
more than 100 times that of solar salt. LBE ranges in-between with val-
ues more than 20 times that of solar salt. Due to generally low dynamic
viscosity values of LBE and salt and a very low value of sodium the liquid
metals differ significantly from solar salt in their value of the Prandtl num-
ber which is for both metals much lower than 1. This fact strongly impacts
the metals’ heat transfer behavior and makes their special treatment during
the design of heat transfer devices a requirement.

In flows of the same Nusselt number and the same diameter the liquid
metals’ convective heat transfer coefficient is much larger than that of so-
lar salt. On the other hand, at identical values of convective heat transfer
coefficient the conductive heat transfer is dominant in liquid metals.

LBE’s density is significantly higher and its mass specific heat capac-
ity is significantly lower compared to solar salt and sodium. Both prop-
erties are more or less constant with the temperature for all fluids. The
volume specific heat capacities of LBE, sodium and solar salt are, respec-
tively and at 7 = 700K: 1.088 x 10 Jm3K~!, 1.45 x 10 Jm3K~! and
2.76 x 10 Tm—3K~!. Thus, beneficial effects from LBE’s high density are
diminished by the low mass specific heat capacity and sodium’s high heat
capacity cannot make up for the negative effects of its low density. Both are
consequently less suitable for direct thermal storage than solar salt.

LBE’s high density further leads to several mechanical issues in large-
scale receivers: Its high static pressure leads to a large thickness of the tube
wall. Under thermo-mechanical stress and strain due to the fluctuating high

solar flux this wall thickness reduces the lifetime compared to salt or sodium
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Table 3.1: Physical properties of solar salt, liquid sodium and liquid LBE averaged

in the temperature range of 575 K to 870 K (301.85 °C to 596.85 °C).

Correlations for sodium are obtained from Ref. [33], for LBE from Ref.

[32], and for solar salt from Ref. [23].
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3 LBE: dense, hot and brilliant?

receivers [29]. The receivers are installed on top of towers, in the case con-
sidered by Fritsch [29] with a height of more than 200m. On the tower
base static pressures of more than 200 bar result. The respective riser and
downcomer tubes require significantly large wall thickness, deemed to be
too unlikely to be applied by Fritsch to further consider such a case. Instead
the case of a small LBE loop with a metal to salt heat exchanger on the top
of the tower has been assessed.

This case resulted in a reduction potential for the levelized cost of elec-
tricity generation ( LCOE) of up to 6% compared to the reference case with
salt, mainly due to the possibility to reduce the aperture area (cheaper con-
struction cost) and to operate at increased heat fluxes. Despite the reduction
of the receiver size by almost the factor of two the coolant-filled LBE re-
ceiver is nearly four times heavier than the salt receiver. Such a significant
weight addition may result in increased cost of the tower structure itself.
This impact is not assessed by Fritsch and is thus not included in the result
of 6% reduction of LCOE.

Does the metals’ high thermal conductivity make them superior coolants?
Heat transfer to a coolant flow is an irreversible process and thus associated
with the generation of entropy. That generation of entropy is proportional to
the destruction of exergy and thus the destruction of the potential to perform
work. A good coolant should therefore allow heat to be transferred with low
generation of entropy.

This property was assessed under conditions typical for concentrating so-
lar thermal central receivers for the three coolants solar salt, sodium and
LBE. The approach of an entropy generation minimization study as pro-
posed by Bejan [34, pp.78—82] and the results of that study are described
in more detail in Ref. [35]. It is based on an algebraic minimization of the
two additive contributions to entropy generation, namely the dissipation of
pumping power on one hand and the temperature mixing along the radial
temperature gradient between inner tube wall and bulk flow. By increasing

the rate of turbulence in the flow i.e., by increasing Reynolds number, the

26



3.1 LBE’s thermo-physical properties and their impact on its cooling performance

radial temperature difference is decreased, however, at the cost of increased
pressure drop and increased requirement for pumping power. There exists
one unique Reynolds number for such problem where the sum of entropy
generation from both contributions is minimized.

Heat transfer devices have to be designed to operate at this optimum
Reynolds number. Then, they operate then at their highest efficiency. At
this condition different coolants’ efficiency can be compared.

The pumping power requirement is in fact a significant individual cost
factor of different coolants. Fritsch [29] found that the annual financing
costs of the receiver coolants are much lower than the annual operating
costs, dominated by the pumping. In case of LBE the former make up for
1.1 % due to LBE’s high price and the latter make up for about 1.3 % of the
total annual financing costs due to its high density, viscosity and low heat
capacity. In comparison, the financing costs of solar salt make up for way
less than 0.1 %.

Figure 3.2 shows the dimensionless entropy generation number! Ng of
solar salt, sodium and LBE for the case of turbulent tube flow with uniform
heat flux at a thermal power of 660kW and an axial temperature increase
of 275 K over a range of Reynolds numbers. When looking closely at the
optimum Reynolds numbers, that is, where the entropy generation is min-
imized, LBE shows a slightly higher generation of entropy than solar salt.
At these conditions LBE is therefore not better suited as a coolant than so-
lar salt. More detailed explanation of Ng and the applied methodology are
given in Ref. [35].

The fact that LBE is comparably efficient in spite of its high pumping
effort is due to its high thermal conductivity which compensates the entropy
generation from pumping. This concludes that the high value of thermal
conductivity alone is not a sufficient indicator of great performance as heat-

transfer fluid. LBE’s high density and low heat capacity nearly eliminate

! That is the rate of entropy generation S'gen normalized by the transferred thermal power Q and
the average tube temperature Ty,
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Figure 3.2: Calculated entropy generation numbers of solar salt, sodium and LBE.
Top: all fluids operating in the same temperature range. Bottom: out-

let temperature of LMs raised to 800 °C, whils salt is still working in

previous range.[35]

the benefits arising from a high thermal conductivity while sodium features

property values which enhance the good performance.

In case the outlet temperature is raised for the liquid metals under oth-
erwise identical conditions the liquid metals operate optimally at reduced

Reynolds number and reduced entropy generation. LBE is then in principle

able to operate at slightly lower entropy generation than solar salt.

Sodium is able to operate at much lower generation of entropy than the

remaining two coolants in both cases.
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3.2 LBE’s availability

Figure 3.3: Left: Naturally occuring lead in rare form of hoppered growth crystal
found in the Langban Mine in Sweden (5 cm length). By Rob Lavin-
sky?; Right: Bismuth crystal with iridescent thin oxide layer, (about
3.5cm length). By Dschwen?.

3.2 LBFE’s availability

While LBE was easily obtained in the required amounts and at reasonable
costs for the SOMMER facility with a thermal power of 10 kW (it was taken
from an existing loop), this must not be the case for an intended use in
large scale applications. Current conventional tower plants typically have
an electric power output of 100 MW to 150 MW [29].

Boungiorno [36] compared the cost of LBE with those of pure lead,
sodium and heavy water to be used in a LBE cooled fast nuclear reactor. He
found that LBE has costs higher than sodium and pure lead and lower than
heavy water. He expected that the advantages inherent in LBE would lead to
simplifications in the plant design which would compensate the additional
cost of LBE. However, it is not certain that LBE will lead to simplifications

in the design of a solar tower.

3 Image by Lavinsky: SiRocks.com, https://de.wikipedia.org/wiki/Datei:Lead-
288819.jpg — CC-BY-SA-3.0, https://creativecommons.org/licenses/by-sa/3.
0/deed.deLast accessed: Sep. 20,2020

3 Image by Dschwen:https://commons.wikimedia.org/wiki/File:Bismuth_crysta
1_macro. jpg, CCBY-SA 3.0, https://creativecommons.org/licenses/by-sa/3.0/
deed.enLast accessed: Sep. 20,2020
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The following example shall provide a reference case to help determine
whether there is a sufficient availability of lead-bismuth eutectic with a mass

specific composition 44.5 % of lead and 55.5 % of bismuth:

A six hour two-tank direct storage system for the delivery of a thermal
power of 700 MW to the power block would require a mass flow rate of
LBE* of 19094 kgs~!. The storage would have to contain 412439 tons of
LBE at 550 °C to be cooled down to 290 °C in the steam generator. This
amounts to 183535 tons of lead and 228903 tons of bismuth. Is this too
much with respect to the global resources and markets and is it commercially
feasible?

Lead concentrations in the earth’s crust high enough to economically ex-
tract pure lead from them exist in association with zinc, silver and copper
deposits in Australia and China and other countries and amount to more than
2 billion tons globally [37]. The reserves® are 89 million tons. The global
mine production in 2015 was 4.7 million tons while the global refined lead
production of that year was expected to be 10.9 million tons by the Interna-
tional Lead and Zinc Study Group [39]. China and Australia have the largest
mine productions with 2.3 million tons and 0.6 million tons respectively an-
nually [37]. The global production rate equaled the global consumption rate
in 2015. For example in the United States, lead is used mainly in the lead-
acid battery industry for the automotive industry and for stationary standby
power sources [37]. In 2015 the U.S. consumed 1.62 million tons of lead
apparently, 69 % of which was secondary lead, meaning it was recovered

-1

from old scrap. That year the average price of lead was 1.83 $kg™" while

in October 2014 it had been 2.04 $kg~! [37]. In Germany, according to the

4 LBE has a heat capacity of 141Jkg~'K~! at 873.15K (600 °C). Properties of LBE can be
found in Table 3.1 on page 25 and in Figure 3.1 on page 23.

3 ’Reserves’ are defined as the part of identified resources which are available at a minimum
required grade, quality, thickness, and depth in terms of mining practices and the extraction of
which is economically feasible at the time of the resources’ discovery [38].
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3.2 LBE’s availability

Genesis database of the German ’Statistisches Bundesamt®’, for the year
2015 the lead imports of 56347 tons in Germany happened at an average
price of 1.82$kg™!.

Bismuth is approximately twice as abundant as gold in the earth’s crust
and much rarer than lead. Bismuth is often contained in lead ore and there-
fore a by-product of lead production. In other countries it is also a by-
product of tungsten production and other metal ore processing. In 2015 the
estimated world wide mine production of bismuth was 13600 tons. There
are reserves of 370 thousand tons [40], thus two orders of magnitude smaller
than those of lead. 1504 tons of bismuth worth 23 million USD were appar-
ently consumed in the U.S. in 2014, two thirds of which used in chemicals
for cosmetics, industrial laboratory and pharmaceutical applications [40].
Lead consumption is therefore one thousand times higher than bismuth con-
sumption in the U.S. Bismuth is also applied in ceramic glazes, crystal ware
and pearlescent pigments and can serve as replacement of lead in metallur-
gical applications, such as in brass, steels solders and other applications.
Since lead was banned from drinking water fixtures and pipes, bismuth has
gained market share in lead-free components of water pipe networks. Other
applications include bismuth as triggering mechanism in fire sprinklers, op-
tical lens manufacturing and semi-conductor production. According to Ref.
[40] at the end of 2014 the price of Bismuth was 13.66 $kg’1 after it had
been 24.03 $kg~! at the beginning of 2014. This was due to two factors:
the first one being a financial crisis of a metal exchange company that froze
traders’ accounts and the second one a suspended investment product that
was unable to deliver the guaranteed annual returns to holders.

The German ’Statistisches Bundesamt’ states a German import in 2015 of

bismuth and bismuth products of 839 tons at an average price of 14.95 $kg~!.

© which can be publicly accessed here: https://wuw-genesis.destatis.de/genesis/
online/logon?langunage=en,, last accessed: Sep. 20, 2020. The commodity classification
ID for raw lead is 7801, for bismuth and bismuth products it is 8106
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The resulting price of LBE, based on the values of the end of 2014 from
Ref. [37] and Ref. [40] is approximately 8.5 $kg .

The amount of 183 535 tons of lead and 228903 tons of bismuth for a six
hour storage of a single power plant would represent 15 % of the annual U.S.
secondary refinery production of 2014 of lead and 62% [37] of the world’s
known reserves of bismuth! Bismuth is clearly not available in sufficient
amounts to make storage in LBE possible. Even if it was, the costs under a
cost assumption of the above mentioned 8.5 $kg~! (2014) result in storage
fluid costs of 3.5 billion U.S. Dollars!

To put this value in perspective with regard to alternative heat-transfer
fluids: under identical assumptions for the storage capacity and temperature
range, the cost for the fluid alone in a two-tank direct storage for sodium
are 91.4 million U.S. Dollars and 50 million U.S. Dollars for solar salt.
(At 2$kg~! for sodium [41] (Prices vary; according to Genesis between
2015 and 2018 sodium’s average import price to Germany increased from
2.4%$kg ! t02.87$kg")” and at 1.3 $kg~! for salt [42].)

Clearly, the cost for using LBE in that storage concept would lead to a
value much too high to be economically feasible.

Even in packed bed direct storage systems as assessed by Niedermeier
LBE is too expensive to be used. Niedermeier [43] assumed mass specific
costs of LBE to be 12 times higher than of salt and four times higher than
of sodium identified for a storage working in the range between 290 and
565 °C that this storage is 21 times more expensive than with solar salt and
17 times more expensive than with sodium.

Due to the high price of the fluid it is more likely that only the receiver can
be operated with LBE. Thermal storage will be done with other media. The
tubes in a thermal receiver with a thermal power of 700 MW power® contain
about 34 m3 of LBE which, at costs of 8.5 $kg’1, amounts to 2.86 million

7 The commodity code for sodium in the German Genesis database is 280511
8 Assumed here are tubes with 60 mm outer diameter and an average flux on the receiver of
IMWm~2 Mw/m?
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3.3 LBE’s safety

U.S. Dollars. While that amount represents an insignificant share of the
annual mine production of lead, such receiver would consume about 1.4 %
of the annual mine production of bismuth. For the riser and downcomer
tubes, the heat exchanger/steam generator as well as for the pump sumps
and drainage tanks additional fluid will be required. Sufficiently long-term
planning of the bismuth purchase is likely to be required, especially in case
a larger number of plants shall be installed. This is even more important as
there have been strong fluctuations observed in the bismuth price in the near
past due to actions of some of the few actors in the bismuth market.

3.3 LBEFE’s safety

The historic severe accidents have demonstrated the significant damage po-
tential of liquid sodium in contact with air and moisture. Solar salt bears
small operation risk due to its being a nitrate mixture and nitrates being ox-
idizing agents. Thus, when in contact to organic material, such as mineral
oil ignition, combustion and even explosion may result [44]. This makes the
integration of molten salt storage systems in parabolic trough plants with
thermal oil as HTF problematic if an oil-to-salt heat exchanger is required,
but this is not problematic for central receiver systems.

LBE in contact with the ambient atmosphere shows a low reaction-
enthalpy oxidation. Its main risk for humans is due to its potentially harmful
temperature when leaking. This risk can largely be mitigated by collecting
grooves in which leaked fluid can be detected automatically.

Furthermore, bismuth is no serious health risk but lead is highly toxic.
Therefore its inhalation, ingestion and absorption into the body must be
prevented. Airborne lead, for example as dust, bears the threat of being
inhaled and then absorbed to the blood stream in the lungs.

During plant operation in STE application the LBE is contained in the
loop and no exposure to lead and lead vapor occurs on a regular basis. Only

during initial filling and during regular maintenance works contact is possi-
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3 LBE: dense, hot and brilliant?

ble and special attention has to be paid to safety. An overview on existing
labour regulations for lead work is compiled in [32, p.910].

An exceptional event in LBE loops with potential formation of lead-
containing dust and fumes is that of a spray leakage in tubes, fittings or
instruments uncovered from insulating material.

Overall LBE is considered to be much safer for experimental works and
therefore selected as the heat-transfer fluid for the SOMMER loop.

3.4 LBE’s corrosion behavior

Typical structural steels may suffer from corrosion in LBE [11]. The alloy-
ing elements of steel have different solubilities in LBE, are susceptible to
react with non-metallic impurities in the flow and can be removed from the
steel matrix by forces that result from high flow velocities and mechanical
impact. Respectively, corrosion therefore can simultaneously occur con-
trolled by dissolution, oxidation, erosion corrosion and fretting corrosion.

By superficial and intergranular dissolution alloying elements are re-
moved from the structural steel. The potential for dissolution is high at
high temperatures where a higher solubility for the alloying elements oc-
curs. The dissolved elements may then be deposited on surfaces with low
temperatures in the system.

Oxidation can prevent the dissolution attack on structural steel. It is an
important strategy to prevent corrosion in LBE to control the oxygen con-
tent.

The structural material can be eroded from high-velocity flow of LBE.
High shear stresses can strip a protective oxide layer away. And the renewal
of the oxide layer on the underlying steel can accelerate the degradation.

Vibrations of the surfaces in contact with LBE can destabilize the corro-
sion barriers as well. Erosion and fretting corrosion can both enhance the

dissolution attack.
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3.4 LBE’s corrosion behavior

Oxides of the coolant form when the oxygen content is higher than the
solubility. The upper solubility limit of oxygen in LBE is given by the satu-
rated oxygen concentration C§

log Cj (i) = 2:25 — 4Tl£, 3.1)
(¥)
for the temperature range 400°C < T < 740°C [32],[45],[46]. The main
oxide formed in LBE is lead monoxide PbO.

As long as the oxygen content is below this maximum value no coolant
oxide is formed. On the other hand a stable oxide film is desired on the inner
tube wall formed with elements of the steel structure. Such a film inhibits the
dissolution of elements, primarily nickel and iron from the steel matrix into
LBE. This requires a minimum oxygen concentration in the flow, if stain-
less steels are used. At oxygen concentrations too high, however, an oxide
layer on the wall grows rapidly and causes degradation of the structure. The
element first to release oxygen to lead at low oxygen concentrations in the
coolant is iron. The oxygen concentration at which this occurs is

10465

3
IOgCO,min(wt.%):_ZIOgCFe,(Wt.%)+2~28_ T’ (3.2)
K

with,

4380

—2.01—
Tik)

log Cp,s , (3.3)

,min (wt.%)

in a temperature range 550°C < T' < 780°C [32].

In a system where the hottest surface has a temperature of 7 = 650°C as
in the SOMMER receiver the lowest weight specific oxygen concentration
is Comin = 1 X 1077 %.

Because of these limits LBE can be operated only within a constrained
temperature and oxygen concentration window. With an increasing max-

imum operation temperature the oxygen content must increase to prevent
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Figure 3.4: Oxygen concentration limits in LBE as a function of the liquid solid
interface temperature. The upper concentration limit (red solid line)
indicates the oxygen concentration at which lead oxide is formed be-
cause the saturation concentration is reached [45]. (The dotted red line
extends the plot to temperatures outside the applicable range of the
correlation.) The blue dashed line indicates the lower limit of oxygen,
just enough to prevent iron oxide to release the oxygen ion to the lead-
bismuth [32]. Frames A,B and C indicate operation windows at dif-
ferent temperature levels and oxygen concentration levels known with
varying uncertainty.

the removal of the protective oxide film on hot surfaces. That oxygen con-
centration, however, prohibits low temperatures where lead oxide is formed.
Of the temperature range throughout which LBE is liquid therefore only a
reduced portion can be utilized during operation. Figure 3.4 shows such
windows for operation between 570 K and 920K in a black dashed frame
(A) and between 500 K and 920 K in a solid black frame (B). The wider the
window is defined the less tolerance exists for the oxygen concentration in

order to prevent corrosion.
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3.5 Heat transfer: Nusselt number calculation

For operation in the SOMMER facility the LBE should be saturated with
oxygen before start-up by adding lead- and bismuth oxide pellets to the
sump tank. After sufficient time equilibrium can be achieved. The tem-
perature at which this saturation must be attained depends on the desired
highest temperature during operation: When LBE is saturated at 450 K with
Comin = 1 X 10~7 % it could be heated to 920 K under the assumption that
the oxygen is exactly at equilibrium. (This operation *window’ is indicated
in Figure 3.4 with a black thick solid line.) If one assumes uncertainty in the
concentration value of about one order of magnitude the maximum tempera-
ture is 800 K (indicated by frame C). In order to allow for a peak temperature
of 920K the saturation would have to be performed at 570K (frame B). If
the uncertainty in the concentration value is assumed to be two orders of
magnitude the black dashed frame A indicates the operational window and
saturation would have to be performed at 570 K. With this safety margin
applied, LBE’s theoretical asset of a large operational temperature range is
lost at the lower temperature end: No benefit exists to solar salt, which has
a melting point of 560 K because both fluids require trace heating at at least
560 K. Maximum process temperatures above 920 °C will require an even

higher minimum temperature.

3.5 Heat transfer: Nusselt number calculation

While the liquid metal technology is quite mature regarding its application
in nuclear power generation, the same does not automatically hold for its
application in solar thermal power generation. Different thermal conditions
arise, most prominently the fluctuating and cyclic nature of solar power in-
put.

Also the intended magnitude of local heat flux and the non-uniform expo-
sure of cooled elements to this flux make significant differences to state-of-
the-art liquid metal operation. Therefore, existing design tools are assessed

for their applicability in solar receiver design in the following section.
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The scope of this assessment is limited to engineering correlations for
basic design. Available numerical methods such as CFD for detail engineer-
ing are not considered. Existing methods that account for the low Prandtl
number fluid dynamics are, however, described in Ref. [32] and have been
applied in the context of this project, for example in Ref. [47].

Numerical methods for the assessment of mechanical stability are as well
beyond this work’s scope as their application is not specific for liquid metal
heat-transfer fluids. These methods, such as finite element analysis use ther-
mal boundary conditions as an input. These conditions again result from
liquid metal thermal-hydraulics, which are therefore carefully considered.

Liquid metal’s thermal-hydraulic behavior is different from ‘conven-
tional’ fluids because of their Prandtl numbers, which are much smaller
than unity.

In the nuclear industry, research has therefore been conducted in the past
and generated broad knowledge of the liquid metals’ thermo-hydraulic be-
havior in a variety of flow scenarios, for example, laminar and turbulent,
wall-confined, free-surface or two-phase flows under forced, mixed or nat-
ural convection, fully developed or developing [32]. Much of the existing
experience and knowledge can be found in the OECD/NEA’s’ Handbook
on Lead-bismuth Eutectic Alloy and Lead Properties, Materials Compati-
bility, Thermal-hydraulics and Technologies [32]. It will be called 'LBE
handbook’ in the following.

For the design of solar receivers mainly mixed- and forced-convective,
single-phase flow in circular tubes under a developing and fully developed
velocity profile and developing temperature profile are required. Most of
these conditions are also met in additional components of the HTF cycle in
a solar power plant such as heat exchangers or steam generators.

Their small Prandtl numbers cause a scale separation of the flow’s bound-

ary layers of velocity and temperature and the assumption of a constant tur-

9 Organisation for Economic Co-operation and Development / Nuclear Energy Agency, oecd-
nea.org
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3.5 Heat transfer: Nusselt number calculation

bulent Prandlt number close to unity (Reynolds analogy) does not hold. On
the contrary, the thermal boundary layer is of greater thickness than the vis-
cous layer and molecular conduction remains significant in relation to eddy
conduction of heat in turbulent flow up to high Reynolds numbers. Liquid
metals therefore require correlations for the prediction of the average turbu-
lent Nusselt numbers for uniform heat flux different from those for constant
wall temperature boundary conditions.

For laminar flow, on the other hand, the classical Nusselt number val-
ues for uniform heat flux (Nu = 4.364) or uniform wall temperature (Nu =
3.6568) can be applied, as they are independent of the Prandtl number [32,
p-6571].

3.5.1 Forced turbulent convection in fully developed flows

Some of the existing correlations for constant heat flux can be applied for
all liquid metals, including for example, mercury or alkali metals such as
sodium and sodium potassium alloy. However, some correlations are par-
ticularly suited for specific liquid metals [48]. In a comparitive study of
correlations and experimental data conducted by Pacio et al. [48] 93.3% of
the data of lead and lead-bimuth eutectic resided within +20 % of the pre-
dicted values by the correlation of Lubarsky and Kaufman [49]:

Nu = 0.625 - (RePr)®, (3.4)

For sodium, 83.3 % of the samples reside within +20% of a correlation
by Chen and Chiou [50]. However, only 67% of the samples of all metals
considered resided within +20% of a correlation by Skupinski et al. [51]
which is best suited for all liquid metals.

The correlations were tested only for data with Reynolds numbers above
10 x 10* to account for the fully turbulent regime. For LBE this corresponds
approximately to Peclét numbers above 160. Within the data base used in
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Figure 3.5: Nusselt values according to the correlation by Lubasky and Kaufman
(solid black line) and Kutateladze [52](dashed red).

the assessment by Pacio et al. the five available data sets for LBE showed
less scatter among each other compared to other groups of metals, indicat-
ing potentially good data quality. However, while the presented correlation
represents the data of LBE well within that assessment it includes no data
set of LBE at Reynolds numbers higher than 1.92 x 10° and Peclét numbers
above 5 x 103. In contrast, for sodium data of up to Re = 2 x 103 and for
NaK even up to Re = 8.79 x 10° have been used.

The LBE Handbook on the other hand suggests a different correlation for
LBE, namely one developed originally for sodium by Kutateladze [52] :

Nu = 5.940.0015 - (RePr)?® (3.5)

These two correlations of Kutateladze and Lubarsky and Kaufmann agree
well in the range of underlying LBE data, however, at higher Reynolds num-
bers they strongly deviate. This is relevant since it is expected that Reynolds
number even higher than 5 x 103 will be obtained in solar thermal receivers.
The deviation is shown in Figure 3.5 where the Nusselt number according to
both correlations is plotted over a range of Peclét numbers that correspond
to Reynolds numbers between 1.2 x 10% up to 7.3 x 10° for LBE at 400 °C,
approximately.
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Which one to use at high values of Reynolds? Among all correlations as-
sessed by Pacio et al. [48] and the LBE Handbook [32] the one by Lubarski
& Kaufman [49] is one of only two with a power of 0.4 applied to the Peclét
number. In contrast, the vast majority applies a power of 0.8 and greater to
the Peclét number. Since that power dominates at high Peclét number val-
ues and can even be found in correlations for common fluids as well (e.g. in
the Dittus-Boelter correlation [53] (3.27)) and since turbulent heat transfer
is increasingly dominant at higher Reynolds numbers making the flow in-
creasingly ’common’ the correlation by Kutateladze [52] may be the more
appropriate choice.

The cause for the general deviations of correlations for different liquid
metals — even in the lower ranges of the Peclét number — is believed to be
related to differences in the experimental setups and experimental difficul-
ties:

For example, the establishment of the intended heat flux boundary con-
ditions and the uncertainty in the measurement of small temperature differ-
ences in literature is not of consistent quality and reliability. Indeed, differ-
ent liquid metals show individual partial or no-wetting characteristics that
inhibit the heat transfer at individual degrees. It may also lead to the trap-
ping of gas in non-wetted wall cavities that can locally reduce heat transfer
rates by up to 40 % [32]. Also the development of growing oxide layers
and deposition of impurities on the wall can individually influence the heat

transfer.

3.5.2 Mixed convection

It is generally assumed that buoyancy affects heat transfer in liquid metals
‘over a wider range of flow parameters than in other fluids ’[32].

Due to the relatively thick temperature boundary layer in liquid metal
flows buoyant effects occur in a greater distance than in higher-Prandtl num-

ber flows [32]. Consequently, buoyancy effects have been observed in LBE
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flows up to Reynolds numbers of 1.1 x 103 in upward flow for uniform heat

flux.

The Richardson number: G
Ri=—;, (3.6)

Re?
can be used as an indicator whether or not natural convection plays a sig-
nificant role in the heat transfer process. For Ri >0.002 natural convection

influences heat transfer in vertical and horizontal liquid metal pipe flow [32].

According to experimental data for upward flow in an annulus by Marocco
et al. [54] the velocity profiles are influenced by the heat flux density at low
Reynolds numbers of Re ~ 6.67 x 10* and lower, indicating mixed convec-
tion. For example, when heated the Nusselt number was up to two times
greater compared to the case without significant heating. This observation
of enhancement of heat transfer through buoyancy is backed by experiments
by Jackson et al. [55], [56]. The experiments indicated differences to fluids
with Prandtl numbers near unity, for example regarding the transition be-
tween forced and mixed convection and the impact on the Nusselt number

when buoyancy dominates.

Other work has been done, for example by Sviridov et al. [57] and
Belyaev et al. [58], who investigated mixed-convection mercury flow in
uniformly heated horizontal tubes, finding increased values of perimeter-
averaged Nusselt number when buoyancy is present versus the prediction
of correlations for forced convection but also locally much higher wall tem-
peratures than the average. Belyaev et al. [59] also investigated downward
flow under uniform heating at Re = 20000 at 55kWm~2 with no signif-
icant deviation from correlations for uniformly heated fully tubulent flow.
Also, mixed-convection flow under non-uniform heat flux was investigated
by Melninkow et al. [60] in downward flow at Re = 35000 with only half
of the tube’ circumference heated, showing lower average Nusselt numbers
compared to predicted for forced convection (according to Lyon’s correla-

tion [61] Nu; = 7+0.025 Pe’#) at low Peclét numbers. Better agreement was
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3.5 Heat transfer: Nusselt number calculation

observed at higher Peclét numbers — potentially indicating that downward
flow heat transfer is reduced by buoyancy.

However, neither by these works nor in the LBE handbook exist design
tools to easily be applied the for engineering purposes to take buoancy into
account. In principle, for geometries other than pipes existing correlations
for higher Prandtl number fluids must be applied for liquid metals, too, how-

ever, the resulting error is not yet satisfactorily quantified in literature.

3.5.3 Developing flow

The LBE handbook provides a theoretically determined thermal develop-
ment length of up to L/D = 35 for hydrodynamically developed flow and
constant wall heat flux, however, without experimental validation. Only for
constant wall temperature correlations for the local Nusselt number exist
and they are independent of the Reynolds number. Also for simultaneously
developing flow a correlation for the local Nusselt number is provided under
constant wall heat flux.

The prediction of the thermal development region in hydraulically de-

vloped flow for liquid metals is therefore subject of uncertainty.

3.5.4 Non-uniform heat flux in fully turbulent tube flow

In solar receivers the heat transfer to pipe flow is characterized by the heat
flux imposed upon the outer wall of one side of the tube and the resulting
radial temperature profile between bulk fluid and the outer tube wall. This
profile is of interest because the outer wall temperature influences thermal
losses and the axial and circumferential temperature variation impacts ther-
mal stress and structural stability of the tube material.

As presented in the previous section, state-of-the-art correlations for the
Nusselt number in turbulent liquid metal flow exist but they are valid only

for the case of thermally and hydraulically developed flow and for uniform
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circumferential heat flux along the circumference. The respective two con-
ditions are not fulfilled in a thermal receiver; its tubes are heated from only
one side with axially varying heat flux and a deviation from the predicted

behavior according to the Nusselt number correlations is expected.

How can they be predicted? Special attention must be paid to these spe-
cial boundary conditions. One is depicted in the left image in Figure 3.6
where the flux varies cosinusoidally along half of the tube perimeter while
the non-heated half can be considered adiabatic. This bondary condition re-
sults geometrically from the parallel rays of light imposed upon the curved
tube wall and the individual tubes being arranged in banks without gaps

in-between individual tubes.

The right image shows an artificial boundary condition type where the
tube is heated with a constant heat flux along only half of the perimeter.
This theoretical situation is better suited for the following discussion on the
effect of such a non-uniform distribution on the heat transfer characteristics

of liquid metals.
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Figure 3.6: Sketch of a real (a) and an artificial (b) surface heat flux distribution on
an absorber tube of a solar tube receiver
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3.5 Heat transfer: Nusselt number calculation

Figure 3.7 shows two longitudinal cross-sections of tube flows under fully
developed forced convective flow that are heated from the outside. Gravity
is neglected. In both graphs the resulting temperature profile of a fluid with
a Prandtl number of unity is shown as solid line and that of a Prandtl num-
ber much smaller than unity (such as liquid metals) as a dashed line. Note,
that in order to illustrate the difference in those two fluids’ behavior the pro-
files are plotted over a common axis along a non-dimensional diameter, or
2r*, where, however, the absolute diameters under otherwise equal bound-
ary conditions are different for both fluids. Both cases shall have the same
velocity profile, bulk temperature and average wall temperature. For each
fluid, however, the diameter is constant for the left and the right case. Sup-
pose that in the left graph the flow is heated with constant heat flux along the
entire perimeter. In the right graph that tube is heated with constant heat flux
along half of the perimeter, however, with twice the flux density compared
to the case depicted at the left. This way the powers added to fluids of the
same Prandtl number are identical in both graphs.
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Figure 3.7: Qualitative temperature profile along the longitudinal cross section
from ¢ = 0 to 7 of the tube. Left: The case of the fully heated tube.
Right: The case of the tube heated along only half of the circumference.
Solid line: Fluid with Pr = 1, dashed line: Fluid with Pr < 1.
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Flesch et al. [62] found that for fluids of a Prandtl number much below

unity average Nusselt numbers defined according to,

<q">
Nu=——1 = (3.7)
(< Tw > _Tb>§

that have been calculated with state-of-the-art correlations for the situation
on the left are valid for the boundary condition shown in the right graph,
as well. The brackets <> indicate variables averaged along the complete

circumference of the tube.

In that definition of the Nusselt number the adiabatic equilibrium mixing

temperature, Ty, of that cross section is defined:

fA(x) pCPVT(x7 r)dA

Tb (X) - jA(X) pCdeA

(3.8)

This temperature is in the following called the bulk temperature of the flow.

This result form a CFD simulation agrees with experimental findings by
Melnikov et al. [60] who found that for non-uniform heat flux in a mercury
flow the averaged Nusselt number asymptotically approximates the one pre-
dicted by a Nusselt correlation by Lyon [61],

Nu; = 7+0.025Pe"8, (3.9)

at increasing Peclét numbers, while being lower than the prediction at low

Peclét numbers.

From these findings follows that in both cases shown in Figure 3.7 the
average wall-bulk temperature difference for low-Prandtl number flows is
the same. (The average wall temperature is indicated in Figure 3.7 with
< Ty > on the temperature axis). For fluids of Prandtl number of unity and

greater this is the generally expected behavior.
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3.5 Heat transfer: Nusselt number calculation

As mentioned before, low-Prandtl number fluids have a larger thickness
of the thermal boundary layer than the viscous boundary layer. In the fully
heated case on the left the following can be deduced: At identical velocity
profile and identical bulk temperatures according to the previously stated
definition and secondly at identical average wall temperature, low-Prandtl
number fluids can only have a greater thickness of the thermal boundary
layer if the temperature in the center of the tube at » = 0 is lower than that
of the fluid with Pr = 1.

On the right the case of heating only along half of the perimeter is shown.
In order to comply again with the definition of the bulk temperature the
wall temperature on the adiabatic side must be lower than 7}, for both fluids.
Then, in order for both to have the same average wall temperature as on the
left, according to the finding by Flesch et al. [62], the local wall temperature
at ¢ = 0 must be higher than average.

Fluids of Pr = 1 with a thin thermal boundary layer can comply with
the bulk temperature definition by assuming temperatures near the adiabatic
wall that are only slightly lower than bulk temperature.

However, fluids with Pr < 1 require

* a much lower temperature than bulk temperature near the adiabatic
wall to compensate for their thicker thermal boundary layer in order

to maintain the same bulk temperature and as a consequence

* require a much higher temperature on the heated side in order to com-
ply with the average wall temperature value to compensate the low
value on the adiabatic side!

A much wider spread of front and back wall temperature is to be expected
in flows with Pr <« 1 when wall and bulk temperature are identical in the left
and right case.

Local temperatures on the irradiated side may therefore be much higher
than the average wall temperature which would be obtained by the applica-

tion of local Nusselt number values according to:
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q"(¢)2r;
T,(@) =Ty = ﬁ (3.10)
These considerations are backed by numerical simulations by Marocco
et al. [47] for a cosinusoidal heat flux distribution along the entire perime-
ter of a tube in forced-convective flow of Re = 1 x 10, finding as well that
existing correlations for average nusselt numbers can be applied, however,
local Nusselt numbers vary more significantly than in higher-Prandtl num-

ber flows.

Also, Melnikov et al. [60] found this behavior experimentally under the
boundary condition of constant heat flux along half of the circumference.
The local temperatures observed under turbulent flow are generally much
higher than predicted by the Lyon equation [61] and at low Peclét numbers
even higher than what would have been predicted when a Nusselt number for
laminar flow is applied. The experimental local dimensionless temperature
as obtained from Melnikov et al.,

1 Tw(¢) —Tp

Oy = =k
Nu(¢) qwD

, 3.11)

with D = 2r, is shown in Figure 3.8 with black dots, which correspond to a
case without the influence of a strong superimposed magnetic field, whereas
the remaining data show that such a magnetic field further strongly impacts
the heat transfer behavior. (Note, that in that graph the definition of ¢ is
such that the heat flux is applied between 90° and 270°.)

In the heated part of the tube’s perimeter much higher than expected local
wall temperatures are measured while lower than expected temperatures are
obtained in the non-heated section. It is therefore an important effect that
has to be considered during the design of solar thermal receivers using liquid

metal as coolant.
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Figure 3.8: Experimental results of Melnikov et al. [60] for a heat flux of
55kW m~2 along the heated half of the perimeter ( between 90° and
270°) at an heated entry length of z/d = 37 and Re = 35000 in mercury.
1: Data without superimposed magnetic field, 2-4: data with superim-
posed magnetic field of Hatta numbers between 130 and 410. The top
dashed line indicates the expected dimensionless temperature in fully
developed laminar flow at Nu = 4.36. The dashed line marked with
1/ Nu; indicates the expected dimensionless wall temperature calculated
using the Lyon correlation [61].

In the design of the sodium receivers in Almeria, however, such an effect
was probably not considered . Neither in [26] nor in [27] special treatment

of this boundary condition is mentioned:

In Almeria two different receivers were tested. Initially, tests with a cavity
receiver have been performed. In [26, pp 5.3.-5.8] briefly the stress analysis
was described. In order to determine the wall to bulk temperature difference

a correlation of unknown source for average Nusselt numbers was applied:

Nu = 4.48 4+ 0.0238 Pe®3 . (3.12)

For the flat panel advanced sodium receiver (ASR), a simulation code
using the correlation of Lubarsky and Kaufman [49] was developed and

used and also most likely used in the thermal stress analysis.
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Interestingly, the report of the high flux experiment [27] indicated that
the measured tube wall temperatures were higher than expected during op-
eration. As a consequence, for example, a new code for thermal-hydraulic
simulation of the receiver (TheresaN) was written once operation data had
been obtained since its first version had under-predicted the temperatures of
the tubes. In part this deviation was attributed to the effect of the Pyromark
2500 coating on the tube which has a very low thermal conductivity. The re-
port [27, p.169] states that a 100 K drop might have occured in the Pyromark
coating of 45 micro meter thickness during the high flux experiment. When
higher than expected temperatures were observed probably a high value of
the potential range of the conductivity value was implemented in the code.
The new code then showed better agreement with measured data. In Ref.
[27] it is unfortunately not explained in detail how the code was altered.

An infrared camera was available during the high flux experiment in or-
der to monitor the tube surface temperatures during operation. In spite of a
stated measurement error of just a few Kelvin the locally measured surface
temperatures are not discussed in the report. Results from calculations with
a so-called "Hotrec’ code are compared to only one set of measured tem-
peratures where good agreement for a Pyromark coating temperature of up
to 770 °C is obtained. In the appendix of the report, however, further cam-
era readings for maximum local receiver temperatures are listed. Maximum
temperatures much above 800 °C have accordingly been measured in test
case D.9.1 [27, p.113] under full load and coolant temperature rise of 280 to
560 °C during the high flux campaign. These high values are not discussed

in the report.

Based on these observations from the report, likely the wall tempera-
tures have been under-predicted for the high flux experiment because av-
erage Nusselt numbers have been used for the design. Consequently, it may
for the future be important to apply alternative methods to correctly predict

local Nusselt number values.
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The results found by Marocco et al. [47] — locally much higher than av-
erage wall temperatures — were compared to those obtained by a method
by W.C. Reynolds for the calculation of local wall temperatures under non-
uniform heat flux along the circumference of a circular tube with fully tur-
bulent flow. Reynolds’ approach is better suited to predict local wall tem-
peratures under non-uniform heat flux than Equation 3.10.

In his 1962 paper [63], Reynolds gives a general solution for the function
of the wall temperature for arbitrary cases of periodic functions of the heat

flux density that have a Fourier expansion.

9w (9) = qp+F(9), (3.13)

and -
=Y (ansinng +b,cosng), (3.14)
n=1

assumed to be constant along the tube axis. The index 0 denotes the average
value along the circumferential coordinate to which the periodically varying
property is added.

The solution by Reynolds then provides a temperature distribution on the
wall, also consisting of a constant value and a periodic deviation from this

average value:

AT (r,9) = ATo(r) +g(r, @), (3.15)

with -
£ Z ) (apsinn@ + b, cosng). (3.16)

Solutions for R,(r/r,) on the wall (r = ry) are denoted by Reynolds as
Sn = Ry(1). With the definition of the Nusselt number the function for ATy
at the wall is

(3.17)
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where
2

— = 9. 3.18
Nog 0 (3.18)

Then, with the solutions for §,, assumed to be at hand, in a cross section
of the heated tube

_h

- Soqo+ Y Su (ansinng + by cosng) | . (3.19)

n=1

T(@) — T

In Reynolds’ paper T, denotes the adiabatic mixing temperature at the
cross section which is called bulk temperature 7}, in this thesis.

Reynolds also provides the solutions for S, listed for specific Reynolds
numbers and Prandtl numbers. For the calculation of these parameters the
flow is assumed to be hydrodynamically fully developed and constant prop-
erties are assumed, using a radial function for the eddy diffusivity of mo-
mentum and very simple friction factor correlations. Reynolds explains that
the temperature distribution is independent of the velocity field in the flow
but dependent of the diffusivity distribution. These diffusivities are assumed
to be identical in radial and circumferential direction. The eddy diffusivity
of heat is obtained by multiplying the eddy diffusivity of momentum with
factors by Jenkins [64], however, corrected by an additional factor of 1.15
in order to match experimental results by Kays and Leung [65] in a flow
of Prandtl number Pr = 0.7. This factor is applied also for Pr < 0.7 for the
calculation of S,. Therefore a the values of S, are potentially less reliable
for much smaller Prandtl numbers.

Accordingly this leads to higher thermal eddy diffusivity compared to the
model used by Marocco et al. [47] for a CFD analysis of a cosinusoidally
varying heat flux distribution. In Reynolds’ case energy mixing is higher and
resulting wall temperatures in the heated zone are about 15% lower than in
Marocco’s case at Pe = 3000 and Pr = 0.03. This is taken as a sufficiently
good agreement for illustrating the special behavior of low Prandtl number
fluids.
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According to the previously stated hypothesis, the effect of increased
local temperatures was not considered in the design of former sodium re-
ceivers. However, probably by coincidence, during operation of the ASR
this effect did not show prominently — due to the use of rather narrow tubes
in the ASR. Therefore the project team was not convinced to conduct more
detailed analyses on this effect. The over-temperature probably remained
within a threshold of potential over-temperature of the Pyromark 2500 coat-
ing layer.

In order to check validity of the hypothesis the conditions of test case A3
of the high flux experiment [27] shall be applied to Reynolds’ solution with

a very simple cosinusoidal heat flux distribution,

q" (@) = hqy(1+cos(@)), (3.20)

with 1 = 0.5 applied. In that test case A3 a Reynolds number of 83094 was
obtained in the flow in the individual tubes. More conditions of that test
case A3 are further specified in Table 4.1 in Section 4.3 on page 103. Note
that a cosinoidal flux distribution as in the previous equation is not precisely
the boundary condition to be found in receivers as depicted in Figure 3.6
on the left. That real flux distribution cannot be expressed by a Fourier
series, therefore, the cosinusoidal distribution along the entire perimeter is
used as an approximation of the real flux. The resulting wall temperature

distribution according to,

roqgh
k

T-T,= (So+ S;cos @) (3.21)

is shown as solid line in Figure 3.10.

Table 3.2 provides a selection of Reynolds’ parameters S, for specific
Reynolds and Prandtl numbers. Parameters have been interpolated logarith-
mically to match the actual Reynolds of Re = 83094 and Prandtl numbers
of Pr = 0.005 present at test case A3.
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The interpolation for the unknown value of y = f(x] +a), which is located
in-between the known values y; = f(x;) and y» = f(x2) = f(x1 +a+b) was
performed according to ,

y=yn", (3.22)

with
a

a+b’
These interpolated values are shown in the middle and bottom section of
the table.

f=

(3.23)

Table 3.2: Parameters S, as listed in Reynolds [63] and interpolated.

Pr Re So S S> S3 Sy Ss

listed parameters
0.003 3x10*0.302 0.994 0.498 0332 0249  0.200
0.003 1x10°0.282  0.957 0.484 0325 0245 0.197
0.003 3x10°0.246  0.831 0.435 0299 0229 0.186
0.003 1x10°0.156  0.473 0.279 0.203  0.170  0.145
0.01 3x10*0.286 0.952 0.483 0.325 0245 0.197
0.01 1x10°0224 0.733 0.397 0279 0217  0.178
0.01 3x10°0.141  0.409 0.246 0.186  0.153  0.132
0.01 1x10°0.0655 0.161 0.109 0.0894 0.0784 0.071
0.03 3x10°0.0618 0.145 0.0986  0.0816 0.0720 0.0654
0.03 1x10°0.0248 0.0535 0.0402 0.0353 0.0326 0.0307

(... to be continued on the next page ...)
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Table 3.2: Continued: Parameters of the SSPS receiver operated with molten
sodium and LBE. Values indicated with * are based on assumptions.

Pr Re So S S, S3 S4 Ss

(... continued from the previous page ...)
3 1 x 10° 0.00495 0.00629 0.00540 0.00508 0.00490 0.00479
3 3x10°0.00194 0.00246 0.00213 0.00201 0.00194 0.00190
10 1 x 1030.00290 0.00322 0.00296 0.00286 0.00281 0.00277

10 3x10°0.00111 0.00123 0.00113 0.00110 0.00108 0.00107

interpolated parameters

0.003 83094 0.2867 09658 0.4873  0.3267 0.2460 0.1977
0.003 5399460.2104 0.6850  0.3736  0.2618 0.2067 0.1708
0.001 83094 0.2376 0.7808  0.4163  0.2895 0.2235 0.1824
0.01 5399460.1084 0.2971  0.1861  0.1447 0.1217 0.1067
0.01 4772720.1161 03230 0.2002  0.1545 0.1292 0.1128
0.03 4772720.049  0.1127  0.0786  0.066  0.0589 0.054

3 144062 0.004027 0.005115 0.004399 0.004141 0.003995 0.003907

10 144062 0.002347 0.002605 0.0023942 0.002317 0.002276 0.002246

0.0049 83094 0.2724 09116  0.4669  0.3162 0.2397 0.1934
0.0049 539946 0.17578 0.5461  0.3092  0.2229 0.1790 0.1503
0.01534772720.09237 0.2444  0.1563  0.1233 0.1049 0.09279

(... to be continued on the next page ...)
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Table 3.2: Continued: Parameters of the SSPS receiver operated with molten
sodium and LBE. Values indicated with * are based on assumptions.

Pr Re So S S, S3 Sa Ss

(... continued from the previous page ...)

4.6 144062 0.003562 0.0043879 0.003831 0.00363 0.003516 0.003446

An additional second approximate boundary condition shall be applied
to the same case: a circumferential square function which can roughly be

approximated with a 5 order Fourier expansion:

1 _ " . ﬁ ﬂ ﬂ
q (p)=<q >-(h+ pe cos(p) + P cos(3¢p)+ 5y cos(5¢)). (3.24)

This better approximates the left situation in Figure 3.6 and is shown in
Figure 3.9.

o/m

Figure 3.9: Heat flux boundary condition approximated with a 5™ order Fourier
expansion.

It can also be seen as an average between both cases shown in Figure 3.6.

The resulting (reduced) wall temperature is, according to Reynolds:
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Figure 3.10: Computed temperatunre difference between wall and fluid bulk for
different assumed heat fluxes on a tube. Solid red: inner wall temper-
ature distribution under cosinusoidal heat flux distribution. Dashed
line: approximated square function flux distribution. Dash-dotted line:
predicted average wall temperature under uniform heat flux.

Tw((p -T

4h 4h 4h
= o _5 an . (32
. Soh+ 81 p- cos(¢) S337r cos(3¢) +Ss o cos(5¢). (3.25)

=

The average temperature along the circumference is obtained according

to:

L,—-T 1 /” T.,(p)—T
<q">% 2m)a<q>%

1 4h .
=z {(hSo-(p—&—S]nsm((p)

de

4h 4h i
_53% sin(3¢) +S5ﬁ sm(Sq))ﬂ = (3.26)

The local wall-to-bulk temperature difference resulting from this bound-

ary condition is shown in Figure 3.10 as dashed line.
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During case A3 of the high flux experiment at a bulk temperature of
500 °C a wall outside temperature of 690 °C was measured and 590 °C as-
sumed as inner wall temperature, which corresponds to a radial flow tem-
perature difference of 90K [27]. According to the Reynolds solution rather
115 K would have to be attributed to the radial flow temperature difference.

According to the average Nusselt number correlations, however, only
about 60 K would have to be expected, so that this 30 K deviation would
have had to be explained as well in the report — which it was not. Never-
theless, the differences probably resided within the limits of uncertainty in
the measurement of the surface and flow temperatures, flux distribution etc.
and have mainly been attributed to the impact of the Pyromark coating by
the authors. Coincidentally, the flow conditions and the tube geometry lim-
ited the extent to which the over-temperature due to non-uniform heat flux
occurred.

The effect, however, may be very dramatic in large-scale receivers:

An example with flow parameters and tube geometries of the optimized
receiver parameters by Fritsch [29] shall be provided to illustrate the dra-
matic impact.

The parameters by Fritsch are optimized for least LCOE generation of a
140 MW thermal receiver during a multi-variable optimization. Therefore
the fluids are compared at a condition of optimized economy. This rep-
resents a fair basis for their comparison. Fritsch applied the value of the
average Nusselt number in the same fashion as the designers of the Almeria
receivers in order to predict local wall temperatures, as in Equation 3.10.
The respective parameters are listed in Table 3.3. The LBE and sodium
cases assume peak heat flux values of more than 2.472 MW m™~2 — and re-
sult in maximum local tube wall temperatures of 938 °C for LBE and 673 °C
for sodium according to Fritsch. Reynolds’ parameters S, for Reynolds and
Prandt]l numbers of these cases are as well listed in Table 3.2. Wall tempera-
ture distributions for tubes with parameters in Table 3.3 are shown in Figure

3.11 for cosiunusoidal varying heat flux along the circumference. With an
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Table 3.3: Flow parameters of optimized tube geometries for a 140 MW thermal
receivers with solar salt, sodium and LBE as HTFs.

parameter solar salt sodium LBE
case reference  V.2.16 V.2.26
design heat flux, kWm~—2 1125 2472 2472
inner diameter, mm 32.8 59 354
Reynolds number, — 144062 539946 477272
Prandt]l number, — 4.6 0.0049  0.0153
bulk temperature, K 700 700 700

approximated square flux profile the temperature distributions of Fritsch’s
cases result as depicted in Figure 3.12. For comparison, the predicted wall
temperature of solar salt at the same peak heat flux as the liquid metals is
included as dotted black line. Horizontal lines indicate the average wall tem-
peratures when Equation 3.10 is applied with the peak heat flux value and
state-of-the-art average Nusselt number correlations. For both liquid metals
the correlation by Lubarsky and Kaufman [49], Equation 3.4 was used and
for salt that of Dittus and Boelter [53]:

Nu = 0.023Re? 8 04 (3.27)

Slightly higher local wall temperatures are obtained with the approximated
square heat flux distribution boundary condition.

When for solar salt the peak temperature is calculated according to the
solution by Reynolds for a peak flux value of g; = 1.125 MW m~2 it only
very slightly exceeds the average value predicted by the correlation for the
average Nusselt number. This is true for both boundary conditions applied.
Also, in sections of the tube wall where no heat input is present the wall

temperature is only slightly lower than bulk temperature. Under approx-
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Figure 3.11: Local wall temperature difference distribution of cosinusoidal flux
profile in three different coolants from top to bottom at ¢ = 0: LBE
(dashed-dotted, blue line) at Re = 477272, sodium (dashed, red line)
Re = 539946 and solar salt (solid, black line) at Re = 144062. The
horizontal lines show the average wall temperatures predicted by state-
of-the-art Nusselt number correlations (from top to bottom of LBE,
sodium and salt). The cosinusoidal heat flux peaks at 2.3 MWm~2 and
is zero at ¢ = 7.

imated square heat flux distribution and low heat flux a maximum radial
wall-to-bulk temperature difference of 150 °C is obtained in the irradiated
section. The average Nusselt number correlation predicts a difference of
125°C. The correlation for uniform heat flux is able to predict the tem-
peratures quite well, although a very non-uniform heat flux distribution is
present. For solar salt, when exposed to 2.3 MW m~2 about 310 °C are pre-
dicted as wall-to-buk temperature difference by Reynolds and 260 °C by the
average correlation; thus, the average correlations under-estimate the local
temperatures slightly for solar salt and dramatically for lower-Prandtl num-
ber fluids.

The predicted average temperature for sodium at twice the heat flux nearly
equals that of salt — implying the conclusion that sodium is an excellent heat-

transfer fluid which can easily handle twice the peak heat flux. However, this
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Figure 3.12: Temperature difference distributions along the wall for an approx-
imated square flux profile. In solid black: Solar salt at a peak flux
of 1.125 MW m 2. The remaining curves are for a peak flux of
2.3 MW m~2: dash-dotted blue: LBE, dashed red: sodium and dotted
black: solar salt. The horizontal lines show the average wall tempera-
ture as calculated with state-of-the-art average Nusselt number corre-
lations. Bulk temperature is marked by a horizontal black line.Black,
dotted line: Temperature difference distribution of Solar Salt at the
peak flux value applied to the metal flows.

is only true for the prediction based on the average Nusselt number. In fact,
the observed local peak temperature is more than twice the predicted value.
Also, on the non-heated side the temperature is much below bulk tempera-
ture. A front-to-back gradient of nearly 600 K results which is intolerably

large, given the intended temperature rise of the coolant of ‘only’ 275 K.

For LBE the matters are even more extreme. Up to 600K difference
between the wall and bulk must be expected although the average Nusselt

number correlation predicts only 270 K.

Figure 3.13 shows the difference in the predicted wall temperature if it is
either calculated with the average Nu value locally, according to Equation
3.10,
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3 LBE: dense, hot and brilliant?
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Figure 3.13: Solid blue: local wall temperature differences of LBE calculated with
Reynold’s solution; dash-dotted: calculated with the average Nusselt
value applied locally. Dotted line: average predicted wall temperature.
An error of more than 300 K will be obtained.
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or when computed according to Reynolds’ method in Equation 3.25.

About the factor of two resides between both peak temperature values
and a much larger resulting front-to-back gradient is obtained by Reynolds’
method.

Based on these observation it is not recommended for liquid metals to
optimize receiver tube flow conditions and geometries with the help of cor-
relations for average Nusselt numbers and applying these to the heated frac-
tion of the circumference. This approach is likely to result in designs with

much higher than estimated peak temperatures. As a consequence, more
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3.6 Thermal tube stress calculation

than expected turbulence is required for liquid metal flows and accordingly,
more than expected pumping power is required — reducing the liquid metal’s
efficiency as heat-transfer fluids.

Obviously, the significant discrepancy found in the discussed example
may have a significant effect upon the thermal stresses in the receiver tube’s
wall. This will be discussed in the following section 3.6.

In that section, the circumferentially averaged temperature value of the
distribution as calculated with an average Nusselt number value is required,
which is obtained according to

_<q">2rh 1

L =T kNu 27

{((p + % sin(¢@) — % sin(3¢)

4 g
+ﬁ sm(S(p)ﬂ = (3.29)

3.6 Thermal tube stress calculation

The previous findings impact the magnitude of thermal stress in the tube
wall. Although thermal stress is not of primary interest in this thesis the
findings of the previous section require a brief demonstration of the effects
of non-uniform heat flux on the thermal stress in the tube wall. As sum-
marized by Logie et al. [17] analytic methods exist in order to calculate the
thermal radial, circumferential and axial stress components in a tube induced
through an non-uniform temperature distribution.

These methods can be applied if a plane harmonic Fourier series exists

that describes the temperature field:

((Aur" +Bur ") cosng@ + (Cor" + Dyr Y sinng) . (3.30)

s

T(P ==

n=1

According to Logie et al., all linear terms rcos ¢ and rsin @ do not gener-
ate stress and thus only terms of the B, and D, coefficients are required to

calculate the stress components. Also, terms with n > 1 result in stresses of
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3 LBE: dense, hot and brilliant?

zero. Thus, only the terms with n = 1 contribute to the non-uniform stress.
Logie et al. validate the analytic approach with a finite element simulation,

which agree well.

Solutions for the calculation of stress components exist based on the co-
efficients determined in the inner and outer wall surface. Thus, if the inner

and outer temperature distributions are known, stresses can be calculated.

T, =T;+ Y (B,cosng+D)sinng), (3.31)
n=1
T, =T,+ Y (B,cosng+D|sinng). (3.32)

I
-

n

The variables T; and T, denote the inner and outer circumferentially aver-
aged mean temperatures at that cross-section. These equations can easily
be compared to the solutions obtained by Reynolds in order to obtain the

coefficients for the inner tube wall temperature distribution.

It shall be assumed that only radial conduction occurs in the tube wall.
Then from the inner temperature distribution and the applied heat flux pro-

file the outer distribution can be obtained according to:

Yo

1
q40(P)ro In’e

To(9) = Ti(9) + === In . (3.33)

The temperature field K’ (r, @) based on B; and D is:

rrr Bir,—B'r; D'r,—D"r
K _ ilo 1Yo 1Fi cos O+ 170 1 i gin '
(r,(P) 2 rl-2—|—r(2) ¢ r2+ B ¢
(3.34)

1 o
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3.6 Thermal tube stress calculation

With this temperature field and the steel’s properties the radial and circum-

ferential stress can be calculated, both as functions of ¢ and r:

AE r? r2

o, :K’m (1—r2> (;—1), (3.35)
AE 2 2

G(p :K/m (;Af) + ! }’2 ¢ _3> . (336)

Under the assumption of un-constrained tube ends, the axial stress can be

calculated according to,

A’E 0 2 o0
o, =K {12111’ i r}
2(1—v) N
AEV r? 4 r?
K’ 2L 92\ _AET, 3.37
+ 1—v ( r2 > ¢ ( )
with, o
K= (Ii—T) (3.38)
In‘e ’
and,
T,=T—Kin2—T, (3.39)
r

where Tj is the stress free temperature. If only the effect of non-uniform
heat flux distribution is investigated, the stress free temperature can be set
as Tp, that is the case without heat flux imposed upon the tube.

All stress components can be summarized in van Mises stress Oy:

o =\ Sll0—0p + (Gp -0 (-0 ), (o)

which provides a single, total value to compare different load cases.

For the boundary conditions applied to receiver tubes only the cosine
terms occur. Therefore, only the coefficients B} and B have to be iden-

tified by comparing Reynolds solution with equations (3.31) and (3.32).
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3 LBE: dense, hot and brilliant?

For the simple cosinusoidal profile these are:

hq)r
B| =S, qko : (3.41)
, h /!
B =(§) +1n"2)240" (3.42)
ri k
and for the approximated square flux distribution:
4hgy
B| =5 1" (3.43)
wk
4hqp
B} =(S1 +1n22) 0", (3.44)

ri’ wk

For the case of the receiver tube of the ASR in Almeria, Figure 3.14 shows
the differences of van Mises stresses between a cosinusoidally varying heat
flux distribution and an approximated square function heat flux distribution.

Some of the operating parameters of this receiver are listed in Table 3.4.

The two curves on top of Figure 3.14 represent Reynolds’ solution and the
two curves on the bottom result from the calculation of wall temperatures
with an average Nusselt number. The stresses are plotted along the radial

coordinate at ¢ = 0, where van Mises stresses are the highest.

Apparently, the approximated square function boundary condition gen-
erates slightly higher temperatures in the irradiated part of the tube than
the cosinusoidal varying distribution. This consequently results in higher
stresses, too. Also, using the average Nusselt number for the determina-
tion of local wall temperatures leads to a significant under-estimation of the
thermal stress in the tube.

For the LBE case of Fritsch under approximated square heat flux profile
the van Mises stresses of the cases shown in Figure 3.13 are shown in Fig-
ure 3.15. The stresses are due to the very large temperature gradients by

one order of magnitude higher than what could be accepted for both cases.
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3.6 Thermal tube stress calculation
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Figure 3.14: Van Mises stresses in the receiver tube of the SSPS ASR [27]: solid
line: cosinusoidal heat flux profile, dashed line: approximated square
function flux profile. Upper two lines according to Reynolds’ solution,
lower two lines with average Nusselt number.
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Figure 3.15: Solid blue: van Mises stress calculated with Reynold’s solution, dash-
dotted line: stresses when calculated with average Nusselt number cor-
relation along the radial coordinate at ¢ = 0 where the highest stresses
occur at 2.3 MWm™2.
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Table 3.4: Operation parameters of the SSPS receiver in Almeria during the high-
flux experiment.

property/unit symbol  value sodium
absorbed thermal power / W Py 3058000
inlet temperature / °C T 270
outlet temperature / °C Tout 560
average flux / Wm™2 qrean 435880
peak flux / Wm™?2 qhax 2500000
tube inner diameter / m d; 0.012
wall thickness / m / 0.001
tube outer diameter / m d, 0.014
Reynolds number / — Re 83094
conv. heat transfer coefficient/ Wm—2K~! £ 39971

Again the stresses resulting from Reynolds’ solution are twice as large as
those predicted when the average Nusselt number is applied.

Although these results are based on approximations of the actual bound-
ary conditions and on model assumptions in the solutions of Reynolds they
are so significant that further experimental research should be performed to

test their validity.

3.7 Pressure loss calculation

For liquid metal flows in rough pipes friction factor correlations for non-
metal flows can be used when wetting of the walls is provided. The LBE
Handbook [32] specifically suggests the use of Churchill’s formula for the
calculation of the friction factor over the full turbulent range. However, ex-

perience at the KALLA laboratory shows that also alternative correlations
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3.8 LBE as a ‘model fluid’

suggested in for example, the VDI Heat Atlas [66] allow to correctly esti-
mate pressure losses in liquid metal flows.

3.8 LBE as a ‘model fluid’

This section discusses LBE’s ability to show behavior typical for liquid met-
als and the option that based on the observed behavior, the behavior of other
liquid metals is predicted. LBE could thus serve as a model fluid in a model
geometry, such as the thermal receiver of the SOMMER loop.

Operation parameters observed in a model only lead to quantitative con-
clusions for a larger scale reference geometry if technical similarity between
the model and the reference is respected. That is, as long as the relevant di-
mensionless numbers are maintained.

The size of the model receiver had to be adapted to the small available
zone of concentrated flux and the resulting maximum power of 10kW,
which is very small in comparison to commercial-scale receivers. There-
fore, scaling considerations have been made during its design phase:

Let us first consider the relevant dimensionless numbers required to ex-
press similarity in the flow and pipe wall: The average Nusselt number of
the liquid metal flow is defined as:

h-D;

Nu =
YT

(3.45)

Under the assumption that the receiver tube in SOMMER and a potential
reference receiver operate at a similar temperature, the values of physical
properties do not change in the scaling process. At a constant Nusselt num-
ber, during scaling the proportionality of d; cc h~! is given, so an increased
convective heat transfer coefficient must be achieved at a decreased diameter
in order to maintain similarity. The Nusselt number can usually be corre-
lated as a function of the Reynolds and Prandtl number, the latter of which

is constant if the temperatures are kept the same. In that case at the same di-
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mensionless radial distance from the tube axis 7* = r/r. the dimensionless

temperature is in both cases:

o T

= (3.46)

At constant temperatures the Nusselt number is then only a function of
the Reynolds number. The heat transfer in the reference and in the model is
therefore similar if the Nusselt number and the Reynolds number are kept

constant during scale-up.

The Prandtl number is defined by the fluid’s thermo-physical properties
and thus different for each fluid at the identical temperature. Therefore, ex-
perimental results from one fluid cannot be imposed upon different fluids
without violating Reynolds similarity. For strict scaling, however, all rele-

vant dimensionless numbers have to be kept similar.

The radial temperature difference in a heated tube flow is given by:

q!d;

dih ’
—~

=const.

AY}ad =

(3.47)

with djh constant during scaling at a constant Nusselt number. If, in ad-
dition, the radial temperature difference is kept constant to satisfy identical
model and reference temperatures, g/’ o d; ! must be adhered to during scal-
ing.
The radial temperature difference between inner and outer tube wall is:
do

1
" d.
4%y, Qo (3.48)

ATwall = 2k d
i

Since the material properties of the tube’s steel affect the temperature gra-
dient, tube materials with identical thermal conductivity have to be used for

model and reference.
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3.8 LBE as a ‘model fluid’

It is required that:

dy oc di, (3.49)
diocg!™, (3.50)

in order to maintain a constant temperature difference in the tube wall at
constant Nusselt number, a constant Reynolds and Prandtl number, and at a
constant radial temperature.

These are the required scaling laws for the thermal-hydraulic behavior
inside of the receiver tube: With these boundary conditions in place, the
radial temperature profile of the tube in the model receiver is identical to the
radial profile of a tube in a large scale receiver. At such conditions the tube
face temperature is identical in both cases. This generates radiation losses
of the same relative magnitude in both geometries.

Loss mechanisms to the ambient of external panel receivers are indepen-
dent from the heat-transfer fluid applied and in principle not of primary
interest of this work. Nevertheless, their impact on the experiment must be
considered.

The impact of forced convection, which plays an important role in com-
mercial receivers, can be suppressed by the protected environment when
examining the model receiver. Radiation losses and those due to natural
convection can be kept at a low level by application of low receiver temper-
ature, but will unavoidably be present.

Losses due to natural convection are a function of the Prandtl number of

air and the Grashof number,

_ gﬁ(To - Too)L3

Gr 2

(3.51)

In that definition, 7., equals the ambient temperature This number contains
the geometry parameter L, that is the receiver’s height, to the power of three.

This high power will make it impossible to compensate a significant scaling
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of the aperture height through the remaining parameters appearing in the
definition of this dimensionless number.

Therefore, the model receiver will not feature Grashof-similarity with
commercial systems and thermal losses of the reference cannot be predicted
quantitatively.

Partial similarity between LBE and sodium is obtained in a small tem-
perature range: The LBE flow at 600 °C has the same Prandtl number as
sodium at 390 °C: Pr = 0.01. Accordingly, the same Nusselt number can
be obtained for both flows at the same Reynolds number. Scalable results
for the wall-to-bulk temperature difference can then be obtained. However,
due to those fundamentally different temperature levels the resulting losses
on the outside are not similar at all. Also, thermal conductivity values in
the tube wall will differ and would require adaptation of the wall thickness.
These factors make it impossible to draw general conclusions for the same
receiver which is operated with sodium.

Nevertheless, the receiver in SOMMER can serve as a model for a ref-
erence LBE receiver and at least indicateive results can be obtained and

extrapolated to receiver operation with other fluids, for example, sodium.
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4 Solar test loop and receiver design with
LBE: SOMMER

The following sections provide an overview of the design and construction
of the experimental facility SOMMER. Explanations are continued in the
appendix where appropriate in order to achieve brevity in the following sec-
tions. However, the design of the heat flux measurement device and the
thermal receiver are presented more thoroughly to account for these compo-

nent’s important role in the experiment.

4.1 The solar furnace

For the solar furnace a location close to the KALLA’s office building and
workshops has been selected to facilitate maintenance, logistics, integra-
tion in the available control and data-logging infrastructure. The KALLA
operates a centralized, in-house data management system, ZEUS, for mea-
surement data logging of all experimental loops. The SOMMER project’s
data are as well managed by ZEUS and, therefore, a nearby installation was
convenient. The previously built laboratory hall pre-defined the available
area for the solar furnace, the operator’s room and the liquid metal loop,
which is required to supply the receiver with cold coolant and remove the
collected thermal energy from the heated coolant. A bird’s view image of
the assembly, an outside view with the heliostat frame, an inside view of the
hall and the respective area plot are shown in Figures 4.1 and 4.2, respec-
tively. The hall’s roll-up gate is located south-east of the base of the helio-
stat. This heliostat is required to re-direct the sunlight into the hall upon a

stationary concentrating mirror while compensating the earth’s rotation and
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Figure 4.1: Top: Bird view of solar furnace assembly during winter (with frosted
mirror surface and reflective tags for mirror qualification campaign)
prior to the erection of the liquid metal loop.Bottom left: Heliostat
frame (without mirrors) as of Dec. 2013. Bottom right: Empty hall
with shut roll-up gate as of Oct. 2013.

the apparent motion of the sun throughout the day. The concentrating mir-
ror generates high-flux conditions required for the experiments in its focal

point.

The location of this facility on KIT’s Campus North in Eggenstein-

Leopoldshafen! has good irradiance values in comparions with other regions

149.0932N, 8.43596E
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7656

control room

12070

Figure 4.2: Area plot of the SOMMER facility including the parabolic concen-
trating mirror in the hall and the approximate location of the focal
point.Dimensions in millimeter.
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4 Solar test loop and receiver design with LBE: SOMMER

in Germany: Between 2007 and 2016 in average, annually a cummulated
direct normal irradiance (DNI) of 1043 kW hm 2 had been available?.

In Figure 4.3 the annual direct normal irradiance in Germany is shown.
It can be observed, that the location in Eggenstein-Leopldshafen near Karl-

sruhe this value above the country’s average.

4.1.1 The heliostat

The heliostat, required to continuously transfer sunlight to the stationary
solar thermal receiver of the liquid metal loop, consists of four sandwich
mirror panels by ToughTrough, with an AGC Thin Mirror Glass as front
layer and a polyurethane core contained in a weather sealed housing. The
mirrors have a 1 mm thickness and use silver as reflective layer, at a claimed
95 % to 96 % hemispherical reflectivity. Each panel is subdivided along the
long, horizontal axis in two flat facets that are slightly canted with a focal
length of 500 m. It was expected that due to the small distance between
receiver and heliostat of approximately 10 meters the projected images of
these canted facets would overlap only slightly. Each panel has a width of
3220 mm and a height of 2510 mm including the 5 mm frame thickness sur-
rounding the reflective area. The heliostat’s total reflective area is therefore
32.1 m?. The pole, drive unit and mounting are made by former Cirris* with
hydraulic azimutal and elevation tracking. Based on a serial bus protocol
the tracking control algorithm for the drive unit was manually implemented
by the KALLA-team in Labview".

2 according to PVGIS data from https://re.jrc.ec.europa.eu/pvg_tools/en/tools

.html#MR, Last accessed Nov 15, 2020.

3 Source: Solar resource map © 2019 Solargis (https://solargis.com/maps-and-gis-
data/download/germany , published under CC BY-SA 4.0 license, https://creativeco
mmons .org/licenses/by-sa/4.0/) Last accessed Nov 15, 2020, edited to include Karl-
sruhe.

4 CIRRIS Solutions GmbH, Steinung 3/1 Jettingen, Germany. In 2015 Cirris was aquired by
Schleuniger Group, Bierigutstrasse 9 CH-3608 Thun, +49 74 52 740 62 80 schleuniger. com
5 Acquisition, installation of the base frame and programming of the heliostat mainly conducted
by F. Fellmoser and J. Pacio
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4.1 The solar furnace
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Figure 4.3: Annual direct normal irradiance in Germany?
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The heliostat’s support frame allows individual alignment configurations
of each of the four mirror panels. Therefore, the optimum alignment of all
facets has been determined in a mirror qualification campaign conducted
between November 23 and 26, 2015 with support of CSP Services® who ap-
plied a photogrammetry analysis in order to quantify the present misalign-
ment and to define corrections for all mounting points. After correction of
the alignment it has been possible to state a residual maximum angle de-
viation of all surfaces of -0.7 mrad in horizontal direction and 0.8 mrad in
vertical direction. The effect of the present canting of the indiidual facets in

each of the four panels the surfaces has been quantified to equal 2 mrad.

4.1.2 The parabolic mirror

A stationary parabolic concentrator mirror in the laboratory hall is used to
focus the incoming light from the heliostat on the test receiver. A frontal
photograph of the mirror is shown in Figure 4.4 Figure 4.5 shows several
stages of the mirror assembly. This configuration provides solar flux to a
fixed point in the laboratory hall independent of the continuous apparent
advancement of the sun along its path across the sky and thus allows for a
permanent, fixed experimental setup to be exposed to that flux.

On the market only very few designers and supplyers of parabolic mirrors
exist and in general no off-the-shelf products can be found in the required
quality and size.

Fortunately, sbp solar’ provided a contact to Forbes Solar®, an Inida-
based company that at that time offered a twin-mirror concentrating pho-
tovoltaic co-generation system. These units featured two dishes mounted on

6 CSP Services GmbH, Friedrich-Ebert-Ufer 30, 51143 Koln (Cologne), Germany, http://
www.cspservices.de/

7 SchwabstraBe 43, 70197 Stuttgart, Germany, +49 711 64871-0, https://www.sbp.de/en/
solar-energy/

8 FORBES SOLAR PVT LTD. A-34/35, MIDC Estate, H Block, Pimpri, Pune — 411 018. Or:
PB #29, Mumbai-Pune Rd., Kasarwadi, Pune 411 034, Tel : +91-20-39858555, www.forbes

marshall.com
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4.1 The solar furnace
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Figure 4.4: Frontal photograph of the parabolic mirror during the construction of
the liquid metal loop.

Figure 4.5: Parabolic mirror prior to (left image) and after mounting (right image)
on support frame.
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a common and two-axis tracking unit. Each of these twin parabolic shaped
mirror sets had a square 16 m? aperture area and consists of nine mirror
facets of three different shapes. In the intended application a water-cooled
concentrating photovoltaic solar cell by Azur Space would generate electric-
ity and warm water for use in remote applications, for example, in laundry
services. As the mirror support structure and the mirror facets of this sys-
tem matched the requirments of the SOMMER’ solar furnace it has been
negotiated with Forbes Solar to purchase a single one of the twin sets of the
rigid support structure for the mirror mounting and two sets of nine glass
segments, each.

These are 3D-shaped glass segments made by Flabeg” with typically a
total slope error of equal or less than 3 mrad. The focal length of 2400 mm
of the complete assembly made the setup within the hall possible.

A custom mounting for the mirror has been designed and built'? with the
ability to drive the parabolic mirror a distance of 525 mm along the axis
between the heliostat’s center of rotation and the parabola’s center. This
option allowes to focus and de-focus the focal point on the receiver’s ab-
sorber plane. The linear motion has later been constrained to 450 mm due to
the space required for shutter, emergency curtain and receiver. The support
structure is furthermore equipped with wheels that allow the positioning in
the laoratory hall for alignment with the heliostat. A drawing of the support
structure is shown in Figure 4.6!'. During the mirror qualification campaign
with CSP Services also the alignment of the concentrator’s mirror facets
has been assessed by deflectometric measurements and the identified offsets
corrected. The individual facets have a very slight stripe pattern — a typical

residue from the production process, which is human-eye visible and has

9 FLABEG Deutschland GmbH, Waldaustrasse 13, 90441 Nuremberg, +49-911-964560, ht
tp://www.flabeg.com/

10 Design and acquisition of this support structure was mainly conducted by A. Jekel according
to the required specifications.

! Simplified mirror parabola with exaggerated curvature, with 9 original individual facets re-
placed by a single one and without the cover of the linear drive unit.
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4.1 The solar furnace

Figure 4.6: Parabolic mirror; design and drawing by A. Jekel. Dimensions in mil-
limeter.

been revealed by defectometry as well as slight canting of individual faces.
After the correction of alignment the average slope standard deviation error
in horizontal direction has been reduced from 2.51 mrad to 1.94 mrad mrad
and in vertical direction from 2.31 mrad to 2.14 mrad. The mean deviation
of all panels has been reduced to less than 1 mrad in both directions. It has
also been tested and approved that the forward- and backward drive applies
no stress or strain onto the facets which could have reduced the alignment
accuracy or have introduced flexing of the facets and a distortion of the pro-

jected flux.

The parabolic mirror has been simulated by CSP Services via ray-tracing
under assumption of a 90% reflectivity of the mirrors at circum-solar ratio of
3.5 %. A concentration ratio'? of more than 17000 was found versus 12400

prior to the alignment correction.

12 That is the ratio of concentrated solar flux density in the focal point and the solar flux density
entering the concentrator’s aperture.
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SolTrace has been used throughout the selection process to assess the
suitability of the offered mirror geometries. Based on a 3D model of the
solar furnace the flux distribution has been estimated. Since the flux mea-
surement system has become operational '3, the predicted and measured flux
can be compared. On September 13, 2016 at 15:13 o’ clock and DNI of
770 Wm~2, the distribution as shown in Figure 4.7 in the bottom graph has
been measured. The top graph shows the simulation. There is a horizontal
offset between bot recordings visible which is a result of the aim point of
the heliostat, which was not perfectly aligned with the center of the absorber

in the bottom graph.

The distributions both agree in containing two separate vertically aligned
maxima of flux. The origin of a two maxima instead of only one expected

maximum is the canting of the heliostat mirror’s facets.

The 3D model is simplified and estimated values for reflectance and sur-
face quality have been applied. This has been sufficient for the estimation
of the expected orders of magnitude for power and peak flux. Therefore
the observable differences between simulation and measurement arise from
irregular imperfections of the heliostat and from the shutter (Section 4.1.4),
which was in a lowered position during this measurement with its lamellae
in horizontal orientation. The shutter was not accounted for in the simula-

tion.

4.1.3 The DNI measurement

The direct normal on site is measured by a Hukseflux DR02-05 Pyrheliome-
ter mounted on an EKO STR-21G sun tracker with GPS receiver.

More than 960 W m 2 are frequently measured on clear days.

13 At this stage the first of three generations of HFM sensors was used. At that point of time no
precise calibration was available. Therefore a high uncertainty must be assumed in the resulting
images.
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Figure 4.7:
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lated; bottom graph: measured.
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4.1.4 The shutter and emergency flux shutoff

Three different means exist to block the light passage between heliostat and
the parabolic mirror: A weather-proof roll-up gate, variable-angle shutter
blinds and an opaque curtain that can be dropped within seconds in emer-
gency situations and which is gravity driven.

The gate serves the purpose of protecting the hall’s innards from ambient
conditions during down-time and stand-by. Due to small windows contained
in the blades it cannot serve as a light shut-off.

Horizontal lamellae impose only a small effect on the flux distribu-
tion when used for regulating the amount of light passing through to the

14 are installed in the

parabolic mirror. Therefore shutter blinds by Warema
plane behind the gate. These can be controlled via a SMI PC interface from
the control room and set to pre-defined angular positions in order to set the
transmitted solar power.

The white aluminum lamellae are 95 mm wide and shut tight in verti-
cal orientation. They are arranged in two vertical columns of 2330 mm by
4582 mm each with a vertical center rail.

This shutter is closed as a safety precaution prior start of daily loop oper-
ation. Once coolant flow is established, the blinds can be opened. With the
lamellae in horizontal position roughly 80 % of maximum solar power can
pass the shutter. For more power the blinds are raised via an electric drive.

The closed shutter is shown in Figure 4.8 with light from the heliostat
projected upon it.

In emergency situations, such as power outage, however, this shutter can-
not serve as shut-off mechanism. Also the slow speed of its drive makes an
additional, instantaneous emergency shut-off a requirement.

Therefore, a gravity driven curtain, actively held in place by electromag-

netic spring loaded actuator has been installed in the second plane behind

14 WAREMA Renkhoff SE, Hans-Wilhelm-Renkhoff-StraBe 2, D-97828 Marktheidenfeld, ht
tps://www.warema. com, phone: 9391 /20-0
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4.2 The liquid metal loop

Figure 4.8: Closed shutter with sunlight reflected upon it by the heliostat on a
morning at 10:45 o’clock near autumn equinox. The neighboring build-
ing casts its shadow onto the heliostat which is visible in the projec-
tion’s bottom left edge.

the gate. Upon power outage or upon release signal the actuator’s spring
triggers the release of the curtain which then drops to the floor within less
than three seconds and closes the passage of light. This prevents overheating
of the receiver and its surroundings in inexpected events, such as a power
outage causing the pump to stop. The curtain is guided and held in place by
steel wires and is pulled to the floor by weights so that it cannot be pulled

aside by wind.

4.2 The liquid metal loop

The lead-bismuth loop provides a continuous liquid metal coolant flow at
constant temperature to the thermal receiver and removes the thermal power
absorbed by the receiver. Besides the thermal receiver it consists of a pump,
a heater, an air cooler, a storage vessel with 300L of volume and a gas

supply system. The loop’s PID is shown in Figure 4.9. These components
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Figure 4.9: Slightly simplified PID of the SOMMER loop.

are vertically arranged as shown in Figure 4.10 with the receiver located in
the focal point at an elevation of approximately 3 m above ground. This
sump vessel contains all the loops LBE volume during down time. The
loop is equipped with a vacuum pump in order to remove all gas prior to
the filling process and a argon hydrogen gas supply in order to apply a gas
cover to the pump vessel after the filling procedure is completed.

Several temperature sensors are distributed along the LBE flow, as shown
in Figure 4.11. The LBE’s mass flow rate is determined from measured
differential pressure in a venturi orifice.

Highly precise pressure measurement is possible in LBE. Due to the risk
that sensitive pressure indicators are damaged from freezing LBE during
down time, these indicators can be separated from the direct LBE contact

by hydraulic oil. This requires a remote pressure coupling and fluid separa-
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Figure 4.10: CAD drawing of the LBE loop’s main components.
(F.Fellmoser/Flesch)
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tion by stainless steel diaphragm seals which are commercially offered by
instrument manufacturers.

During operation, gas residuals can interfere with the pressure measure-
ment. The amounts of gas are reduced significantly beforehand by evacua-
tion of the entire loop prior to each filling. Once the loop is evacuated, LBE
is pushed up the filling/draining line by a argon hydrogen pressure applied
to the free surface in the storage vessel. Once the LBE level has risen to
the pump vessel it is detected by level indicators which signal the detection
of LBE by having an electric circuit closed by the electrically conducting
liquid metal itself. Once this level is reached the drain valve is closed and
the pump vessel is filled with an argon hydrogen mixture until atmospheric
pressure is obtained. This pressure increase pushes the LBE level up into
the pressure line behind the pump to completely fill the loop.

Due to the periodic draining and filling of the loop sludge and parti-
cles can precitipate on the diaphragms and impact the measurement. Even
though the loop is evacuated during filling, compressible gas can still be
trapped on the diaphragms.

Therefore purge lines are required for each diaphragm hydraulic coupling.
These lines are collected and re-directed to the pump vessel. Purging re-
quires a running pump: With extra purge valves open, the diaphragms are
purged upon the establishment of mass flow through pumping. They are then
closed and the loop is ready for operation. Successful removal of trapped
air or debris would be detected by a measured change in the pressure value
after purging.

For draining of the loop the automatic drain valve is opened and argon
hydrogen allowed to fill the volume freed from LBE. Driven by gravity LBE
flows then back into the storage vessel. All tubes in the loop are sloped
towards the drainage line to ensure complete draining of the loop.

All pipes and instruments in contact to LBE must be trace heated and
temperature monitored to prevent the freezing of LBE. Tubular heaters made

by Eichenauer and flexible heating cables by Horst are used.
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4.2 The liquid metal loop

The storage vessel is designed and protected by a safety relieve valve for
pressure up to 6 bar required in the gas cover in order to push fluid against
the static pressure of LBE when the level resides in the pump vessel of about
S bar.

All connecting pipes are of 1.4571 stainless steel and have an inner diam-
eter of 16 mm and a wall thickness of 2mm. As an exception the drainage
pipe has an outer diameter of 16 mm and wall thickness of only 1 mm in
order to provide a larger cross section for emergency drainage. All compo-

nents are connected with Swagelok fittings.

Mineral wool is used in the cold part and ceramic wool in the hot part for

thermal insulation.

The desing of the loop, including its operation parameters and configura-
tion as shown in Figure 4.11, and its geometry was stronlgy influenced by
design decisions of the thermal receiver and by the availablility of equip-
ment, such as pumps. Therefore the final design presented here is a result
of several iterations including the receiver design. This process is briefly

outlined in the Appendix section A.3.

4.2.1 The pump

A mechanical gear pump has been used for the final design of the loop. The
gear pump model CHEM 10,2-2, has been obtained from the German man-
ufacturer Witte. The pump has been delivered pre-mounted in a custom top
flange for the respective pump vessel. The final assembly of that vessel with
the pump mounted on top is shown in Figure 4.12 The predicted, differn-
tial pumping pressure of more than 6 bar has been much higher and design
LBE flow rate of 1 kgs~! has been much lower than what had been applied
in present laboratory loops at KALA in the past and thereofre constituted a
novelty. The existing loops use centrifugal pumps that are specially selected

to cope with LBE’s very high density.
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Figure 4.11: Flow diagram of final loop configuration excluding gas and vacuum
supply and other peripheral pieces of equipment.

The high density generates high axial forces in centrifugal pumps, which

act on the axial bearings. They are problematic as these are proportional to

the liquid’s density.

As a general rule the pump head H is quadratic proportional to the pump’s

rotational speed n:

AH = n?,

A.1)

and the differential pressure is related to the pump head according to,

90
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4.2 The liquid metal loop
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Figure 4.12: Complete pump assembly without thermal insulation.

At the same pressure difference, for example, water can be pumped ten times
higher than LBE.

The axial force on the shaft is approximately equivalent to,

Fayx = ApA = pgHA, (4.3)

with A being the free cross section between the pump blades. In order to

keep the axial forces constant at the ten times higher density and one tenth
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of pumping head the rotation speed of the pump in a LBE flow has to be
reduced to 4/1/10, which equals approximately one third.

The volume flow is directly proportional to the rotational speed so that in
LBE service the pump delivers only one third of its nominal water volume

flow.

Thus, if a pump specified for the use with water shall be selected for
LBE service its design water pump head has to be ten times of that intended
for the LBE application, three times the intended volume flow rate and that

pump has then to be operated at one third of the design rotational speed.

However, no centrifugal pump could be found on the market to operate in
the intended operation window due to the small required volume flow rate.

and therefore a gear pump has been selected.

Straight tooth gears of 1.4112 stainless steel with 28 mm axis distance
and a tip diameter of 32 mm are applied. They are hardened with a CrN-
mod coating in order to improve wear resistance. A silicon carbide shaft
bearing in contact with LBE is used. The casing in made of 1.4313 steel.
A 400V SEW 0.75 kW electric motor drives the pump. The pump operates

Iand

in a range of 588 min~! to 1118 min~' for mass flow rates of 0.1kgs™
1 kgs~!, The nominal operation differential pressure is 11 bar, and in order
to protect the loop the pressure line is equipped with a safety valve with

nominal 17 bar release pressure.

Due to the small gaps between the gear teeth’ outer edges and the inner
wall of the casing these pumps are sensitive to particles in low-viscosity
fluids. Accordingly, the LBE flow is filtered prior to entering the pump with
a mesh filter with 0.2 mm thread thickness and square pores with 0.3 mm
edge length. This stainless steel mesh is applied onto a cylindrical frame
in order to provide 183 cm? mesh area with 66 cm? free cross section; an
area ten times that of the pump’s suction inlet in order to obtain a minimal
pressure loss of this filter. The pump head with the filter installed is shown
in Figure 4.13.
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4.2 The liquid metal loop

LBE flow

LBE filter

pressure line

Figure 4.13: Pump head with particle filter on the left and safety valve in the pres-
sure line on the right. To be submerged in LBE in the pump vessel.

Shaft sealings are potentially incompatible with LBE. This makes pump
heads submerged in a free-surface pool of LBE a convenient solution. The
free surface is conveniently contained in a vessel where the shaft sealings
can be located outside the liquid volume, for example near the vessel’s lid.
The selings they are then in contact only with a cover gas above the open
surface. As cover gas, argon-hydrogen is applied in the SOMMER facility.
In order to obtain the free surface, the pump vessel is installed in the highest
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position at the filling level of the loop. This allows to apply the cover gas at
a low pressure difference to the ambient pressure.

A magnetic coupling of the shaft is used, sealed with a borosilicate glass
can. The magnets in the coupling are sensitive to heat and therefore installed
in a distance away from the vessel. The support is equipped with cooling
fins in order to keep the coupling’s operating temperature low when the
maximum allowable LBE temperature of 380 °C is attained.

The vessel lid, which is derived from a DN350 blind flange geometry with
520 mm of diameter and 39 mm thickness is attached to the vessel and sealed
with a Heliocoflex spring energized seal with armco coating. Experience in
the laboratory shows that the number of screws as defined for DN flanges is
not sufficient to apply enough and sufficiently evenly distributed force onto
this kind of sealing to make it completely tight. The standard for DN350
flanges requires 16 M24 metric screws for tightening. For this application,
however, 32 M 16 screws are used instead.

The flange has been specified to be pierced by the pressure line outlet and
five pipes. These pipes are used to permanently mount level indicators, a
temperature measurement probe and to connect the argon hydrogen supply,
the vacuum system and the safety relieve valve, as well as the purge fluid
return flow.

The LBE level during operation resides approximately 5 cm above to suc-
tion inlet of the pump in order to generate sufficient static pressure for cavi-
tation suppression.

The allowable over-pressure of the pump vessel is one bar and ensured by

the safety relieve valve.

4.2.2 The heater

In the SOMMER loop a flow of 1 kg/s of liquid lead-bismuth eutectic alloy
shall be heated under reference conditions as listed in Table 4.2 on page

111. The flow leaves the pump vessel at a temperature of 380 °C and shall be
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4.2 The liquid metal loop

heated up to 530 °C, which is the required temperature at the receiver inlet in
order to achieve a receiver outlet temperature of 600 °C. Were there a higher
thermal power available from the associated solar furnace such heater would
become obsolete and the liquid could be heated with sunlight, exclusively.
The heat capacity of LBE at 530°C is approximately 142Jkg~!'K~! and
nearly constant throuthgout the loop’s operational temperature range. The

required steady-state deliverable design thermal power equals therefore:

Q=1ir-c, AT = lkg/s- 140Jkg ' K~' - (530°C —380°C) = 21000 W.

4.4
In the loop the heater is acting as control element for its own outlet tempera-
ture. Therefore heating rates higher than the required steady-state power are
required to counteract temperature fluctuations or disturbances in the mass
flow rate. These can occur, for example, when the sun is fully exposed af-
ter having been partially covered by a cloud and the mass flow is suddenly
increased for compensation. Higher than nominal heating power is then re-
quired to quickly restore the heaters outlet temperature to its set point value.
For that purpose the heater is designed to deliver a thermal power of up to
P, =30kW.

The temperature response of that heater shall be as quick as possible,
therefore the design should present a minimum fluid volume for minimum
residence time and a lightweight construction while at the same resist the
design pressure of 17 bar.

The heater as depicted in Figure 4.14 has therefore been specially de-
signed for the loop. The design process is described in detail in the Ap-
pendix section A.5.

4.2.3 The air cooler

A cross-flow air heat exchanger with continuously finned tubes is used as a

cooler, shown in Figure 4.15.
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Figure 4.14: Final design of the heater. The protective shells for the heater rods are
indicated with ‘1°, the central, non-heated tube is indicated by ‘2’.

Figure 4.15: Finned tubes heat exchanger.

The liquid metal flow in the tubes passes the air stream in serial fashion
nine times. The respective nine straight tubes are arranged in a rectangu-
lar pattern in three rows and columns with the hot LBE flow entering first
the three serial tubes in cross-flow with the entering cold air. This cooler
has been designed by Michael Kant according to the cell method presented
in [67, p.258], build and tested during his Master’s thesis [68] under Julio
Pacio’s supervision. The requirements for this cooler have changed for the
present design. Its design process and the positive assessment for the appli-
cation under these changed parameters are described in the Appendix sec-
tion A.6
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4.3 The thermal receiver

4.3 The thermal receiver

An iterative process has been required for the design of the thermal receiver
of the SOMMER experiment and the attached liquid metal loop. Ambitious
operation targets and at the same time existing constraints in size and power
rating initially posed a great challenge for the attached liquid metal loop and

vice versa. This design process is summarized in the following sections.

The size for the receiver is a result from the available solar power as
delivered by the solar furnace and the design target of an average flux density
of I MWm™2. On days with high irradiation the solar flux is sufficient for
generating a thermal power of 10kW. This results in a receiver aperture
area of 0.01 m?.

Additionally, the receiver was designed for maximum dimensionless sim-
ilarity of heat transfer to the liquid metal flow in comparison with a larger-

scale receiver, resulting in requirements for the flow conditions.

The following section therefore discusses the process of generating a
larger-scale reference system, obtaining the thermal-hydraulic flow condi-
tions of that system and implementing these with dimensionless similarity
in the experimental receiver of the SOMMER experiment. The receiver
applied in the SOMMER loop shall therefore be called ‘model receiver’

throughout the following section.

4.3.1 A hypothetical reference receiver

The dimensionless numbers of the flow, which are likely to occur during
the operation of a commercial-scale thermal Receiver, must be obtained
as well during the small-scale, model receiver’s operation. Otherwise, no
similarity between both systems is provided and an extrapolation of mea-
sured performance to the large-scale case is not possible. Such commercial-

scale receiver will be called ‘reference receiver’. However, what are typi-

97



4 Solar test loop and receiver design with LBE: SOMMER

cal thermal-hydraulic conditions and the respective values of dimensionless
numbers of such a reference receiver?

A well-documented project with a thermal receiver operated with a liquid
metal is that of the SPSS advanced sodium receiver as introduced in Section
1.3.1. During its operation until 1986 the receiver was tested up to its very
limits when imposing a peak heat flux density of 2.5MWm™2 to it at a
thermal power of 3.4 MW. The design of this receiver as well as operational
experience is documented in a couple of publications (e.g. Ref. [26, 27]).
The latter report provides enough data to derive a reference for the model
receiver of the SOMMER loop.

However, this receiver was operated with sodium, not with LBE and both
fluids have different fluid properties and consequently, they have different
Prandtl numbers except for a very small range of temperatures. Only in
this interval their Reynolds and Nusselt numbers can be identical simulta-
neously:

Nu = f(Re,Pr). 4.5)

Due to this difference in properties a reference case operated with LBE in-
stead of sodium must be obtained; then identical Prandtl numbers allow for
scaling in a wide range of temperatures. Since LBE has not been used in
commercial receivers such a commercial-scale reference must be theoreti-
cally determined. This reference’s geometry, operated with LBE, can then
be scaled to experimental proportions in a second step while maintaining

both, the reference’s Reynolds and Nusselt numbers.

One way to obtain a commercial-scale reference geometry for an LBE re-
ceiver is a detailed numerical system design and optimization including all
components of a solar power plant simultaneously. This approach has been
adopted during the LIMTECH alliance by the German Aerospace Center
DLR, however, it has not yet been completed at the time when reference
parameters were required. The execution of such an approach would there-

fore have exceeded the scope of this work. Therefore, only a simple model
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of the receiver has been derived and optimized for operation with LBE, as

described in the following:

A sodium-operated demonstration-scale reference has been used although
some paragraphs ago a commercial-scale power reference has been de-
manded. However, currently only existing receivers operated with solar
salt or water steam, both not being liquid metals, fulfill the criterion of
having commercial scale. These fluids have a fundamentally different heat
transfer behavior compared to liquid metals. Therefore, using a salt or steam
system as reference would introduce uncertainty in whether their respective
hydraulic configuration would be suitable for LBE at all. It shall be assumed
that there is more similarity between the two liquid metals sodium and LBE
and the transformation of a sodium receiver into an LBE receiver is more
legitimate than using a salt or steam receiver as a basis. The resulting com-
promise in power rating has therefore been accepted and the SSPS receiver
has been used as a basis for the identification of an LBE reference system,
as presented next. Nevertheless, for comparison the same approach was
applied to the case of the solar salt-cooled receiver of the Solar Two thermal

power plant and the differences between both references discussed.

In a first step the sodium of the SSPS project’s receiver has been hypo-
thetically replaced by LBE. In a second step the receiver’s geometry has
then been optimized under a set of constraints and simplifications. The pa-
rameters resulting from that calculation could then serve as a reference for
the SOMMER model receiver. During the fluid replacement operation the
reference receiver was required to maintain the same overall thermal power
output, the same temperature increase of the fluid and the same pumping
power of the receiver flow as in the original case. The only parameters to be
changed are the number and diameters of the tubes. Under these presump-
tions the effect of the fluid replacement imposed onto the remaining parts of
the power plant are considered to be small: the original heliostat field size

and the original power block configurations could be maintained.
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This simple model used strong assumptions: it has been assumed that an
equally efficient and economical storage option exists for LBE and sodium
that allows to keep the plants’ energy storage capacity. Also additional costs
or savings of using LBE on the plant’s economic balance have been ne-
glected as well as mechanical stresses in the tubes of the newly obtained
reference.

The resulting tube geometry and thermal-hydraulic behavior of the LBE
flow in the reference then presented a case to which the small scale SOM-

MER receiver could relate.

For this approach at first the required receiver aperture area has been de-
termined. The SSPS sodium receiver had a thermal power rating of 3.4 MW
at approximately 90% thermal efficiency. In order to obtain that thermal
power,

Prag = L} =3.4MW (4.6)
Tth

of radiation power is required incident onto the receiver.

An additional assumption was made: For the LBE reference receiver and
the original operated with sodium the same thermal efficiency was assumed.
With this assumption the same receiver aperture resulted and no impact on
the required configuration of the heliostat field was generated. This assump-
tion neglected that LBE will in fact not be able to cool the tubes as efficiently
as sodium when the same pumping power is invested, as discussed in Sec-
tion 3.1. The tube wall temperatures and the thermal losses would therefore
in reality be higher at the same power output and the LBE receiver’s ther-
mal efficiency would be lower than that of a receiver operated with sodium.
However, in order to precisely determine the actual LBE receiver’s thermal
efficiency, very detailed and iterative modeling of the thermal losses would
be required. For our purpose of obtaining a first-approximation reference
geometry the application of such a detailed method was out of scope. Al-

ternatively, the LBE receiver’s efficiency could have manually been set to
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some lower value, which, however, would not have yielded a result being
‘more right’ as neither had resulted from a detailed simulation.

In order to obtain a thermal power of Py, = 3.1 MW, a radiation power
of Pug = 3.4MW is required. The SSPS receiver was operated with an
average flux of 0.43 MW m~? so the LBE receiver required an aperture area
of 7.91m? in order to collect the required radiation power. The total mass

flow of the receiver was calculated according to:
Q:m'cp' (Tout_Tin)a 4.7

with Ty = 560°C and T;, = 270°C and c, evaluated at the arithmetic mean

of inlet and outlet temperature , that is in the considered case 415 °C.

The resulting mass flow rate is 7z = 74.1kgs~!. This mass flow now has
to be delivered across the receiver area to absorb the thermal power through
receiver panels with their parallel tubes as shown in Figure 1.3. This has to
be accomplished in such a way as to obtain the highest possible convective
heat transfer coefficient but at the same time a pressure drop that results in
a pumping power equal to that of the reference sodium receiver by allowing
the number of tubes per panel and the tubes’ diameters to be adjusted.

For the present case, the reference’s nearly square receiver aperture area
A =W - H is maintained which leads to a width W and height H of the
receiver of H = A/W = 2.73m. The reference’s geometry is such that all
tubes stretch vertically along the full receiver height as shown in Figure
1.3where one of several panels is schematically shown. The number of pan-
els np, horizontally divide the receiver in sections. The tube diameter d then
determines how many parallel tubes (np) can be fit into one panel, which
results in each tube’s mass flow rate and each tube’s flow velocity. Then, the
Reynolds numbers and Nusselt numbers of the tubes, as well as receiver’s
pressure drop can be calculated. A small number of serial panels leads to

low pressure drop because of short, parallel receiver passage.
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For this study it was decided not to vary the number of panels from the
sodium case. This number is the result from minimized entropy generation
from mixing of flows from the panel’s tubes before advancing to the next
panel. Also the differences in the outlet temperatures of individual tubes
within the same panel are influenced by the flux distribution onto the re-
ceiver panels. These differences are in the original receiver also optimized
for minimum thermal stress.

Additionally, construction constraints play a role. The panel design is
optimized for manufacturing and installation on the tower top. Only detail
engineering of the receiver will justify a reduction in the number of pan-
els which was out of this work’s scope. Also, since the flux distribution is
assumed to remain unchanged in this study the number of panels was main-
tained.

Then the inner tube diameter and the number of tubes per panel has
been varied to obtain the highest possible convective heat transfer coeffi-
cient while not exceeding the required pumping power of the SSPS receiver.
A Monte-Carlo optimization algorithm in Microsoft Excel has been used
for this task. The pumping power took into account only the pressure losses
of the straight tubes. Pressure losses in collectors and diverters have been
neglected.

The fluid properties of LBE were taken from Ref. [32] and for sodium
from Ref. [69] and are evaluated at the arithmetic mean temperature of the
receivers. The pressure drop has been calculated for smooth tubes of the
length of five times the receiver height (five serial panels) and the friction
factor correlation by Nikuradse, Prandtl, v. Karmén etc. [66, p.Lab 2].
For LBE, the Nusselt number has been calculated with the correlation by
Lubarsky and Kaufman, which at the present Peclét numbers of about Pe =
1300 is an appropriate choice.

The results from the calculations are presented in Table 4.1.
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Table 4.1: Parameters of the SSPS receiver operated with molten sodium and LBE.
Values indicated with * are based on assumptions.

Property Symbol  Value Sodium Value LBE
Absorbed thermal power / W 0 3058000 3058000*
Inlet temperature / °C T; 270 270%*
Outlet temperature / °C Tout 560 560*
Average flux / Wm ™2 q" 435880 435880*
Peak flux / Wm™2 qnax 2500000 2500000%*
Receiver efficiency / — MR 0.9017 0.9017*
Receiver radiation incidence / Qs 3391371* 3391371*
\Y

Receiver aperture area / m> AR 7.78 7.78%
Arith. mean temperature / °C Th 415 415*
Mass flow rate / kgs™! Titot 8.25 73.9%
Volume flow rate / m?>s~! 1% 0.01 0.0073*
Tube inner diameter / m D; 0.012 0.019*
Wall thickness / m tw 0.001 0.001*
Tube outer diameter / m D, 0.014 0.021*
Panels / - np 5 5%
Parallel tubes per panel / — n 39 27*

(... to be continued on the next page ...)
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Table 4.1: Parameters of the SSPS receiver operated with molten sodium and LBE.
Values indicated with * are based on assumptions.

Property Symbol Value Sodium Value LBE

(... continued from the previous page ...)

Panel height / m H, 2.75 2.75%
Single tube fluid velocity / v 2.19 0.95%
ms~!

Reynolds number / — Re 83094 124 148%*
Nusselt number / — Nu 6.99 12.98%*
Peclét number / — Pe 417* 1965%*
Prandtl nummber / — Pr 0.005%* 0.016%*
Conv. heat transfer coefficient / & 39971%* 9098*
Wm2K™!

Tube pressure drop / bar Ap 0.86* 1.01%*
Pumping power / W Poump 827* 737%

When operated with LBE, the SSPS receiver would require 5 panels with
27 parallel tubes each of an inner diameter of 19 mm. This set of parameters
serves as the reference for the design of the SOMMER receiver.

The comparison of the original sodium receiver and the similar receiver,
but operated with LBE reveals the following observations: While the Rey-
nolds number in the LBE receiver is increased, the convective heat transfer
coefficient is only one fourth of that of the sodium-cooled receiver. In com-
parison, the LBE receiver’s pressure drop is higher but due to the smaller

flow velocity the hydraulic pumping power is similar compared to the pump-
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ing power of the sodium receiver. As predicted, the lower convective heat
transfer coefficient will result in higher outer tube wall temperatures and in
increased thermal losses to the ambient. As mentioned before these are not
considered in this design process for the experimental receiver but they re-
duce the measured thermal efficiency. The LBE-cooled reference receiver
has a Reynolds number of more than 10°. This number is used as a design
target for the SOMMER receiver.

In LBE large-scale receivers also larger tube diameter will be required.
For a single tower plant with a thermal power of 140 MW A. Fritsch [29,
p210] identified, for example, an optimum diameter of nearly 38 mm for the
case with the highest flux density considered in his study when the flow is
divided in two with only 3 panels each and 78 parallel tubes per panel. Also
Reynolds numbers of nearly 103 are obtained.

Also for the receiver-only single tower concepts with sodium as heat-
transfer fluid Reynolds numbers significantly above 5 x 10° have been found.

For comparison, the same procedure has been applied using the molten
salt receiver of the Solar Two project as a reference. That receiver had a
thermal power of 42 MW. For the resulting LBE reference system as ob-
tained by the same procedure as describe above, tube diameters for LBE of
50 mm and a Reynolds number of even more than 7 x 103 result.

Note that according to the LBE Handbook and Pacio et al. [48] currently
no Nusselt number correlations exist that have a data basis covering for LBE
the range of Reynolds numbers above 1.92 x 10°.

Based on the findings of the previous section the following operating con-

ditions have been defined as operation targets for the model receiver:

* areceiver outlet temperature of 600 °C,

» a Reynolds number of more than 10°.

A flat panel receiver design is intended for the use in the SOMMER
facility.
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Figure 4.16: Life-scale receiver panel with a 10 by 10 cm section taken out to be
placed in the SOMMER solar furnace arrangement.

Now that a reference case is obtained, in principle two approaches can be
used to conduct small-scale experiments with results that are applicable in

large scale power plants:
* the investigation of a life-scale representative part of the reference
« the investigation of a down-scaled element of the reference.

The model receiver should in both cases resemble an element of the refer-
ence receiver’s geometry as shown in Figure 4.16, however, with tube di-
mensions according to the LBE-cooled reference receiver from the previous
Section 4.3.1 as listed in Table 4.1.

However, it will be limited to an aperture area of approximately 10 cm
by 10cm in order to achieve sufficiently high flux values at the available

solar power. This introduces a dissimilarity in flux distribution compared to
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Figure 4.17: Draft of a three-tube life-scale receiver. The black square represents
the same area as the square at the left image while the total number of
parallel tubes is reduced.

a section of the reference receiver where the flux distribution would be very
homogeneous.

The receiver must consist of at least three parallel tubes, schematically
shown in Figure 4.17 Only with three tubes the center tube is exposed to the
same conditions as any central tube in a large scale receiver. The remaining

two tubes would then resemble edge tubes.

The experiment in SOMMER should furthermore simulate patches from
all possible positions of the reference receiver. For example, at the tube
inlets of each reference panel non-developed turbulent flow will be present
while hydraulically developed flow will be present after an development
region of the length of 30 to 40 - D;. Therefore, such SOMMER receiver
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requires a hydraulically developing entrance section. The black square, as
shown at the right image in Figure 4.17, which indicates the region of the
receiver that is exposed to solar radiation, can be shifted along the model
receiver. This allows the investigation of the heat transfer under different
flow conditions. An increase of the operation temperature of the model
receiver simulates a ‘hotter’ patch of the original receiver.

Also the resulting temperature increase between in- and outlet should be
at least AT = 10 K in order to sufficiently reduce the uncertainty of tempera-
ture difference measurement. It is desired to determine the efficiency of the
receiver which requires good knowledge of the temperature increase.

The discussion of the options of designing the thermal receiver as an un-
scaled or scaled section of the large-scale reference in the Appendix sections
A.3.1 and A.3.2 results in the conclusion that the application of parallel flow
in the model receiver tubes eliminates the option to achieve the operation tar-
gets of a temperature increase of more than 10 K and the Renolds number of
more than 10 x 10° simultaneously at the given maximum solar power.Also
the fabrication of such parallel tubes in the required compact volume was
expected to be very difficult. This makes the approach of testing a patch of
the reference, either in 1:1 scale or scaled down, impractical.

As a compromise a single tube can be bent to form a coil as shown in Fig-
ure 4.18 in order to pass through the receiver aperture along its flat section
several times. This way a single flow absorbs all the power projected onto
the receiver which reduces the required mass flow rate and a temperature
increase much larger than 10K at a Reynolds number of Re > 1 x 10° is

obtained.

4.3.2 The down-scaled tube coil design

In such a tube coil the flow re-enters the absorber area several times. The
tubes outside the abrober area are thermally insulated so that the flow main-

tains the temperature it had at the end of the preceding pass. The coiled
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Figure 4.18: Simple spiral-design receiver concept where the tubes located in the
front plane will be exposed to the concentrated solar radiation. The
back side will be insulated.

design can therefore be interpreted as a single tube of the reference, scaled
as a representative part of a full receiver, but cut in pieces several times in
order to fill out the full available space around the focal point provided by
the SOMMER solar furnace. The bending of the tubes and the applied flux
distribution, however, introduce a remarkable dissimilarity to the reference

because in a coil the flow obtains a swirl component.

In order to make the flow hydraulically developed before entering the
absorber zone, a flow development section was foreseen before each pass
by means of an elongated design of the coil. The top view of the resulting
design is shown in Figure 4.19, with the flow moving in clockwise direction.
A market investigation revealed that only tubes with internal diameter of
9mm and 0.5 mm wall thickness could be supplied in the desired kind of
steel. The resulting operating parameters at design conditions as shown in
the right column of Table 4.2.

While being the simplest possible layout for the SOMMER project both,
the high temperature and the high Reynolds numbers could be obtained
while the fluid temperature in the receiver rised significantly so the desired
outlet temperature of 600 °C could be achieved. It was therefore selected
for execution. The coiled tube design equires significantly less mass flow

and therefore relaxes the electrical and recuperating augmentation which
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Figure 4.19: Top view receiver drawing

would have been required for parallel flow model receivers as indicated in
the Appendix in Figure A.15.

The final design of the receiver with its thermally insulated tube coil is
shown in Figure 4.26.

Details regarding the receiver’s construction can be found in the appendix
section A.3.3.

4.3.3 Down-scaling effects

The selected tube geometry of an inner diameter of 9 mm and a wall thick-
ness of 0.5 mm and the heat flux density that can be varied between 0 and
1 MW m~2 correspond to geometries according to the scaling laws on page
71.

Such model conditions represent, for example, the case of a tube of the
hypothetical reference of 19 mm (a scaling factor of 2.1) at an average
heat flux density between 0 and 473684 Wm~2. Then, the wall thick-
ness is 1.055mm. The available peak flux in the SOMMER facility of
up to 3MW m™2 corresponds to a peak heat flux in the reference of up to
1.4AMWm™2.
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Table 4.2: Resulting parameters from a scaled receiver

parameter / unit value
tube internal diameter D; / mm 9

tube wall thickness / mm 0.5
number of windings / — 10

tube length / m 10.4
temperature rise / K 70
mass flow rate 7 / kgs™! 1
thermal power / W 10000
flux density ¢ / Wm™2 1000000
radial temperature difference AT / K 54
approximated pressure drop Ap / bar 6
Reynolds number Re / — 118000
convective heat transfer coefficient 7/ Wm—2K~! 18675

Can similarity between model and reference be obtained regarding natural
convection? A difficulty arises from the copper shield, as shown in Figure
4.19 which will impact the natural convection, especially when heated from
strong solar spillage, that is, concentrated solar flux that misses the receiver
aperture due to improper aiming of the heliostat or due to mirror imperfec-
tions. If this impact is neglected, the characteristic length of the receiver
aperture window in SOMMER is 10cm versus a characteristic length of
2.8 m in the reference. That is a ratio of 28. For the Grashof number to ob-
tain the same value in the model the temperature difference would have to
be increased by this ratio to the power of three while maintaining the Prandtl
number of the surrounding fluid identical — probably impossible in a solar

furnace.
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For the case of a flat surface of 600 °C and an ambient temperature of 0 °C
natural convection will have the following effect on the model receiver:

The Grashof number for L = 0.1 m is Gr = 8.98 x 10° and the correspond-
ing Rayleigh number Ra = 6.29 x 10°. The resulting Nusselt number for a
vertical flat plate

2
Nu = (0.825+O.387(Ra-0.345)<1/°)) —273, (4.8)

according to Ref. [66], h = 12.02WK!'m~2 and the resulting lost ther-
mal power Q = 72.1W or ¢’ = 7215Wm~2; that is 0.7 % of the absorbed
thermal power. The reference with L = 2.7m would at the same surface
temperature result in g” = 5490 W m~2, which, however, make up for 1.3 %
of the total thermal power, because in average a lower heat flux density of
435880 Wm ™2 is applied.

If the entire cavity is assumed to be a ‘flat plate’ at a temperature of 400 °C
(cool copper plates), an average heat flux density of ¢’ = 9330Wm™?2 is
obtained, thus, nearly 1 % of the incident flux is lost.

Note though that the flow conditions of this receiver deviate strongly from
a flat plate, due to the ‘roughness’ of the vertically stacked tubes and due to
the copper shield which forms a cavity around the absorber plane. There-
fore, the calculated value is likely to be wrong and serves merely for an
assessment of an order of magnitude.

Forced convection is suppressed by the fact that the receiver is tested in a
protected environment.

The specific radiation losses of the model are smaller than in a large scale
receiver at identical surface temperature. This results from the solar furnace
arrangement, where the parabolic mirror covers a very large portion of the
model receiver’s field of view. From the receiver point of view the net pos-
itive thermal radiation heat transfer with the sun image occurs through the
mirror face. Losses occur only with the surroundings of the mirror that have

ambient temperature. A real tower receiver on the other hand sees in its en-
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vironment a large portion of the sky which is a sink for radiation. According
to Duffy et al. [70, p148], the clear-sky temperature can be up to 30 K lower
than the ambient air temperature in cold, dry climate.

Due to the present arrangement of parabolic mirror and receiver the re-
ceiver’s view factor of the parabolic mirror is f = 0.55 and with its sur-
roundings less than f; = 1 — f = 0.45 due to the copper cavity. For the
radiation exchange with the surroundings the emitted power can be calcu-
lated according

ging = O f5(Tg — Tihy,) = 14.6kWm > 4.9)
for Trec = 873K and T, = 300K. That amounts to 1.5 % of the radiation
input . Both effects added together cause losses of 2.5 % of the power input
which superimpose effects from internal heat transfer.

The real magnitude of losses can approximately be determined by opera-
tion without sunlight projected onto the receiver at inlet temperatures of up
to 530 °C and extrapolated to higher temperatures. Such test conditions will,
however, differ from sun-on operation in the reversal of the temperature gra-
dients from bulk flow to outer tube wall which has to be taken into account
during this extrapolation. The receiver is for this purpose monitored by an
infrared camera which provides high-resolution data of the surface temper-
ature both, with and without solar flux on the absorber.

Losses can furthermore be reduced in the experiment by working at re-
duced temperatures. For example,

gy =1383Wm2 and geony = 2227Wm™? at a mean receiver temper-
ature of 226 °C which together make up for 0.36 % of incident heat flux.
Under these conditions losses can be neglected.

However, due to the fact that physical properties vary differently with
temperature, the results at low experimental temperatures cannot simply be
transferred to operation at high temperature. The Prandtl number at 226 °C
is 0.03 for LBE versus 0.01 at 600 °C. Accordingly, it is not possible to
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obtain both, an identical Nusselt number and Reynolds number when scaling

the geometry and changing the temperature simultaneously.

Also the thermal conductivity of the tube steel changes and a different
temperature difference is obtained between outside and inside of the tube
wall. It increases from 17 Wm ™' K~! at 200 °C to 23 Wm~' K~! at 600 °C.

This has to be taken into account when wall and bulk temperatures are

measured under these conditions.

Alongside the overall shape of the tube (a coil) additional differences re-
main to the reference: The tubes of the coil are coated with a layer Pyromark
2500 paint at a thickness of 21 um which has a very low thermal conductiv-
ity about one hundred times smaller than that of steel [41], which translate to
0.17Wm~ 'K to 0.23 Wm~! K for steel in the temperature range of 200 °C
to 600 °C. Pyromark consists of silicone resin forming silica once it has
undergone thermal treatment. The thermal conductivity of silica ranges be-
tween 0.6 Wm~!' K to 1.8 Wm~! K [27, p81]. This layer’s thickness cannot
be scaled under the assumption that it is applied via the identical spray paint-
ing procedure in the reference. This layer in its un-scaled thickness could,
according to Equation (3.48), generate a temperature difference just within
the coating of 11°C up to 34 °C at a flux density of 1 MW m~2 in the model
and the reference alike. This is valid under the assumption that the high
values of Pyromark’s thermal conductivity apply. On the SSPS receiver an
average paint thickness of 45 um has been measured, leading to significantly

higher temperature differences.

And finally: In the small scale SOMMER receiver the flux distribution on
a tube section is much different compared to a large scale reference plant.
Accordingly, the flow temperature profile is undeveloped to a higher yet

unquantifiable degree in the model receiver.

In conclusion, the boundaries of this thermal model receivers require nu-
merous simplifications and compromises during the receiver design process.

These result in a situation that not all important effects and performance in-
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dicators can be measured and used for the prediction of the behavior of

larger-scale reference systems.

Note also that no numerical stress analysis has been performed of the
current prototype receiver. Therefore, the quality of its design will be tested

during operation.

Nevertheless, the receiver is operated under absolute conditions that ex-
ceed the limits currently present in commercial thermal receivers and pro-

vide valuable experience.

4.3.4 The thermal efficiency of the model receiver

The receiver’s thermal efficiency 1y, is defined as the ratio of thermal power
absorbed by the coolant Py and the solar power applied to the receiver
aperture Ps. It is of economic importance and efforts are ongoing interna-
tionally to increase this value even by a few percentage points in commercial
receivers. Because of the significance of even small improvements, the un-
certainty in the measured value of thermal efficiency must be reasonably

low.

For example, a stated efficiency of 92 % should not be associated with
an uncertainty of more than 5 %, given that at the limits of this range of
uncertainty the efficiency could be 87.4 % (quite bad) or 96.6 % (very good).

However, the reduction of uncertainty in its measurement requires sig-
nificant effort, so that an uncertainty of 5 % should be considered to be an

acceptable value.

The solar power absorbed in the SOMMER receiver is measured accord-
ing to the temperature increase of the coolant between in- and outlet of the

receiver and the current mass flow rate and heat capacity:

Pus _ tit-cp- AT

nth = Ps PS

(4.10)
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The uncertainty of measured thermal efficiency 1, shall be assessed for
the case of the SOMMER facility. It is propagated from the uncertainties

in the variables existent in Equation 4.10 according to

2
W) =} ((aazh ) 'u2<xz-)> @.11)

i

with the following terms:

oM o e, AT

LU . 4.12
P P2 4.12)
8T]th _I’i’le
GAT ~ By (4.13)
onNm  cpAT
ai B (4.14)
Onm _ mAT 4.15)
de,  Bs '

The variance values to each partial derivative are picked as follows: Type
B relative uncertainties which are according to [71] based on scientific
judgement as opposed to a statistical analysis are used for the variance of
rii,c, and AT, and are taken from own characterization measurements, the
LBE handbook [32] and from operational experience, respectively. These
uncertainties are stated as the bounds of a rectangular uncertainty distribu-
tion, such as: ‘Any value around the expected value within the range of
a can occur with the same likelihood while the measured value will never
lie outside this range’. (With a being an uncertainty interval.) These rela-
tive uncertainties are converted to absolute uncertainties for this assessment.
The absolute standard uncertainty of the measurement of Ps can be directly
provided as a variance as function of the measured value, u?(Ps).

The uncertainty in the thermal efficiency of the receiver depends on the
mass flow rate, the magnitude of temperature rise in the receiver and the

solar power. Furthermore, the heat capacity depends on the temperature;
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Table 4.3: Measurement uncertainty of variables used to determine the uncertainty
of the thermal receiver’s thermal efficiency. The uncertainty interval of
the solar power measurement is currently undetermined (marked with *).

variable range variance
X a u?(x;)
mass flow rate m 0.01-m %

. 2
heat capacity c,, 0.05-c, %
temperature difference AT  0.02-AT %
solar power Ps — u* [P

Table 4.4: Reference conditions in the SOMMER loop.

parameter / unit reference value

mass flow rate 7z / kgs™! 1
temperature difference AT /K 70
heat capacity ¢, / Jkg ' K~! 143
solar power Ps / W 10800

compared to the previously mentioned variables the influence of the tem-
perature on the value of ¢, is, however, negligible.

In the following step the effect of an estimated uncertainty in the mea-
surement of the solar power on the combined uncertainty of the thermal ef-
ficiency shall be investigated under reference conditions, as shown in Table
4.4.

With these parameters fixed the uncertainty of the measurement of the
solar power is varied in the range of u(Ps)/Ps = [0.005...0.06] in terms of
relative standard deviation. The resulting standard deviation in the value of

the thermal efficiency is shown in Figure 4.20.
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Figure 4.20: Standard deviation in the value of thermal efficiency of the receiver
as a function of the relative standard deviation of the measured solar
power under reference conditions (solid line).

According to this analysis, it is required that the solar power can be mea-
sured with a relative uncertainty below 4.5% in order to keep the standard

deviation of the thermal efficiency value below 5%.

. For a ‘95.5%’ level of confidence of 5% for the thermal efficiency the
allowable standard deviation is 2.5%. As can be seen in the diagram, even
with zero uncertainty in the measurement in solar power such high confi-
dence cannot be reached. This is the case because the uncertainty is most
sensitive to the uncertainty in the solar power and in the heat capacity, the
latter of which is obtained from literature and can therefore not be reduced

with reasonable effort.

Therefore, high accuracy in the measurement of the solar power is re-
quired in order to be able to determine an accurate value of the thermal
efficiency. For the SOMMER facility a measurement device has been spe-
cially developed with this condition in mind. This device is explained in
Section A.2.
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That device has been calibrated against the FMAS flux measurement sys-
tem of DLR, Cologne. During that campaign an uncertainty for a power
prediction by the flux measurement system in SOMMER was determined
for reference conditions of s.(P) = 3.14 % in forward direction and s.(P) =
2.86 % in backward direction.

These values allow the determination of the relative standard uncertainty
of the thermal efficiency of the receiver with a combined absolute standard
uncertainty of u(1) = 4.08 % and u(ny) = 3.9 %, for extending and retrac-

ing measurement direction, respectively'.

4.3.5 Measurable quantities and equipment

The temperature distribution of the receiver front shall be observed and mea-
sured. For this purpose an InfraTec VarioCam (R) HD head 800 infrared
camera was installed. Its 1024x768 image resolution and tele lense allow
for temperature monitoring of a 580x435 mm field-of-view image of the
receiver aperture including a large portion of the surrounding copper shield.

Any structure that’s temperature shall reliably be determined from the
IR camera must cover four of the camera sensor’s pixels arranged in a
square. The corresponding minimum area on the receiver plane equals
1.13 by 1.13 mm. The temperature distribution across the absorber area
can therefore be resolved with roughly 90 by 90 pixels. The vertical tem-
perature distribution on a single horizontal tube with an outer diameter of
10 mm, projected on the IR camera’s plane of view is resolved by approx-
imately 8.8 pixels and therefore just sufficiently well in order to derive a
circumferential temperature distribution of each tube.

The receiver is designed such that prior to each pass through the aperture
window the flow passes an adiabatic hydraulic development flow section of
a length Dy ~ 250mm = 27.78 - D;. The flow’s velocity profile should thus

15 Note, these are percentage points.
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be almost developed and a homogeneous temperature across the diameter
should be obtained before the heated absorber area is entered.

Once experiments with this configuration are completed the in- and outlet
connectors can be reversed leading to a reversed flow direction. The flow
will then enter the absorber area without passing a hydraulic development
section after the passage of the bend and the velocity profile will not be
developed. Under equal flux input the measurable surface temperatures for
each flow direction should differ and provide an indication of the impact of
the flow conditions on the receiver’s thermal conditions. These could then
be compared with the scarce literature existing on this topic. Unfortunately,
the condition of thermally developed flow at the receiver inlet cannot be
obtained. Such condition is, however, rarely ever to be found in solar central
receivers since solar flux constantly varies locally.

In five locations on the absorber area thermocouples are installed, as indi-
cated in Figure 4.21. Thermal couples number 13 and 14 are attached to the
outer tube surface on top of the most central tubes, while # 15 is installed in
the gap between them. Thermocouples # 11 and # 12 are installed in spots
with low intensity flux. All thermal couples have been applied to the tubes
prior to the application of the Pyromark 2500 coating.

They have the purpose of providing reference temperature values in or-
der to validate the readings of the infrared camera, the absolute accuracy of
which depends on the correct knowledge of the thermal emissivity value of
the paint coating. That paint’s emissivity is, however, temperature depen-
dent. Also the sunlight projected onto the receiver aperture potentially re-
flects solar radiation in the camera’s sensitive IR band. This kind of radiation
would superimpose the thermal radiation of the tube resulting exclusively
from its temperature. The local temperature readings from the thermocou-
ples will enable the identification of such effect. While during preliminary
tests this contribution was not observed the thermal couples would also help
to detect gradual changes of the paint’s spectral properties during extended

exposition to high power flux. The placement of the central thermocou-
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Figure 4.21: Absorber front with thermocouples without the protection copper
shield which protects lateral screw heads during operation.Dimensions
in millimeter
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ples is furthermore rather experimental: Under full load flux the cooling
provided by the LBE flow in the tube is most likely not sufficient in order
to prevent them from a ‘thermal death’. However, during commissioning
under part-load conditions they enable the infrared camera’s image quality

assessment.

The infrared camera furthermore assists the plant operator by automati-
cally detecting critical local temperature values. Upon detection of a critical
temperature the solar furnace’s emergency light shut-off can be triggered by

the camera’s operating software IRBIS 3.1 plus.

Another safety feature is provided by the individual sheets of the copper
shield, as shown in 4.19, each of which is equipped with two thermocouples.
In case the focal point leaves the absorber area a significant temperature in-
crease will be detected by these plates which will trigger the emergency
light shut-off. On the rear of the tube coil, that is, on the side not exposed
to solar flux and completely thermally insulated each individual tube’s outer
wall temperature is measured. It is expected that during steady-state condi-
tions at that location flow and wall temperatures are equal. This allows for
calculating the energy gain of each pass through the absorber plane. Ther-
mal conduction between individual tubes will occur, however, the rate is
estimated to be low since only a line contact between the tubes is present,
conduction through the air is low and the temperature differences between
individual tubes is less than 10 K under design conditions at the maximum

power input.

Also the inlet and outlet temperatures of the heat-transfer fluid are mea-
sured via thermocouples immersed in the fluid. These are required to calcu-

late the overall energy gain and to assess the receiver’s energy balance.

This value takes into account only the net gain. In order to account for the
various thermal losses, such as reflection and thermal radiation and convec-
tion, and in order to calculate the receiver’s thermal efficiency it is required

to also measure the power of the light projected onto the receiver.
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For this purpose the facility is equipped with a specially developed solar
flux scanner which is able to locally measure the incident local flux. This

fundamental device is described in detail in Section A.2.

4.4 The heat flux measurement

The measurement of the total power of the incoming solar light is required
for the determination of the thermal efficiency of the thermal receiver of
the SOMMER facility. Also the information on the distribution of flux on
the receiver aperture and the local peak flux is important to characterize the
condition under which the receiver is operated.

Most existing practical approaches for the determination of these param-
eters as described in the Appendix section A.2 are , however, not applicable
in SOMMER due to the special the setting and the required precision. Also,
while reviewing existing methods, an apparently simpler approach has been
proposed, which, after some initial considerations has been decided to be
executed: a flux scanner using a single heat flux micro sensor (HFM) with

rotational and superimposed linear scanning motion.

4.4.1 The measurement problem

At the SOMMER facility’s receiver the absorber face is surrounded by cop-
per heat shields that protect the insulation of the receiver tubes from highly
concentrated light. These shields form a pyramidal cavity and the flux distri-
bution on the absorber plane is therefore not easily accessible for measure-
ment devices. Also the dimensions of the receiver aperture at the bottom
of the cavity with a height of only slightly more than 100 mm and a width
of about 120 mm impact the selection of a measurement devices. In order
for the receiver to absorb a maximum amount of solar power it is required
that the available space on the bottom of this cavity is completely filled with
absorber tubes. This leaves no space for the potential installation of sensors
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measurement plane receiver plane

copper heat shield

Figure 4.22: The measurement plane and receiver plane in the SOMMER setup.
Flux measurement occurs in the measurement plane 150 mm in front
of the receiver plane.

in the absorber plane which could otherwise provide a local reference flux

value.

The receiver is fixed in its place. It is not allowed to move in any di-
rection in order to maintain a defined location at the focal point during all
operating conditions. Accordingly, it cannot be moved during operation out
of the focal point in order to create space for flux measurement. Therefore,
the loop thermal expansion during warm-up is compensated by a movable
support of the loop components other than the receiver: they hang loose in
the structural aluminum frame like a pendulum. This allows an expansion
of the tubes connected to the receiver only along their axis away from the

receiver.

Since the receiver is fixed, measurements have to occur in a plane parallel
to the absorber plane but shifted in positive Z direction, as shown in Figure
4.22

The coordinate system applied for the absorber in this text is shown in

Figure 4.23: The absorber’s surface normal vector points in positive Z-
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absorber plane

light corridor
receiver tubing

Figure 4.23: Coordinate system for the thermal receiver and the flux density mea-
surement system

direction (towards the source of the concentrated light), the Y-axis points
up (opposite to gravity) and the X-axis points in horizontal direction.

For this reason the parabolic concentrator of the SOMMER facility is de-
signed to move the focal point along the optical axis of the solar furnace
by driving back and forth. With this mechanism the flux distribution on the
absorber plane can be moved during operation to a measurement plane out-
side of the copper cavity where there is enough space for flux measurement
approaches.

A literature survey has been conducted by Mr. Giokchan Moumin during
his master’s thesis [72] in order to identify the best approach of flux mea-
surement under these circumstances. The identified, existing approaches are

summarized in the appendix section A.2.1.

4.4.2 Discussion of existing concepts

Moumin found that an indirect measuring approach (using a diffusely re-
flective target (Lambertian target) and a camera) is only applicable with a

water-cooled target that is mechanically moved in front of the receiver into

125



4 Solar test loop and receiver design with LBE: SOMMER

the measurement plane for measurement and removed again for the contin-
uation of operation. This target requires to have one direct-reference sensor
included in its surface and a mechanical mechanism to quickly move in front
of the receiver for measurements as well as with flexible piping. Addition-
ally, a camera and lens with available information on image distortion of
the lens, non-linearities of the sensitivity of brightness of the camera, trans-
missive spectra of applied grey filters is required. Such approach is further
sensitive with respect to the placement of reference coordinates of a Lam-
bertian target and the thermal absorber. The properties of the Lambertian
target, which is in principle a diffuse reflector, and the calibration of the
reference flux gauge should be monitored as maintenance activities. Alter-
natively, an un-cooled Lambertian bar with one directly mounted fast flux
gauge could be moved across the measurement plane. Because the image is
then produced from several single images of a moving bar and the sensor re-
quires calibration prior to its service, the implementation effort grows even
further.

Provided that the required property data of the target and the camera sen-
sors and lenses are available, quite a good result can be obtained with high
spatial resolution. The effort for the implementation has, however, to be
considered quite high.

Existing direct approaches using several fast flux gauges mounted on a
traversing rod are also be applicable. However, this approach’s resolution
depends on the number of sensors installed on that rod, thus, high resolution

is expensive and potentially requires calibration of several sensors.

These considerations for a ‘fixed’ indirect, moved indirect and moved di-
rect approach are summarized in Table 4.5. None of these options appeared
to be very attractive regarding their precision (summarizing resolution and
accuracy) and implementation effort. These existing methods inspired to an

alternative method, as is described in the following section.
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Table 4.5: Advantages and disadvantages of existing methods for flux measure-

ment. High rating: ‘+’; low rating: ‘-’; average rating: ‘o’.
method: direct indirect
implementation: moved fixed moved
precision 0 + +
implementation effort + 0 -
maintenance effort 0 - -

4.4.3 Mechanical implementation of a spiral-path scanning
motion

Instead of using multiple fast flux gauges mounted on a single traversing
bar with a fixed pivoting point (one circular motion component), instead, in
this approach, a single sensor is moved across the entire measurement plane
at high speed using two, a rotational and a linear motion component: a flux
scanner. In effect the single sensor thus scans the flux distribution on a finely

spaced spiral path.

This special motion pattern was selected over the alternative of two linear
motion components for the following reasons: Line scans require motion in
X- and Y-direction which at the high required measurement speed generate
very large inertial forces whenever the linear motion is reversed. This is
difficult to mechanically compensate, e. g. through a stiff structure to avoid
swinging from deceleration and acceleration. Such swinging causes an un-
certainty in the determination of the sensor’s position. At the same time the
high fluxes within in the irradiated region impose a damage risk to exposed
parts. These therefore require active cooling or a mechanical solutions that
transposes the motion to the sensor so that flux-sensitive parts can always

remain in the safe region.
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Instead, a circular motion with a superimposed linear motion is applied.
This, combined with a fast flux gauge, allows to obtain high image reso-
Iution. The scanning paths across a flux distribution (indicated as contour
plot) resulting from this motion are shown in Figure 4.30 on page 134 as
thick, black lines.

A photographic image acquisition on a mechanically moved Lambertian
target, potentially actively cooled, and the post-processing of photographs

are not required.

From an initial literature research it was furthermore expected that the
factory calibration of the fast flux gauge would be sufficient for the accuracy
needs within the SOMMER project.

What are the mechanics of this concept? A horizontal, balanced rod is
connected to two rotors, the first of which is attached to one of the rod’s
ends and the second one is attached to the rod’s center of gravity. On the
opposite end of the rod the flux sensor is installed. The first rotor (at the rear
of the rod) is driven by an electric motor. Its continuous circular motion is
transferred to the second rotor by a belt drive so that both rotors’ rotation is
synchronized. The rod maintains its horizontal orientation throughout a full
motor’s rotation and transposes that circular motion to the sensor. Due to the
rod’s length the sensor rotates through the flux distribution while the rest of
the device remains outside of it. This principle is shown in Figure 4.24 and
schematically, illustrating the mechanics in Figure 4.25. In the latter image
the belt drive is indicated by a simplified straight connection between both

rotors. The sensor is represented by a black dot.

A counter weight that generates the same momentum of rotation as the
rod is mounted to the opposite end of the first rotor (not illustrated in Figure
4.25) to compensate the eccentricity due to the rod’s weight. It is also visible
in Figure 4.26, where on the left the flux scanner is shown and on the right
the thermal receiver. The counter weight, pointing diagonally up in that

photograph, generates a very smooth and continuous rotational motion.
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Figure 4.25: Illustration of the device’s mechanics in front view.

The sensor wires are safely attached to the side opposite to the concen-
trated solar flux. Although the sensor moves on a circular path due to the
mechanism this motion is translated into a repeated downward-upward and
forward-backward motion pattern that does not lead to twisting in the cable.

This circular motion is superimposed by a motion resulting from a linear
motor that shifts the rotating mechanism forward on a aluminum bar. These
to motion components combined result in a spiraling scanning pattern.

A HFM-6D/H heat flux micro sensor by Vatell as shown in figure 4.27,

is used as the flux sensor as it has a very small response time constant of
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Figure 4.26: Assembly of the thermally insulated receiver on the right. On the left:
the flux scanner in retraced position.

300 us. The sensor used is specially coated with a highly light absorptive
and heat resistant black paint: Pyromark 2500 by Tempil. The upper oper-
ating temperature limit of the HFM is specified by the vendor to be 800 °C,
although this value equals the temperature limit of Pyromark 1200 paint typ-
ically used as coating material. With the specially applied Pyromark 2500
coating the sensor is potentially resistant to even higher temperatures. Due
to the unsteady conditions to which the sensor is exposed during operation,
however, an upper limit of 500 °C was defined (and never reached during

operation).

This tolerance to high temperatures allows for the system to operate with-
out active cooling. Copper has been selected as material for the rod carrying
the sensor after a thermal analysis had predicted superior tolerance to the

high fluxes in the focal point compared to stainless steel. Copper can, due
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4.4 The heat flux measurement

Figure 4.27: Vatell HFM sensor with pyromark 2500 coating.

to its high thermal conductivity, quickly distribute thermal energy in its vol-
ume, avoiding deformation from local overheating and keeping the sensor
temperature below critical values. After a measurement run the energy col-
lected at the rod’s tip is evenly distributed in the entire rod’s volume through
conduction, leading to thermal expansion in its rear section. The rear sup-
port is therefore movable along the rod’s axis, as shown in Figure 4.25 to
prevent strain on the rotating mechanism.

The sensor body has a length of 24.5mm. A rod shape with a circular
cross section'® and a diameter of 20 mm was selected for the copper rod in
order to bear most of the sensor’s body whilst minimizing the rod weight.
This way the sensor body is protected against solar irradiation in places
other than its face. The copper rod’s geometry is shown in Figure 4.28.

The large distance a-b is required to keep enough distance between the
drive section and the sensor which is the only part to enter the region of
concentrated sunlight for the measurement. In order to keep the drive block
small, distance b-c is configured to be smaller than distance a-b. For smooth
rotation, however, the rod must be balanced around b where the driving

rotor is attached in order to prevent the generation of a rotational momentum

16 Rod shapes with rectangular cross section and smaller volume would in principle be possible,
too. Hollow tubes, on the other hand, were expected to heat up much faster, leading to thermal
bending and were thus excluded. Details can be found in Moumin’s thesis [72].
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Figure 4.28: Top view on the geometry of the cylindrical copper rod (diameter of
20 mm). The HFM sensor is placed in drilling a, the rotors are at-
tached with axles in drillings b and c. Drillings d are used to attach ad-
ditional weight required to shift the center of gravity exactly to drilling
b and to fix signal cables.

balancing block

[ —+—  \“belt drive ' ' counter weight

Figure 4.29: Photograph: Top view of the rod mechanics section including the
copper rod and the rotational axes (dash dotted lines)

in b when the system starts to move vertically. This is accomplished by
mounting a weight to drillings d that compensates the ‘too short’ rod length
b-c and balances the rod in b. In Figure 4.29 a section of the rod with
balancing weight, the rotors, the belt drive and the main counter weight are

shown.

The assembly of the flux scanner shifts effort to the mechanical system,
which is more complex than that of a state-of-the-art moving bar direct mea-
surement approach with several sensors: Both systems require a bar, a rota-
tional motor and a device for the measurement of the angle. In addition, the
scanner requires: a linear motor, a sensor for linear distance measurement,
minor parts such as bearings, a counter weight, a belt drive with correspond-

ing gears and a more complex support structure.
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4.4 The heat flux measurement

Alternatively, for indirect measurement, an actively cooled Lambertian
target for the entire distribution would likely be the best option. This must
be actively moved into the distribution while being connected to cooling
water. A water-cooled, calibrated flux gauge would have to be mounted
somewhere in the face of that target.

The approach of the flux scanner, however, generates a higher spacial
image resolution than the direct measurement approach and avoids at the
same time the entire camera system required for indirect measurement.

This concept therefore promised to feature higher precision than exist-
ing direct measurement approaches at the benefit of requiring only a single,

factory-calibrated sensor.

4.4.4 Scanner operation

Three operation parameters influence the measurement: the sample rate, the
rotational velocity and the linear velocities. The sensor’s velocities are a
trade-off between image resolution, measurement duration and motion blur
and forced thermal convection on the sensor-air interface: A low linear mo-
tion velocity leads to high horizontal resolution of the image at the expense
of long measurement times. A higher linear motion velocity requires a
higher rotational velocity in order to maintain the image resolution. Due
to the finite response time of the sensor, however, higher rotational velocity
causes a reduced capability of the sensor to measure fine, high frequency
changes in the flux distribution. Also forced thermal convection losses to
the ambient are increased at higher velocity.

The operation parameters have been narrowed down to find a good com-
promise. For the rotational speed for the present design 1.8 revolutions per
second have been defined, where a full revolution equals a 27 rotation of
the sensor on a circular path around position ’x’ in Figure 4.25. In order
to keep the measurement duration low a linear speed in horizontal direc-

tion of about 0.024 ms~! is applied. This speed leads to a one-way passage

133



4 Solar test loop and receiver design with LBE: SOMMER

0‘0‘0‘0‘0‘0‘

02620202026%%

r / cm

Figure 4.30: Sensor scanning path (solid black) across a flux distribution (contours
in light grey).

time across a typical solar flux distribution of a horizontal width of 100 mm
slightly above 8s during which nearly 15 revolutions of the sensor occur
and a linear distance of 20 cm is covered by the device’s center of rotation.
During operation the scanner’s center of rotation will horizontally travel
across the flux distribution (forward motion) and then reverse its direction
and cross the distribution again (backwards motion). The measured values
during each pass are evaluated to result in two individual images of the flux
distribution. At the before-mentioned speed applied, during each revolution
the center of rotation progresses by about 12 mm in X direction.

This value is the name-plate resolution of the image acquisition in X di-
rection. Due to the nature of the circular scanning motion in fact in most
places of the acquired image the resolution in X direction is higher because
the individual circular paths overlap in a favorable manner. This is shown
in Figure 4.30, where the sensor’s scan path is shown on the countour plot
of a flux distribution. The resolution in Y direction is defined by the sam-

ple rate of the data acquisition system and the rotational speed. During the
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calibration of the device (Section A.2.5) a sample rate of about 6 kHz has
been applied, which leads to roughly 1000 values in Y direction in the image
center and, due to the circular shape of the path even higher sample density
toward to lower and upper boundary of the distribution. Such high sam-
ple rate allows to filter out random noise during the post-processing. The
post-processing is described in the Appendix Section A.2.5.

4.4.5 Device calibration

When focusing more on the system’s uncertainty analysis (as described in
more detail in the Appendix Section A.2.4) it was found that the HFM man-
ufacturer’s sensor calibration is not valid for the high fluxes as obtained in
SOMMER and that it introduced systematic errors when the sensor is used
in the solar spectrum. It also turned out that many sources of uncertainty
resulting from the mechanics and dynamics of the system are difficult to
quantify and to attribute to the measurand, that is, the power delivered to the
receiver and the maximum local heat flux value in the distribution.

Therefore, in order to account for all sources uncertainty of the device
simultaneously, a calibration under conditions similar to those expected to
occur in SOMMER has been required. This has been conducted in the solar
simulator of the DLR in Cologne, to where the complete device has been
shipped to and calibrated for fluxes up to 2.16 MW m~2 and radiation pow-
ers delivered to the measurement plane of up to 6.3 kW.

During this calibration campaign, the relative uncertainty of the predicted
power at design conditions of 10kW of the calibrated sensor was in terms
of standard deviation found to be s.(P) = 3.14% in forward motion and
s¢(P) = 2.8 % in backwards motion. Details on the treatment of uncertainty
throughout this work are explained in the Appendix Section A.1.

The relative uncertainty of total power measurement and the local peak
flux value is shown in Figures 4.31 and 4.32 individually for both, forward

and backward direction. According to GUM this is the uncertainty of a
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Figure 4.31: Relative combined standard deviation of the peak flux density value g”
in forward measuring direction (x) and in backward direction (o).

single measured sample (and not the average uncertainty of a large number
of samples).

Under reference conditions of the SOMMER-facility, that is at a power of

10800 W, a relative uncertainty below 4.5% is required. From the previous
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Figure 4.32: Relative combined standard deviation of the total solar power value Ps
in forward measuring direction (x) and in backward direction (o).
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Figure 4.33: Direct normal irradiance measured on Jan 22, 2016 at KALLA

diagrams it can be observed that already at 6000 W the relative uncertainty
is below 4% and maintains a decreasing trend toward higher powers.

This value is therefore sufficiently low in order to calculate meaningfully
the receiver’s thermal efficiency.

More detailed descriptions regarding the devices data acquisition equip-
ment, the operation user interface, sources of uncertainty and the sensor cal-
ibration in DLR’s solar simulator in Cologne are provided in the appendix
section A.2.2.

4.5 Loop control

Solar irradiation strongly fluctuates throughout a day and very fast transients
result for the solar power transferred to the solar receiver of the SOMMER
facility. Figure 4.33 shows the DNI values throughout January 22, 2016.
In the morning frequent cloud passages are observed and in the afternoon
clear-sky conditions lead to a smooth decay while the sun approaches the
horizon. The fluctuation during a short time frame of the same day is shown

in Figure 4.34.
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Figure 4.34: Direct normal irradiance measured on Jan 22, 2016 at KALLA, from
13:47:20 on.

The DNI can drop by nearly 100% in about five seconds, as is the case
shortly after 12:47:20.

In spite of changes of input power it is a demand imposed upon the
SOMMER facility , that the outlet temperature of the receiver shall remain
constant in order to demonstrate liquid metal operation under transient con-
ditions which are similar to those of a commercial, large-scale solar power
plant. In such a facility the transients are, less abrupt: The shadow cast by
a cloud front does not instantaneously cover all heliostats in the field. The
shadow will rather gradually travel across the field at the speed of the cloud.
Given the dimensions of heliostat fields this results in a ramp with smaller
slope compared to what is shown in the graph. In the case of SOMMER
there is only one single heliostat which is covered by a cloud at that speed
nearly instantaneously. Clouds often have a semi-transparent border at their
edges surrounding the opaque zone in the center. In the sample of recorded
DNI values this causes the observed gradual but nevertheless quick decrease.
Therefore, in comparison with larger systems the control system of SOM-
MER faces increased difficulty in this respect. Also, as explained before,

the outlet temperature is not obtained by the receiver alone but additional
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Figure 4.35: Control scheme of SOMMER receiver and heater.

thermal power is provided by a heater. The control system has therefore not
only to manage the transient response by the receiver but simultaneously
the dynamic effects of the heater in order to maintain a constant outlet tem-
perature. A dynamic 1D simulation model of the loop has therefore been
implemented in order to design a control algorithm and also to identify the
range in which a disturbance of the input power can still be handled. It
was proposed to record step responses of system components during opera-
tion in order to validate the applicability of existing design tools also under
dynamic conditions.

Based on the control algorithms applied in the Solar Two and SSPS
projects a control algorithm has been developed for the SOMMER loop.
It’s block diagram is shown in Figure 4.35 and its derivation is presented in
detail in Section A.4.

At the time of writing recorded temperature responses of step inputs to
the heater have been available. These could habe been used to validate the
dynamic models of the heater. No data were yet available for the receiver,
for which the modeled, un-validated dynamics were used during the design
of the control algorithm. Due to the not entirely validated state of analysis

this discussion has been moved to the appendix sections.
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DNI changes of up to 30 % of its nominal value have been assessed. The
dynamic responses of the receiver outlet temperature to power input are pre-

sented in Figure 4.36 with and without the designed control algorithm acti-

vated.
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Figure 4.36: Response of the receiver’s outlet temperature for negative steps of
100000, 200000 and 300000 Wm2 in flux density. Dotted lines: all
controllers switched off. Dashed lines: compensations active, solid
line: compensations and PI controller active (for the case of a negative
step of 300000 Wm 2.

The dotted lines show the response of the system when no action is taken
to maintain the desired outlet temperature. The dashed lines show the ef-
fect of adjusting the mass flow rate in a feed-forward fashion upon a change
in the measured insolation value for three different steps. The solid line,
finally, for a step in 300000 Wm~2, shows the active feed-forward com-
pensation and the effect of a slow PID controller combined. Both are in
combination able to limit the fluctuations in the response, even though an

overshoot up to nearly 880 K occurs. This is, however, tolerable.
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Shortly before finishing the work on writing this thesis, the commissioning
of the experimental facility have been started and first experimental results
obtained.

For the implementation of a control algorithm, several steps in mass flow
rate and electric heating power have been imposed upon the heater. The
resulting temporal responses are presented in section A.4.3 and compared
with the simulated response from a simple dynamic model of the heater.

In the following sections first operation data of the pump and loop, the
heater, the receiver and the flux measurement device are presented.

5.1 Overall loop operation

The following results have been obtained for receiver operation under full
sun power and a receiver inlet temperature of 250 °C. The diagram in Figure
5.1 shows the power absorbed by the receiver Py, based on its temperature
increase and mass flow rate in blue, as well as the solar power on the re-
ceiver as measured by the heat flux scanner Pypp(blank circles). The mea-
surements shown have been performed throughout the day with increasing
DNI values in the morning and decreasing DNI values in the afternoon. The
red markers indicate the losses that are estimated based on the losses cali-
bration of the receiver without incident sunlight as discussed in Section 5.4.
The reference values from the heat flux scanner’s outward and inward drive
are arithmetically averaged in this graph.

The sensor showed during the calibration campaign only a slight differ-

ence between inward and outward drive. During operation in the SOMMER
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Figure 5.1: Power over a range of DNI values.Source: Pacio [73]

facility these deviations have increased. The differences in outward and in-
ward measurement runs are shown in Figure 5.2. The top graph shows the
measured peak heat flux values found somewhere in the distribution. The
bottom graph shows the efficiency 11 = Pyps/Purm for both runs. During
calibration the inward drive showed lower values and slightly better agree-
ment with the reference. Now, in operation, the inward peak heat flux and
total power values are as well systematically lower than the outward val-
ues, however, with more significant deviation. Consequently, systematically
higher thermal efficiency values are measured during inward drive, as indi-
cated in the bottom graph. The increased offset between inward and outward
drive has several possible reasons. As can be seen the measured peak flux
values are close to 4MWm™2. This is much higher than expected during
the design phase of the solar furnace and what was observed prior to the
calibration campaign. For this reason, during calibration flux values up to
only 2.1 MW m~2 have been applied. Therefore, the present flux values are
outside the scanner’s valid flux range and the influence of the temperature
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Figure 5.2: Thermal efficiency and peak heat flux values as determined from out-
ward (x) and inward (+) sensor runs.

increase during a measurement run may not be converted to precise flux

values and lead to an increased offet between inward and outward drive.

Secondly, the tracking of the heliostat mirror was paused during flux mea-
surements as it can cause the focal point to swing, introducing error to the
scan. Although pausing the tracking reduces swinging, during the pause,
the focal point travels a few milimeters across the measurement plane due to

the continuous rotation of the earth. Also, wind can introduce slight swing-
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ing which remains unnoticed for the operators until above a certain threshold
the measured distribution becomes visibily distorted.

The reason why the peak flux is much higher than expected results from
the fact, that instead of two separate peaks in the distribution, now only
one, central peak is observed. Indeed, the heliostat panels have aged signifi-
cantly during the few years since their installation, which caused the facets’
canting to disappear. In horizontal stow position, apparently, gravity pulled
the canted facets into a more planar shape, which persists even in vertical
position during operation. The planar shape of the heliostat now causes
the initially separate focal points to unite in a single one with significantly
higher peak flux. It is therefore required to repeat the calibration in cologne
after the measuerments are completed and to then extend the range of peak
flux values up to 4 MW m—2.

Figure 5.3 shows on top the temperature distribution during a measure-
ment run with an inlet temperature of 250°C and an exit temperature of
407 °C. On the bottom the respective flux distribution measurement of the
flux scanner during outward drive is shown.

In the images, the flow enters from the bottom left corner and exits after
the last pass in the top right corner.

The fluid’s temperature increase along the ten passes through the re-
ceiver’s absorber plane is shown in Figure 5.4. The temperatures indicate
the outlet temperature of each pass so that in the sixth tube from the bottom
the fluid is heated up from 344 °C to 369 °C.

In the infrared camera’s image shown in the top graph in Figure 5.3 the
respective temperatures of the outer tube walls are shown. The wires of the
three thermal couples installed on top of the tubes are visible as bright lines.
As they are not effectivly cooled they gain very high temperatures and have
in fact ceased operating after fluxes as present in the shown case have been
applied for a few times.

At fluxes of locally more than 3.5 MW m ™ the steel attains at a mass

flow rate of 0.38kgs™! an outer temperatures of nearly 630 °C in the sixth
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Figure 5.3: Top: Temperature distribution as measured with IR camera with as-
sumed absorptance of 95%. at 11:42 am. LBE inlet temperature:
250 °C, LBE outlet temperature: 407 °C. Mass flow rate: 0.38kgs~!.
Bottom: The corresponding flux distribution as measured by the flux
scanner during outward drive.
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Figure 5.4: Fluid temperature after each pass through the absorber plane, as mea-
sured at the receiver coil’s rear tube walls after each turn.

tube, when counted from top to bottom. After the passage of that tube the
fluid has attained a temperature of 369 °C. The difference between bulk
temperature and maximum wall temperature in that tube is therefore higher
than 260 K.

At the given mass flow rate a Reyolds number of approximately Re =
31000 is present. According to Lubarsky and Kaufman’s correlation a Nus-
selt number of 8.3 corresponds to that Reynolds number. It allows to predict
a radial temperature difference between bulk and inner tube wall of 90 K.
At the maximum heat flux measured in Figure 5.3 a temperature difference
across the tube wall of 66 K is estimated if the steel’s thermal conductivity
is assumed to equal 16 Wm~!K~!, according to Equation (3.33). In total
therefore a bulk-to-outer-wall temperature difference of only 156 K would
be expected if the correlation by Lubarsky and Kaufman were to be applied.
The observed temperature difference is, however, 260 K.

Since the validity of these measurements has to be assessed more thor-
oughly and more experience is required to draw final conclusions the differ-

ence between expected and observed temperature is nevertheless significant
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Figure 5.5: Volume flow rate over pump speed. Circles: measurements, dashed
line: quadratic fit through measurements, x: volume flow and pump
speed which result in a differential pressure of 11 bar at 200 °C, +: two
points on pump curve at 11 bar and 380 °C as estimated by manufac-
turer, dash-dotted-line: linear interpolation between these two points.

enough to suggest that correlations for uniform heat flux have to be applied

with care.

5.2 The loop and the pump

The volume flow curve of the loop was evaluated as a function of the pump
speed at 200 °C . It is shown in Figure 5.5. The manufacturer of the pump
estimated points for constant differential design pressure of 11 bar at differ-
ent pump speeds. Two of these points are shown in Figure 5.5, indicated by
+ symbols and connected by a dash-dotted line indicating a linear interpo-
lation between these two points. The measured volume flow rates resulting
in the loop at different pump speeds are indicated with circles. A quadratic

function in the form:

V =0.007106-n—2.439 x 10~ - n2, (5.1)
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Figure 5.6: Loop pressure drop as a function of the loop flow rate at 200 °C (+), at
250°C (o).

represents these data with an R? value of 0.9998. The combination of pump
speed and flow rate, at which a differential pressure of 11 bar is achieved, is
indicated with an x.

Ideally, at the same temperatures, the dashed and dash-dotted lines should
cross at that location. However, due to strong decrease in viscosity of LBE
with increasing temperature, the pumping efficiency at 380 °C is lower than
at 200 °C and, therefore, the predicted flow rate at the same differential pres-
sure is lower than at 200 °C

Measured volume flows at a differential pressure of 11 bar and higher
temperatures are lower than the data shown in the present graph and then
better agree with the manufacturer’s prediction.

The manufacturer’s performance prediction (first time designing a LBE
pump) works apparently well for gear pumps for operation with LBE, in
spite of its special physical properties.

The plant pressure drop curve (data and fit) at 200 °C and at 250 °C is
shown in Figure 5.6 with a + and o symbol, respectively.

The pressure drop in the loop is dominated by the receiver with its small

tube cross section and its overall length of 10m. The predicted pressure
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Figure 5.7: Cooler power at respective rotational blower speed. Circles: measured
data, dashed line: 2nd order polynomial fit and extrapolation.

drop under nominal conditions is approximately 6 bar at a flow of 6 Lmin~!

and 600 °C. The offset from the design pressure drop is due to a conser-
vative absolute tube roughness estimation of K = 0.09 mm applied during
design. When K = 0.05 mm is used and applied for a temperature of 250 °C
the calculated value equals Ap = 5.27 bar and agrees well with the mea-
sured pressure drop. For a temperature of 600°C only Ap = 4.97bar are
then predicted. Although the dynamic viscosity drops significantly in the
temperature range between 250 °C and 600 °C this affects the pressure drop
only by 5 % because the density changes, too.

5.3 The cooler

The cooler was tested for various inlet temperatures and a constant outlet
temperature value of 232 °C prior to finishing this thesis. During design
operation an outlet temperature of 380 °C is intended.

The cooling power as calculated from the LBE temperature difference
between cooler in- and outlet and the applied mass flow is plotted for the

respective blower speeds in Figure 5.7.
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5 Results of LBE solar loop operation

The extrapolation indicates that at this LBE outlet temperature level
blower speeds higher than 30 Hz are required to obtain a cooling power
of 20kW. While the blower can operate up to much higher speeds an ex-
trapolation up to those speeds based on the limited number of data points
is unreliable and therefore limited to 30 Hz on the x-axis. However, due
to the asymptotic shape of the fit under steady-state full power input of
30kW, that is from the sun and from the electric heater simultaneously,
significantly higher blower speeds will have to be applied. The heater is
designed for peak power of even 30 kW for control operation — this cooling
demand will then be met by at nominally higher LBE outlet temperatures.
The cooler therefore seems to be appropriately chosen to meet the demand

of that large operation window.

5.4 The receiver

Also the thermal losses of the receiver without solar input have been mea-
sured. This evaluation has been executed by J. Pacio and F. Fellmoser. The

following function was fit to the data:

To) = A (et ) g | Teet 4—1 C 52
OTet) =A (5o = 1) +B( |50z | ~1)+C 652

with Ti.r being the value of the receiver surface temperature at which the re-
spective heat loss occurs. Under solar irradiance Tir is a hypothetical value:
due to the non-uniform heat flux distribution and strong increase of the fluid
flow the local surface temperatures will vary significantly throughout the re-
ceiver’s aperture. Furthermore, thermal losses increase non-linearly with the
surface temperature (in case of radiation with the power of four). The ref-
erence temperature is therefore not simply the arithmetic mean of all local
temperature values. During the measurement of losses without solar power
input, however, at large mass flow rates the surface temperature was nearly

isothermal and thus equaled sufficiently well Ti.r.
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Figure 5.8: Thermal losses of the receiver of the SOMMER loop. Source: Pacio
[73] Best fit: red line, fit shifted to data points with highest and lowest
offset to best fit — resulting in RMS deviation to the red line of 6.5%:
black, solid lines, fit shifted to capture all data points and their uncer-
tainty, RMS 14% vs. best fit: black, dotted line; RMS 16.8% boundary:
black, dashed line.

The best fit to measured data was obtained for

Toet Tt 1*
O(Toef) = 207.5W (303*1( - 1) +10.5W ([308’;(} - 1) +0. (5.3)

and is plotted in Figure 5.8.

Thermal radiation dominates the simple physics behind the thermal losses
above 400°C. Therefore, an extrapolation to higher temperatures should
result in reasonably accurate values. Accordingly, at 600 °C losses in the

order of 1 kW and thus of 10 % must be expected. This is a significant figure
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Figure 5.9: Receiver losses measured with lid on.

when taking into consideration that the receiver resides well-protected in a
laboratory hall.

As presented in Section 4.3.3, based on a theoretical prediction, thermal
losses of the absorber plane of only 2.5 % of the nominal power were pre-
dicted.

Indeed, the measured loss values also include thermal insulation losses.
These losses have to be subtracted from the total losses for the evaluation of
the losses generated by the absorber aperture alone.

The insulation losses were measured during the commissioning of the
electric heater, when the receiver’s aperture was covered with a thermally
insulated lid. These are shown in Figure 5.9. For example, at a value of the
reference temperature Ti.r = 300°C the losses of the completely insulated
receiver were found to be approximately between 250 W and 270 W. With-
out the lid the losses were higher by only about 30 W. The losses with the lid
on can therefore be significant, if not dominant, compared to the additional
losses of an open receiver aperture.

There are, however, a number of reasons why insulation losses could cur-

rently indeed dominate the total losses:
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5.5 The heater

» The receiver aperture of 0.01 m? is small in comparison to the total
surface area of the receiver of about 1.7 m? (including the closed lid).
In spite of the insulation layer significant losses may occur across the

insulation in comparison to those from the open receiver aperture.

* stainless steel (low thermal conductivity) and copper parts that either
hold the receiver spiral or the copper shield (high thermal conductiv-

ity) protrude out of the insulated body and may serve as cooler fins.

* The lid covers up the front surfaces of the copper shield but not their
outer edges. These may thermally conduct heat to the outer regions

of the insulating layer and increase the losses locally.

A more detailed assessment of the losses, both with and without lid must
take the temperature of the copper plates, the temperature of the outer insu-
lation and of the protruding metal parts into account. The initially applied
thermal insulation may then turn out not be sufficient and may have to be
improved.

Loop components in front of the parabolic mirror, such as the receiver,
its vertical support beam and the horizontal, and thermally insulated liquid
metal tubes cast shadows that reduce the available power value. With as-
sumed reflectivities of 90 % for the mirrors and an absorptance of 90 % of
the absorber, on days with a DNI value of 960 Wm™~? a solar power of more
than 11 kW is theoretically delivered to the receiver. The measured powers
achieved values of slightly below 10 kW, instead.

5.5 The heater

Although the heater is well designed regarding its dynamics, during design
the effect of buoyancy was insufficiently taken into account. The horizontal
orientation at the given design causes a fluid stagnation near the hot outlet

when reaching a threshold temperature. Above it, hot fluid cannot exit the
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Figure 5.10: Temperatures of the LBE at the outlet (solid line) and of the top ves-
sel wall near the outlet (dashed line) and the LBE’s volume flow rate
(dash-dotted line).

device — it floats on the cooler, flowing fluid — and is heated up to tempera-
tures much higher than the outlet temperature would suggest. This behavior
was detected thanks to a wall-attached thermocouple used for the trace heat-
ing element at the heater’s outlet. The temperatures reach values above the
heater’s allowable operation temperature.

This behavior is shown in Figure 5.10.

The stagnation limits the operation range of the loop in the followint
way: After applying 6.5 kW of heater power at the given flow rate steady-
state conditions at the heater outlet are obtained with a outlet temperature of
300°C. The wall temperature is already significantly higher than the tem-
perature of the fluid exiting. After less than 3000 s the operator increased
the heater power to 10kW. As a result the wall temperature rises quickly.
The operator tried successfully to remove the stagnant fluid by raising the

volume flow rate to nominal 6 Lmin !

, causing the wall temperature to
drop below that of the fluid. After steady-state conditions were obtained
the operator increased the heater power to 20kW, causing the formation of

a new stagnation zone which quickly increased the local wall temperature
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5.5 The heater

to nearly 600 °C, at which moment the operator reduced the heater power to
15 kW and then, after the wall temperature still remained at too high values,

switched the power off.

This design flaw unfortunately limits the outlet temperature to around
250°C, in contrast to 530 °C which had been intended.

Buoyancy effects

With existing design tools the potential of this problem could have been
predicted. With the wall-to-bulk temperature difference known, the Grashof
number for a single heater rod is calculated with a diameter used of 22 mm.

Additionally, the Richardson number defined as:

Ri = %, 64

can be considered as a ratio of potential forces and initial forces. It serves
thus as an indicator whether or not natural convection plays a significant role
in the heat transfer process. In the present case it has a value of Ri = 2.86.
For Ri > 0.02 natural convection was shown in the past to influence heat
transfer in upward sodium tube flow [32]. In principle, existing correlations
for higher Prandtl number fluids are applicable for liquid metals, too, how-
ever, whether bouyancy impedes or enhances heat transfer for example in
upward flow is not answered in literature on liquid metals, yet. In general,
bouyant effects are viewed to affect heat transfer in liquid metals ‘over a
wider range of flow parameters than in other fluids ’[32] and are therefore
of concern for the designer of devices such as the heater discussed. How-
ever, very few works exist that correlate the buoyancy effect under mixed

convection with the Nusselt number for engineering purposes.

A vertical installation of the heater will remove this problem. However,

at the limited available space in the SOMMER loop such re-orientation will
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5 Results of LBE solar loop operation

come at the costs of an U-shaped loop extension requiring an additional

draining line and valve — it is thus a significant effort.

5.6 General operation experience

A few months of operation have allowed to commission the LBE loop and
collect initial data providing a picture of the achievements. Apparently, the
existing design tools are generally sufficient in designing and operating a

solar-powerd LBE loop.
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6 Summary

Due to inherent techno-economical limitations of state-of-the-art coolant
fluids compared with competing renewables such as wind power and photo-
voltaics renewed interest in the application of liquid metals can be observed
in the scientific and industrial community and the design, construction and
operation of a solar-powered liquid metal loop SOMMER has been exe-
cuted, as is presented in this work.

Lead-bismuth eutectic (LBE) is applied as liquid metal heat-transfer
fluid.

LBE’s physical properties a liquid metal design tools

The physical properties of LBE have to be taken into account for commer-
cial application :

Compared to solar salt and sodium, LBE is very dense on the one hand
and lacks a high mass specific heat capacity on the other. Therefore, its high
density generates no advantage in heat transfer, but high pressure losses
instead. It thus diminishes the benefits from its high thermal conductivity
and reasonably low viscosity. These properties result in an optimum heat
transfer performance of LBE at slightly higher exergy destruction than solar
salt under uniform heat flux boundary conditions when operated in the same
temperature interval — and thus slightly lower heat transfer performance.

Many Nusselt number correlations for fully turbulent liquid metal flow
and uniform heat flux have been developed in the past. The ones recom-
mended by the LBE Handbook [32] agree well with those recommended by

Pacio [48] in the range of Reynolds and Peclét numbers up to approximately
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5000 However, very likely hypothetical large-scale receivers operated with
LBE will operate at Peclét numbers of more than 10000 where existing

Nusselt correlations deviate .

Also, different correlations exist for different groups of metals, probably
due to experimental differences and difficulties. If LBE is further assessed
as primary heat transfer fluid in solar central receivers, the upper regions
of the required Peclét number range should be validated experimentally, in

order to unify existing correlations.

The existing correlations for uniform heat flux and forced convective flow
under-predict local wall temperatures at non-uniform boundary conditions
as present in solar thermal receivers. This effect has not been adequately
recognized in the community, although predicted by W. C. Reynolds [63]
in 1963. The observation of unusually high local wall temperatures dur-
ing experiments with sodium receivers decades later in the SSPS Almeria
projects, under non-uniform heat flux present on receiver tubes may be ex-

plained by this effect.

Since existing engineering Nusselt number correlations for turbulent flow
and uniform heat flux are capable only of predicting an average wall tem-
perature for liquid metal flows, basic design should instead be executed by

applying W. C. Reynolds’ [63] approach.

Alternatively, numerical simulations can be applied if the liquid met-
als’ low Prandtl numbers are correctly accounted for as computations by
Marocco et al. [47] demonstrate. These, as well as experimental results by

Melnikov et al. [60] indicate this behavior (high local temperatures) as well.

LBE has a particularly strong local deviation from the average wall tem-
perature under non-uniform heat flux compared to the case of uniform heat
flux — stronger than for sodium and much stronger than with solar salt where
the local temperatures do not deviate much. In terms of exergy destruction
rates (Section 3.1) it is therefore inferior to solar salt when a non-uniform

heat flux boundary conditions are applied.

158



While these findings correspond to the case of forced convective and fully
developed flow, more work should also be invested in the development and
testing of engineering correlations for the case of heat transfer under mixed
convection conditions in a variety of geometries in order to enable engineers

to quickly and confidently design heat transfer devices.

LBE operation at temperatures above 600 °C has limitations. For stain-
less steels the corrosion potential by LBE, that is the dissolution attack of
alloying elements, is enhanced. Special materials that are very resistant the
the corrosion attack of LBE up to temperatures of 750 °C, such as Kan-
thal [32, p.637] are expensive alternatives as receiver construction tube ma-
terials. When applying oxygen control to the system for steel corrosion
prevention, the upper and lower oxygen concentration bounds require an
increasing lower equilibrium temperature when the upper process temper-
ature is increased. While the remaining temperature range may be suffi-
ciently large for operation in solar receivers, the required increase of the
lower temperature level will potentially compensate the benefit of a higher
outlet temperature, because it makes increasingly powerful trace heating a

costly requirement.

LBE is expected to show better performance than sodium in terms of
storage efficiency and thermocline degradation in single-tank packed bed

storage systems, as found by Niedermeier [43].

Due to the lack of chemical de-composition LBE can be re-used even
after long term operation. This could potentially in part compensate for
the initially high investment costs. It is uncertain whether this property
will make LBE an attractive candidate in thermal storage systems: At the
same time Niedermeier’s assessment shows satisfactory storage efficiency

for sodium at competitive costs.

LBE is, however, also expensive, subject to price fluctuations and may

have limited availability with bismuth as the expensive component.

In summary, LBE’s benefits are:
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1. The operation at increased heat flux densities in receivers of reduced
aperture area, however, under careful monitoring of its oxygen con-

centration for corrosion protection.

2. Lower safety requirements when applied to experimental model sys-

tems compared to sodium.

Indeed, the selection of LBE facilitated building a liquid metal loop how-
ever, lacking the dimensionless similarity of the SOMMER receiver with a
reference receiver operated with sodium.

The use of LBE will, according to the previous findings and according
to those by Fritsch [29], likely be limited to the solar receiver exclusively.
In his study, Fritsch identified a cost reduction potential for this scenario
compared to the current state-of-the-art with solar salt as HTF, however,
he did not consider the impact of the non-uniform boundary condition on
the wall temperature distribution of the liquid metal flows. These impacts
should be re-assessed in order to investigate the requirement of a design
adaptation for higher heat transfer coefficients and smaller tube diameters

and the impact on the receiver operation and construction costs.

Solar loop and solar furnace

The thermal receiver has been operated at solar flux densities up to nearly
4MW m~2. An available thermal power of Q = 10kW has been transferred
by the coolant in the thermal receiver while exposed to this flux.

The flux has been measured using a specially developed flux scanner and
a single heat flux micro sensor with a measurement accuracy of below 4%
for the overall design solar power on the absorber plane at Ps = 10800 W.
This device operates with a linear and superimposed rotational motion pat-
tern.  An offset in the power and peak flux values of the two available

scanning directions is observed, likely due to its operation outside the cal-
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ibration flux range (A much lower peak flux had been expected during the

design phase.)

Liquid metal receiver operation

The operation experience has been limited to a few months of commis-
sioning and operation. and the resulting data provide at this stage a limited
picture. Nevertheless, some interesting findings have been obtained in this
facility.

The experimental operation data of the thermal receiver at local heat flux
values of nearly 4MW/m2 suggest that local wall temperatures of the re-
ceiver tubes are higher than when predicted with Nusselt correlations for
uniform heat flux and fully turbulent flow, in agreement with the predictions
of W. C. Reynolds. The local wall temperatures in low-Prandtl number fluid
flows may deviate more significantly from the average wall temperatures
than in regular Prandtl-number fluid flows. Future designs of liquid metal
cooled solar thermal receivers should take this into consideration.

The receiver’s absorber paint shows no signs of ageing upon human-eye
inspection.

Thermal losses have been recorded without solar flux imposed upon the
absorber plane. These turn out higher than predicted, probably due to in-
sufficient thermal insulation, a large ratio of overall receiver’s casing area
to absorber area and the copper radiation protection shield surrounding the
receiver aperture acting like cooling fins.

The hydraulic behavior of the gear pump agrees well with the predic-
tions of the manufacturer within the operation range presented, in spite of
the special wetting properties of LBE which could potentially have led to an
improper selection of gap widths. However, for unknown reasons the pump
ceases operating at liquid temperatures in the pump vessel above 250 °C.
Whether or not this problem is due to LBE in particular could not be an-

swered prior to completion of this thesis.
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6 Summary

Buoyancy in the horizontally oriented electric heater led to hot fluid stag-
nation and over-heating. It should be installed vertically in order to continue

operation at heater powers above 6.5 kW.

Overall work

The assessment of LBE’s thermo-physical properties and of state-of-the-art
liquid metal design-tools led to the identification of benefits, however, also
of limitations of LBE as heat transfer fluid for concentrating solar thermal
power receivers. The importance of some liquid metals’ high sensitivity
to non-uniform heat flux boundary conditions has in the past potentially
been neglected in the design of solar thermal receiver components. It is
shown in this work, that these should rather not be neglected and further
studied. Design-tools which take this behavior into account are presented.
A complete solar furnace including a liquid LBE-loop for the cooling of the
solar thermal receiver has been designed, build, commissioned and operated.
Therefore, the SOMMER project demonstrates generally the appliccability
of the required design tools for many loop components operated with liquid
metal for short-term solar operation. Further operation may show whether

long-term solar operation is feasible with the current design, as well.
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A Appendix

A.1 Expression of uncertainty

Throughout this work the ‘Guidelines for the Expression of Uncertainty in
Measurement *(JCGM 100:2008 GUM 1995 with minor corrections) [71]

are followed.

Accordingly, for a randomly varying quantity g the arithmetic mean g of
n independent observations g; can be used as best estimate of the expected
value 1. Due to the random variations the values of the g differ. The vari-
ance ¢ of the normal probability distribution of ¢ can be approximated by
the experimental variance s2. Its positive square root is called the experi-
mental standard deviation s(g; ). The variance of the mean 62(§) = 62 /n is

best estimated by:

s(q) = : (A.D)

and called the experimental variance of the mean. Its positive square root
is called the experimental standard deviation of the mean s(g). This value
quantifies *how well 7 estimates the expectation i, of ¢’[71]. In the guide,
when determined from 7 independent observations, for convenience this pa-
rameter is written u(x;) = s(X;) and called Type A standard uncertainty.
When evaluated by scientific judgment, u(x;) is called Type B standard un-

certainty.

Statistically about 68% of samples of a measurement with normally dis-

tributed random error reside within a range of the standard deviation above
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and below the expected mean. If this range is doubled in size, about 95%
of all samples will reside within this range, that is, the ‘95% confidence

interval’.

A.2 Heat flux measurement

A.2.1 Existing concepts

There exist indirect and direct measurement methods for the determination

of solar flux — and measurement augmented simulation methods [74].

Indirect Methods

The method of camera-recording the visible reflection of a flux distribu-
tion on a white target surface is called ‘indirect’. The recorded variation in
brightness corresponds to the variation in the local flux intensity according
to a functional relationship, which depends on the reflective properties of the
target and on camera properties ranging from the camera sensor’s linearity in
brightness detection, image distortion of the lens and spectral transmittance
of grey filters to observable dark current. As a benefit of these methods, the
high resolution CCD sensors in the cameras result in high resolution images

of the flux distribution.

Besides a well-characterized camera, a flux gauge is typically required on
the target plane in order to tie a local, directly measured reference flux read-
ing of this sensor to the corresponding, indirectly measured local brightness

value from the camera.

Radiometers or calorimeters can be used as the flux gauges. Radiometers
use the generation of an electromotive force due to temperature differences
in two connected junctions of two different types of metal as measurement

principle, for example as described by Gardon [75].
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Figure A.1: Thermopile arrangement according to Schmidt’s 1925 patent [77]
where a is a thermal resistor, b junctions between wires of two dif-
ferent metals ¢ and d, the wire ends,e, with a voltage proportional to
heat flux along to the surface normal, measurable by a volt-meter, f.

Often for solar heat flux measurement, commercially available Gardon-
type radiometers by Vatell are applied. These have a relatively short re-
sponse time of a little less than one second [76]. They are available with
water-cooling. Vatell’s radiometers have a cylidrical shape with a diameter

between 7.9 mm to 25.4 mm.

One particular way of utilizing the electromotive force for solar flux
measurement is the thermopile arrangement, that is, several thermocouple-
junctions arranged in series on opposite sides of a thermal resistor as shown
in Figure A.1 [77].

The resulting temperature difference on both sides of that resistor is pro-
portional to the heat flux passing through the thermal resistor. The resulting
temperature difference causes a potential difference between all the thermo-

coule junctions which add up to a measureable voltage. Thermopiles by
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Vatell used in their Heat Flux Microsensors (HFM), are manufactured using
thin-film process technology for micro-process manufacturing such as sput-
tering. The resulting very thin layers for the metal junctions and the thermal
resistor minimize thermal inertia and a high areal density of thermocouple
junctions can be obtained. That way, although only small temperature dif-
ferences along the thermal resistor occur due to its small thickness a uV
signal is obtained, which can be measured with good accuracy. These sen-
sors are very fast and have theoretical reaction time constants of as little as
T =300ps.

The second general type of flux gauges, the calorimeters, measure the
temperature increase of a known coolant mass flow absorbing the radiation
energy of the light. That temperature increase is proportional to the collected

energy.

Calorimeters for solar flux measurement reported in literature are often
specially designed for their use in specific facilities, such as the water cooled
SunCatch calorimeter developed ad DLR [78]. That particular device’s cir-
cular aperture has a diameter of 15.85 mm and has a response time of at least
a few seconds [76]. They are therefore quite large, especially in relation to

SOMMER’s receiver dimensions.

The white target in indirect approaches requires Lambertian properties,
that is, the reflective properties of the white surface reproduce the local
brightness with negligible influence of the viewing angle of the camera.
Target coatings can approximate Lambertian properties; they do, however,
show a slight angular and temperature dependency in their reflectance values
[79]. The latter effect must be compensated by active cooling if a target is
supposed to remain in the focal point during measurement. The angular de-
pendency is particularly relevant in the solar furnace where incidence angles
of up to 52° to the absorber surface’s normal are present. Also Lambertian

properties deteriorate over time due to soiling [74].
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While a large, actively cooled target could be applied covering the entire
distribution, also, moving bar Lambertian targets are sometimes applied.
These targets cover an area smaller than the flux distribution that is to be
measured and are actively moved across it in a matter of seconds. During
this short period the camera takes several images as the target progresses
across the distribution. These single images are then stitched together to the

complete distribution during post-processing.

Because of a shorter exposure to high flux of a moved target active cooling
is not required. The required reference flux gauge cannot be placed on the
bar if it has a long response time but has to be placed in the receiver plane
and be actively cooled. This results in an offset between measurement plane
(where the bar moves) and receiver plane (where the gauge is placed). The
error introduced from this offset grows with their relative distance.

Ulmer [79] reports significant differences between values in the measure-
ment plane and those actually expected on the receiver plane during a ray-
tracing simulation of a large-scale receiver when that distance is large. The
distance between possible measurement plane and absorber plane in the so-
lar furnace of SOMMER is larger than the absober surface’s diagonal; that
is very large considering the wide angular range of incoming ray trajec-
tories. Also the placement of an actively cooled sensor in the receiver of
SOMMER is not possible due to the space limitation.

Accordingly, the moving bar approach could only work if a fast reference

flux gauge is installed on the moving bar Lambertian target.

Direct Methods

Stationary direct methods use at least one flux sensor mounted in the mea-
surement plane that directly measures the local flux value at its position with
a high accuracy. In this case ideally the measurement plane equals the re-

ceiver plane in flat panel receivers (such as the SOMMER receiver) or the
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aperture plane in case of cavity receivers. If more than one sensors are dis-
tributed across the measurement plane a coarse distribution of flux can be
determined; however, in order to obtain highly resolved information on the
flux distribution a large number of sensors is required and the corresponding

investment and maintenance have to be considered.

Also reported in literature are moving direct methods where several flux
sensors are mounted along a bar that is traversed through the flux distribu-
tion. Such a system was, for example, applied on the SSPS-CRS tower at
the Plataforma Solar de Almerfa (PSA) [80]. For this approach either fast
sensors are required in order to avoid overheating of the moving bar by re-
ducing exposure to flux to a short time or active cooling is required when
a slower traversing speed is applied to allow for sensors with a slower re-

sponse time.

In the SSPS case eight HFM sensors were aligned on a straight rotor that
traversed across the receiver with its center of rotation well below the center
of the receiver (like a wind shield wiper). From the sensors’ readings the
distribution of flux on the aperture was interpolated. The plane in which
that rotor moved was a slight distance away from the absorber plane, which
in this case was a small distance relative to the receiver area.

The moved direct option obtains a reasonably good accuracy only with a
rather large number of sensors (eight in case of the reference). This causes
high investment costs as each sensor is expensive and multi-channel fast
data acquisition technology and a precise measurement of the bar’s angle is
required. The mechanical setup is rather simple. A larger number of sen-
sors requires maintenance effort in case re-calibration is frequently required.
Post-processing requires interpolation and integration routines that are read-
ily available in many data processing software packages and potentially the

application of corrections from individual sensors’ calibrations.
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A.2.2 Data acquisition

In the SOMMER experiment data acquisition is performed by a PC with
a PCI express Multifunction I/O Device NI-PCle-6341 by National Instru-

ments and a matching SCB-68 connector block.

This I/O device features 16 analog 16-bit input, single ended channels
with 500 kilo-samples per second, two analog outputs channels with 900
kilo-samples per second, 24 digital input-output multi-function channels

and 4 32-bit counter channels for linear and angular position encoders.

The stated input sample rate is not specified per-channel and accordingly,

the per-channel rate depends on the number of input channels used.

The HFM device outputs differential signals for the heat flux and sensor
temperature, which, when measured differentially use 4 out of 16 analogue
input channels. The three thermocouples for the observation of the rod’s
temperature each provide differential signals as well, using up another 6

channels.

The angular position of the rotor is determined by an digital encoder with
defined angular increments that are counted based on an A-B-Z pulse pat-
tern! provided by the angular encoder by WayCon. Based on the coordi-
nate system defined in Figure 4.23 on page 125 for operation a negative,
clockwise direction of rotation was implemented. Zero degrees of rotation
is located on the positive X-axis. A voltage U = 5V is provided by the
I/O device for both, the angular and the linear encoder (manufactured by

! The periodic pulses A and B have a 90° phase shift where one completed period of both
signals indicates a single angular increment. The device used generates 3600 increments per
revolution, that is, a angular resolution of one tenth of a degree per pulse.

The NI device also allows to count each edge of the A and B pulse separately; that increases the
resolution further by the factor of four. The Z pulse indicates a complete revolution. Because
of this, for the determination of an absolute angular position, an initialization with the Z pulse
is required. One of the NI device’s digital counters is occupied by the A,B and Z pulse signal.
The second counter is occupied by the linear encoder, which uses the same encoding as well
as a 5V voltage, however, with a resolution of 0.1 mm per increment. The Z pulse indicates an
increment of 5 mm.
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ELGO) which uses a magnetic tape for the measurement of the progress in
X direction.

For each measured sample of the flux scanner besides the voltages from
heat flux and temperature measurement thus also the X position of the sys-
tem’s center of rotation and the current angle are measured. Given the radius
of rotation of 50 mm the current, k™, position in a Cartesian X-Y-plane is

calculated according to:

X = x; +0.05 - cos( ), (A.2)
Y = 0.05+0.05 - — sin(y). (A.3)

An AMP-10 signal amplifier by Vatell is used in this setup for the amplifi-
cation of the HFM sensor voltage signals. This amplifier is readily equipped
with two separate gain switches for the resistance thermal sensor (RTS) sig-
nal and the heat flux sensor (HFS) signal as well as matching two-channel
(four-pin) LEMO input plug. Also, a calibration certificate is provided with
precisely specified gain factors for each gain value. This amplifier readily
generates the excitation current for the voltage measurement on the thermal

sensor’s resistor.

It also offers manual zero-offset compensation. Due to changes in room
temperature and body temperature of the amplifier the HFS and RTS volt-
ages can deviate slightly from zero even at zero heat flux at the beginning of
a measurement. For this reason the manual recommends to let the case tem-
perature stabilize for eight minutes after switch-on before using the manual
compensation. With a screw on the amp casing the observed offset can be

manually removed.
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Table A.1: Signal amplification and scale settings. Best parameters for the present
case are marked with *.

device parameter range/value abs. accuracy rel. accuracy

NI card signal scale +0.2V* 60 v -

signal scale +1V 240 pv -

signal scale £5V 1130 pVv -
Vatell amp  gain setting 1% - +0.6 %

gain setting 100 - +1.5%

A.2.3 User interface

The operation of the flux scanner is controlled through a LabView user inter-
face. It is used to set measurement parameters, to run the measurement, run
the extension and retraction drive of the system and to write the measured
data to a data file. Also the signal amplification factors settings of the am-
plifier have to be specified. The recommended setting, as was used during

the calibration campaign in Cologne, is a gain of 100 for both channels.

During that campaign, where maximum flux density values of about
2.4MWm~2 occured, a maximum voltage of the HFS signal of 8.9 mV
and of the RTS signal of 5.6 mV were generated by the sensor. Depending
on the expected input signal range a scale width for the measurement can be
specified in LabView with limits of 0.2 V,1 V, 5V and 10V, each associated

with different measurement uncertainty, as listed in Table A.1.

If amplified with a gain of 100 the 5V scale needs to be selected, where
an absolute uncertainty of 1130 uV occurs from the NI device, thatis 0.13 %
relative uncertainty for the HFS signal, where, however, the amplifier intro-

duces an uncertainty of 1.5 %.
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The 1V scale is too narrow at a gain of 100 in case peak flux values higher

than in Cologne occur.

If un-amplified that signal can be measured with the 0.2V signal scale
width by the NI device with an absolute uncertainty of 60 uV, that is, 0.6 %
relative uncertainty. An additional 0.6 % uncertainty from the amplification

occurs at the corresponding gain of 1.

A gain of 1 would, therefore, generate the lowest uncertainty?. Neverthe-
less, since the calibration was performed with a gain value of 100, a gain
setting of 100 both for HFS and RTS signal is applied throughout the SOM-
MER experiment.

The LabView program aborts if prior to the generation of the measure-
ment file the rotating motor is not running. This is a safety precaution since
a sensor passage through the focal point without rotation generates a flux
exposure with a rapid temperature increase that can destroy the sensor. On
the other hand, when rotating, the residence time in the maximum of the flux
distribution is short and followed by a comparably long residence time at the
periphery of the flux distribution where the collected heat can be conducted
away from the sensor to the copper body, thus limiting the temperature in-

crease.
Thus, the linear drive can only be started when rotation is detected.

Upon the starting command the linear motor will automatically fully ex-
tend and retrace. The raw voltage values of HFS and RTS signal are stored
to a data file, with the amplification factors provided in the header.

The data evaluation including the calculation of total absorbed power and
peak flux value is performed with a Matlab script.

2 If an option is available to operate the RTS resistance thermal sensor without the amplifier
its use could be avoided all together at such high fluxes, however at the expense of the manual
zeroing option. Zeroing could then just as well be performed digitally.
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A complete measurement with the settings used for the calibration in
Cologne takes about 8 s, where half of that time the sensor’s center of ro-
tation moves outward until the entire measurement plane has been passed
and the remaining time it moves inward, completely passing the distribution

again.

Picturing the sensor’s path as a circle that is moved forward through the
distribution each point in the distribution is passed two times by the sensor
during the extension of the linear motor: First when the front semi-circle
passes and again, when the rear semi-circle passes it. The same occurs in
reversed order during inward drive. Since the motion in reality equals a
spiral and not a circle, not all points of the distribution are reached by the

sensor, but instead many are passed nearby.

The evaluation script therefore allows for the user to chose the different
data segments for evaluation: All data can be evaluated simultaneously. That
is, the interpolation of the distribution’s shape is based on four stacked data
sets. This creates a single image of an 8 second time frame. This case is
shown in the bottom right graph in Figure A.2. Should, however, during
this time frame the focal point have moved (for example due to wind hitting
the heliostat), the measured distribution will ‘smear’ and appear larger than
the original. Therefore, data of the forward drive and data of the backward
drive can be evaluated separately (= recommended default), so that only a
four second time frame is visualized, where still the sensor has passed the
distribution two times, each. This case is shown in the bottom left graph in
Figure A.2.

Furthermore, during forward drive the scan of the distribution can be di-
vided into the data on the semi-circular front fraction (top left graph) of each
revolution and into the rear fraction (top right graph). The same applies dur-
ing the inward drive of the linear motor. Thus, four individual measurements
of each point of the distribution are recorded during a single run, however,

each of them is based on a coarse grid of measured data.
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Figure A.2: Top left: forward front semi circle, top, right: forward rear semi circle,
bottom left: forward full circle, bottom right: all data.

Small changes in the DNI value during a measurement can be compen-
sated during post-processing based on the DNI values that are logged by the
SOMMER’s data acquisition system.
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A.2.4 Sources of uncertainty

The presented system’s uncertainty of measurement results from uncertainty
in the determination of the sensors location, the finite response time of the

sensor quickly moving across a flux distribution and from thermal effects.

Errors in the determination of the exact place of the sensor can distort
the recorded shape of the actual distribution. Besides random errors, also
systematic errors from the rod’s thermal expansion are present. Should the
recording, for example, be systematically compressed by the rod’s thermal
expansion, the integration over the locally sampled power values will result
in an over estimation of the total power because flux outside of the defined
boundaries is included.

In the following the expansion is assessed which occurs in the rod’s front
section away from the fixed axle that is indicated in Figure 4.28 with the
letter b.

The temperature increase during the return drive of a measurement per-
formed during the calibration campaign in Cologne is shown in Figure A.3.
For the complete run (including also the outward drive) a temperature in-
crease the sensor itself (solid black line) from initial 60 °C by about 120K
was recorded with a total power of 6400 W. The rod’s temperature right by
the HFM sensor increased by about 80 K (red dashed line) and by only 30 K

150 mm away from the sensor (blue, dash-dotted line).

Under theses conditions the rod’s average temperature remained be-
low 100°C. Given, that during operation in SOMMER a total power
of 10800 W is expected, assuming an averaged temperature increase of
AT = 150K will most likely not be exceeded. The resulting thermal expan-

sion AL, is calculated for these conditions to:

ALcy = L-azAT =300mm- 1.6 x 105K 150K = 0.72mm, (A.4)
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Figure A.3: Temperature increase during the return drive of a measurement at solar
power of about 6400 W on the measurement plane. (filtered, every
30th value shown). Sensor face temperature: solid, black line; rod tip
temperature: dashed red and black dotted line; rod temperature 10 cm
away from the sensor

, where o is the coefficient of thermal expansion of copper.

Thermal expansion is the main source of uncertainty for the exact de-
termination of the X coordinate (axial direction). Minor uncertainty in the
measurement of the X position is introduced by the determination of the
angular position from the angular encoder, the determination of the linear
position from the linear encoder and very small uncertainties from the mea-

surement of the length of the rotor and the amount of bearing clearance.

Uncertainty in the determination of the Y position stems mainly from
uncertainties in the determination of angular position, rotor length measure-

ment and bearing clearance and is thus smaller than that in X direction.

The thermal exchange of the sensor with the ambient and the copper rod
by means of thermal radiation, convection and conduction introduces addi-

tional uncertainty.

Unfortunately, of the sensor only the design of the sensitive, circular sen-
sor face is known with the thermo-pile located in its center and surrounded

a platinum conductor which serves as resistance temperature sensor.
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A sensor reading depends on the temperature difference between front
and back of the thin thermal resistor that serves as substrate upon which
the thermo couples junctions are sputtered. This temperature difference de-
pends only on the heat flux and thermal conductivity of the resistor in axial
direction. Radiation and convection losses on the sensor face influence the
heat flux crossing the resistor. The capacity and conductivity of the heat sink
underneath the resistor influence the temperature level at which this differ-
ence across the resistor is measured; this level is detected by the resistance
thermal sensor and used to correct the resulting non-linearity between flux
and AT.

The gradient across the thermal resistor is influenced only if a significant
heat conduction in radial direction occurs. This appears in case of a poor
axial thermal contact with a heat sink and a good thermal contact along
the edge of the thermal resistor with the sensor body and the copper rod.
However, the sensor is deposited directly upon the heat sink material dur-
ing production (good thermal contact, indeed) and the thermal resistor layer
with a diameter of 6.3 mm has a thickness of less than 1 um [81]! In conclu-
sion, axial conduction must be the dominating in the sensor face and thermal
transport to the rod via conduction is very unlikely to influence the sensor

reading.

The more relevant radiation losses to the ambient, which reduce the heat
flux passing through the sensor, are a function of the sensor face tempera-
ture and the ambient temperature. It occurs during measurements from the
hot sensor face only to the cold surroundings of the concentrating mirror,
whereas from the sensor’s point of view the mirror surface is filled out com-
pletely with the reflection of the sun from where it gains radiation energy.

In order to predict the lost power through radiation to the surroundings
of the mirror the solid angle of its silhouette has to be subtracted from the
sensor’s total field of view. A view factor is then calculated which allows to

estimate the lost power:
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The projection of the mirror face can roughly be approximated with a
square shape of height L, and width L, with Lx = L, = 4m, respectively in
a distance from the sensor of L, = 1.9m. The sensor, although of circular
shape with a diameter of D = 0.00635m is so small compared to the mirror
that a negligible error in the calculation of a view factor results when a

square shape is imposed upon it with Ly = L, = D.

According to Ref. [66] with L, /L. = 2.1 and L/L, = 2.1 the view factor
from sensor (index 7) to mirror (index j) is approximately F; ; = 0.6. The

remainder, 1 — F = 0.4 is the sensor’s view factor with the surroundings.

Then, the heat flux density on the sensor can be calculated according to:
CIN = (l - F)G(TéFM - Taﬁnb), (AS)

with Tymp = 25 °C and the Stefan-Boltzmann constant ©.

For an estimated sensor face temperature of 200 °C this results in a heat
flux of ¢” = 957.5Wm™2. This loss is negligible at mean heat fluxes of

more than 1000000 Wm ™2, even in case the sensor temperature is higher.

Mixed convection losses are influenced also by the rotational speed. Due
to the rod’s cylindrical shape, into which the sensor is smoothly embed-
ded, convection losses will be assessed in this paragraph using a correlation
for a hot cylinder in perpendicular flow is selected. An angular velocity
of @ = 11.7s! (tangential velocity v = 0.59ms~") and linear velocity of
v=10.0237ms~! have been applied. The copper rod, which has the sensor
embedded into it, periodically moves on its circular path up and down in Y
direction. In this situation the highest convective losses are expected. As
mentioned, the rod’s temperature is usually below that of the sensor. Never-
theless, for a conservative estimation of the convective losses it is assumed
that the rod’s temperature equals the sensor’s temperature, which attains

much higher values. Then, the Nusselt number for the rod can be calculated
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by correlations for mixed convection. Finally the average heat transfer co-
efficient obtained from this correlation is applied to the surface area of the

sensor face in order to calculate the losses.

A correlation according to [66] is applied for a horizontal cylinder in
perpendicular flow. This results in a combined natural and convective heat
transfer coefficient of 7 = 18.9Wm 2K~!. For a sensor temperature of
T = 200°C and an ambient temperature of T, = 25°C the resulting heat
flux is ¢ = 3310Wm2.

Although this loss mechanism is more relevant than thermal radiation it is
still negligible at design conditions compared to the average incident solar

heat flux and remains well below one percent.

Finally, conductive heat transfer in the rod is present whenever the sen-
sor’s temperature has been raised by exposure to heat flux. Due to its black
coating its absorptance value is much higher than that of the surrounding
copper volume and the sensor’s temperature is raised more significantly at
transit through high flux areas. Once that area is passed the sensor is peri-
odically moved to low-flux areas where heat transfers from the sensor to the

rod along the previously generated temperature gradient.

Ultimately, the heat will be conducted from the sensor face to the copper
rod. The exact path of conduction is, however, unknown and will not influ-
ence the measurement. If minor effects arise, those will be accounted for
during device calibration under conditions as expected during operation in
the SOMMER furnace.

The original calibration of the sensor as delivered is usually performed
at quasi-steady state conditions where body temperature and sensor face
temperature are in equilibrium. In the target application, however, unsteady

conditions are generated.

Yorgev at al. [82] report that the manufacturer’s calibration, which is per-

formed at around 350 kW m~2, delivers no correct readings for flux values
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one order of magnitude larger as expected in SOMMER’s solar furnace.
Furthermore, as the manufacturer’s calibration uses an electric graphite re-
sistor at 850 °C [83] as black-body radiation source for that calibration the
intensity maximum of its spectrum shifted to red compared to that of the

sun.

Therefore, a correction factor, which can be calculated according to a
procedure presented in Ref. [83], must be applied for the sensor to match the
power in the solar spectrum. This procedure takes into account the different
spectra of the sun and the graphite radiation source as well as the absorption

and recflectance spectra of mirror surfaces and the Pyromark coating.

All required spectra are available in literature, each of them, however,
containing some uncertainty, so that the accuracy of the correction factor is

difficult to determine.

All these many sources of uncertainty and the difficulty of quantifying
them separately make a calibration of the system with a good reference a re-
quirement. That way, all accumulated uncertainty can that way be accounted

for simultaneously.

A.2.5 Device calibration

The device was calibrated with reference measurements at the Xenon-High-
Flux Solar Simulator of the German Aerospace Center (DLR) in Cologne.
Reference measurements were taken with DLR’s flux mapping acquisition
system FMAS. FMAS is an indirect measurement system that uses a 8 bit
grey scale CCD image of the flux on a aluminum-oxide-coated Lambertian

target.

A reading of a Gardon-type calorimeter located on the target is used as
reference flux gauge. This system overall acquisition uncertainty is stated
by DLR to be below 3%.
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For the calibration procedure flux from a varying number of Xenon lamps
was directed onto a common aim point above a table with a 3-axis transla-
tion capability. DLR’s water-cooled Lambertian target equipped with the
radiometer and the KIT’s flux scanner were mounted side-by-side on top of
that table. With this table it was possible to first align the Lambertian target
with the aim point of the lamps and to measure the present flux distribu-
tion and power with the FMAS system in order to obtain a reference value.
Then, KIT’s scanner was motioned into the aim point’s vertical plane where

it could measure the same distribution.

The FMAS generates measurement data in CSV files that contain the flux
reading for each measured pixel in the image, as well as coordinate vectors
based on a previously defined reference plane that specify each pixel’s lo-
cation. Flux values measured by the heat flux micro sensor at a defined set
of coordinates can therefore be compared with the value obtained by FMAS
at that same position. A.4 shows on the left the distribution obtained from
reading a file of the FMAS measurement # 33 on a reference plane of 50 cm
by 50 cm.

On the right of Figure A.4 the sensor path in forward motion (along the x-
axis) of the flux sensor (orange line) across this distribution of concentrated
heat flux is shown, this time the same distribution as in the left graph is
indicated by a contour plot (black line).

On its path the sensor measures local values of the heat flux density.
FMAS reference values along the sensor path are shown in Figure A.5. Due
to the rotational motion pattern data measured by the HFM generally lie be-
tween data nodes of the regular grid of FMAS data. FMAS reference values
are therefore obtained from the regular reference data nodes by creating lin-
ear interpolations® between data nodes of the FMAS CSV-file to locations
where samples have been taken by the HFM sensor. During the calibration

3 Matlab (R) 2016a, function griddedInterpolant
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Figure A.4: Reference flux distribution.as measured by FMAS, DLR. The magni-
tudes of two local maxima of the distribution are indicated.
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Figure A.5: Reference heat flux density values at normalized sample count (k’th

sample n; divided by the total number of samples N) for forward mo-
tion. (Every 30th data point is shown.)

fixed values for the rotational and linear speed of @ = 1.8642rads~! and

v=0.0232ms~!, respectively, were applied .
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Figure A.6: Measured signal (dotted), filtered signal (thick solid) and reference
signal (dashed).

Figure A.6 shows the filtered measured signal* of an arbitrary peak of the
data set compared to the reference; there is a macroscopic difference in the
shape of the measured and reference curve which results from experimental
X and Y offsets between measurement plane and reference plane and from
smoothing effects due to the sensor’s motion velocity. This velocity gen-
erates smoothing due to the finite response time constant of the sensor and
due to thermal forced convection losses. The remaining difference found in
that figure is at the applied motion parameters nevertheless acceptably low,

as will be shown next.

Heat flux values from the FHM are obtained by applying a calibration
function which requires two different voltage values as inputs, q'f', rr(Ubrs, Urrs).
The measured data in Figure A.6 have been calculated accordingly (dotted
linie). The 2D calibration function applied in this graph was determined

by applying a surface fit of measured voltages (Uyrs and Ugrs) from the

4 Compared to the reference signal the measured signal is noisy. The shown signal is therefore
filtered for noise reduction using Matlab’s £i1t£ilt function This function can be configured
to result in a zero-offset moving average filter. The Y values of 50 data points before and after
the data point (x;,y;) are averaged to determine the value of the corresponding y;-value in this
evaluation.
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Table A.2: Coefficients for calibration fit of flux density data and their 95% confi-
dence bounds. Also shown: The coefficient of determination R? and the
root mean square error RMSE

parameter  value 95% confidence bound

lower  upper

Poo 5.563 4538  6.589
pio 2285 2274 2295
po -25.23 3567 -14.79
pii 1463 1417 1510
po2 1225 -155.5 -89.43
P12 2330 2381 -2278
Po3 225.9 1942 2576
R? 0.9984

RMSE  10.8737kWm 2

device’s heat flux sensor (HFS) and resistance thermal sensor (RTS) to lo-
cal heat flux data from the FMAS at DLR, g/.;. The best fit fit for both,
extending and retracing motion direction, was determined for a polynomial

surface function of first degree of x and third degree of y of the form:

F(x,5) = poo+ pio-x+pot -y+pi1-x-y+poa-y* +prax-y* +po3-y® (A.6)

where x represents the HFS voltage, Uyrs, and y represents the RTS volt-

age, Ugrs.

The resulting coefficients as well as the coefficient of determination R?
and the root mean square error RMSE are provided in Table A.2. The
data and resulting surface are shown in Figure A.7. From the distribution it

appears that the sensor’s temperature sensitivity increases at growing tem-
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Figure A.7: Measured data (black dots) used for surface fit. Parameters of best fit
are provided in Table A.2

peratures, whereas the sensitivity with respect to the heat flux remains rather
constant. It it therefore advised to operate the sensor only within the temper-
ature range obtained during this calibration. On the other hand, for higher
fluxes than obtained during calibration, the prediction of the fit should be

more reliable.

For the processing of data measured with the flux scanner a rectangular
regular grid of the size of the measurement plane is defined with a horizontal
resolution of Ax = 2 mm and a vertical resolution of Ay = 1 mm. The values
at the regular nodes of the grid are interpolated using Matlab’s griddata
function from the measured values of the flux density q'}’IFM, (X, yk), which
are irregularly distributed in this plane. In this case, interpolation is per-
formed using the natural’ method; that is, a triangulation based natural
neighbor interpolation. The result of this interpolation is shown in Figure

A.8 in a contour plot.

Due to the grid resolution being coarser than the resolution of data points
along the sensor path this interpolation has a filtering effect on the noise

recorded during data acquisition.
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Figure A.8: Distribution of heat flux at DLR, ¢”/W m~2 as measured with the
HFM sensor after post processing; Coordinates of the calibration
setup at DLR, Cologne. Isoline spacing: 25 kW m~2; Total power:
P =2290.48 W; peak flux density ¢, = 387.8kWm™>

The total power is then obtained by numerical integration across this grid.
The peak flux value is determined by a search of the maximum value on this

grid.

During the calibration campaign in Cologne such distributions were
recorded for seven different power levels. For different power levels, also
the target coordinates for individual lamps of the solar simulator have been
changed. The maximum flux value was, for example, obtained with one
common aim point for all lamps used. For lower fluxes, such as in the previ-
ously shown distribution # 33 in Figures A.4 and A.8, two aim points were
defined. These change of configuration were applied in order to validate the

flux scanner’s ability to scan differently shaped flux distributions.

On some power levels measurements were repeated. In total it was pos-
sible to obtain eleven measurements. These are summarized in Table A.3
where the reference total power and peak flux values for each successful

measurement are provided. These data points are shown in Figure A.9.
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Table A.3: Measured flux distributions during calibration campaign in Cologne

# DLR reference HFM forward drive HFM backward drive
power  peak flux power peak flux power peak flux
Pet/W  qee/kWm™>  Parm/W e /kWm ™ Baem /W gy /KW m ™

33 2100 377.8 2040.8 375.1 2090.5 387.8

34 2133 382.3 2040 384.4 2152.6 399.4

37 3174 739.3 2919.2 732.1 3062.2 773

38 3174 739.3 3072 721.6 3160.3 754.4

39 4633 1086.1 4593.4 11814 4806.5 1194

41 4633 1086.1 4709 1132.6 4786.4 1205.8

43 5622 1648.4 5600.8 1716.7 55779 1739.4

44 6080 2043.7 5704.7 2047.1 5946.6 2062.2

45 6080 2043.7 5952.8 2021.1 6023.7 2059.1

46 6080 2043.7 5975.2 2058.1 6031.3 2073.7

47 6493 2164.7 6322.2 2110.7 6368.3 2191
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Figure A.9: Measured values for total power and peak flux density against their
reference values.
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The measured values with the manually identified calibration function
(A.6) agree very well with the reference. The scattered only slightly crosses
the 5% margins. The powers and fluxes measured during forward drive
are systematically slightly smaller than during backward drive as they are
shifted to the left.

Based on these data, what is the measurement uncertainty for additional

data points?

If all HFM measurements exactly equaled the reference values they
would directly inherit the reference’s uncertainty of 3% as reported by
DLR. However, due to the scatter around the reference values additional
uncertainty is present. This additional uncertainty results from all sources

mentioned in the previous paragraphs.

According to GUM 2008 [71] the uncertainty of FMAS should be inter-
preted as a type B uncertainty, that is, it is not based on statistical informa-

tion but on an experience.

In such case, where no information on the probability distribution is pro-
vided it shall be assumed that the real value may occur with constant prob-
ability in the entire interval of plus and minus a around the measured value,
where from DLR it is reported that a = 3 % for both, flux density and total

power.

From this rectangular probability distribution the equivalent relative vari-
ance and standard deviation of a normal distribution of probability for, in
this case the flux density ¢” can be calculated according to GUM section

4.3.7. [71], respectively:

201
o) _ 23— 0,003, (A7)
49 DLR
wlapr) _ [ GBiR) _ g 017 (A.8)
quR qHZDLR
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and in the same manner for the total power.

In order to quantify the uncertainty of a FHM measurement that is addi-
tional to that of FMAS, a linear function b:

b(gfiem) = Y1+ Y24tiEm (A.9)

shall be derived by a least square fit to the N = 11 independently measured
offsets between HFM measurement and reference value,

bi(qiuem) = dk.pLr — 9k HEM- (A.10)

By propagation of error, when Equation (A.10) is rearranged to isolate
qiipm» the uncertainty in gfjpy; can be calculated according to:

20 1 I1Em ? 20 1 Gt iEm ? 2 "
ug (qrem) = u”(gpLr) + ﬁ u [b(qHFM)]a

‘9‘1£/)LR ab(CIHFM
(A.11)
=1’ (g r) + 1 [b(qfirm)] - (A.12)

Since according to Equation (A.7), u? (g5 ) is known, it needs to be dis-
cussed how the uncertainty of the correction u? [b(q}iry;)] can be determined

from the scattered data.

The method of least squares fitting determines the parameters y; and y,

of Equation (A.9) that minimize the function S:

N
S=) [bk—n —yqu}z, (A.13)
k=1

where by, is the difference between the DLR’s reference value and the value
as measured with the HFM.
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The GUM 2008 [71] provides analytic equations for the determination of
both parameters y; and y,, the observed experimental variances s?(y;) and
s%(y2), and finally a value for the coefficient of correlation r(y1,y,) when

applying a least square fit:

N LY’ —Yhugi Xy

= 7 (A.14)
. _NY b Z—)Zbk)iqk 7 (A.15)
2 "2
sz()’1):squk7 (A.16)
2 s?
20m) :NB’ (A.17)
Ya;
ryyn) =- —F—=, A18)
2_2[[)"_—“6]@]2
e " ’ (A.19)
D-NY 2~ (L)’ (A-20)

In these equations all sums are from 1 to N. Further, in the expression
[bk —b(q} )} the parameter by is the difference between the two measured

values and b(g}) the correction as calculated according to Equation (A.9).

The parameters resulting from the application of these equations to the
N = 11 samples are presented in Table A.4 grouped by forward and back-

ward motion direction, and peak flux and total power values.

The uncertainty of parameter y; in the table, s(y;) is written in the fol-

lowing as u(y;) and that of y» , u(y2) as s(y2). These are propagated into the
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Table A.4: Parameters of least-square fits to data. (Units omitted in order to allow
compact formatting)

parameter forward backward

q" P q" P
D 53610333.56 296235161.6 54504608.9 294164139.6
5 2036.97 15882.5 1857 10998.25
s 45.13 126.03 43.1 104.87
Y1 18.3 -73.3 40.1 45.2
2 -0.0051 -0.0095 0.003 -0.0139
r(y1,y2) -0.893 -0.943 -0.895 -0.945
s2(y1) 909.5 13113 851 9499
52 (y2) 0.000418 0.00059 0.000375 0.000411
s(y1) 30.16 114.51 29.17 97.46
s(y2) 0.02 0.024 0.019 0.02

value of the combined standard uncertainty (that is, the standard deviation

of the mean) of the predicted correction according to:

W [b(q")] = w? (1) +¢"u (y2) + 32 (¢") + 24" u(y)u(2)r(y1,32)
(A.21)
where the last term expresses the covariance.

The equation contains one term with the standard uncertainty in the mea-
sured value of the heat flux, u?(¢q”) as measured by the HFM device, which

is currently undetermined.

However, even under the assumption that u?(¢”) is equally large as the
uncertainty of the reference, this term contributes only marginally to the

combined uncertainty of b. Therefore it is set to zero in this equation so
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that u2 [b(¢"")] contains only the variance from the scatter observed in the N

measurements.

Mathematically, all uncertainty present in the data is thus accumulated in
the uncertainties of the correction function’s parameters and consequently in
the uncertainty of the resulting correction summand. This correction must
then be added to measured values in order to obtain values that can be ex-

pected according to the calibration:

q;c/,exp = g} mem + 0 (diem)- (A.22)

By assumption, all observable scatter is assumed to originate only from
the uncertainty on the HFM measurement, and not from the FMAS refer-
ence. The variance of FMAS is already known and has to be added to the

variance of the correction function.
As such the variance of a HFM heat flux measurement is accounted for.

The uncertainty u(b) associated with the correction value, however, de-
scribes only the confidence limit for the location of its mean s(b). However,
in practice the prediction limit for a single value s(b) is required because for
each new measurement with the HFM device only one single flux value is

aimed for. That uncertainty can be calculated according to Pardoe [84]:
s(b) = y/s2 +52(b), (A.23)

where the remaining variance s% from Table A.4, which cannot be explained

with the linear equation, is added and taken into account.

Then, the combined uncertainty of a single HFM measurement according

to Equation (A.12) can be calculated, that is, the uncertainty of the correc-
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tion function added to the uncertainty of FMAS. Accordingly, the average

uncertainty in the N measurements of HFM is:

sz(q") =0.0003 - g’ & + 57 [blatiem) ] (A.24)

se(q") =1/s2(q"). (A.25)

The uncertainty of a predicted new value based on a measurement from
the HFM device will be calculated using the measured value and the corre-

sponding correction added to it, that is:

s2(¢") =0.0003 - (qfipn + b(qliem))* + 2 [b(qfiem)] (A.26)

se(q") =/s2(q")- (A.27)

This value of experimental standard deviation is based on a relatively
small number of N = 11 samples and therefore is subject to uncertainty it-
self. According to GUM [71], section E4, table E.1 the uncertainty for a
standard deviation calculated from 11 observations is about 23% and ac-
cordingly, this uncertainty is applied to the combined standard deviation
resulting from the previous analysis in order to obtain the total uncertainty

e (qrpm) = 1.23- (\/u%@’ﬁm)) : (A.28)

according to:

A.2.6 Example calculation of uncertainty

The uncertainty for a single measurement of the peak flux value of gfjpy =
2000kW m~2 is calculated as an example, according to the previously spec-
ified approach. First, in forward direction, the correction and the standard

uncertainty (that is, of the predicted average) can be calculated with the
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parameters from Table A.4 and equations (A.10) and equation (A.12) re-
spectively:

b(q" =2000kWm ?) =18.3kWm 2 —0.0051 - 2000kWm 2,
=8kWm™>. (A.29)
u [b(q" = 2000kWm™?)] =909.5kWm >
+ (2000kWm~2)%-0.000418 m* kW !
+(2-30.16-0.02- —0.893)kWm 2,
=19.5kWm 2. (A.30)

The corresponding relative standard deviation at that flux density is u./q" =
0.975 %.

The combined uncertainty, that is, including the uncertainty of the refer-

2

ence and the remaining variance s, for this prediction is s.(q”) =

60.14 Wm~2, and respectively the relative deviation u.(gjigy)/qiem = 3%-

The final, total combined uncertainty, including the uncertainty resulting
from the small sample size for the measurement with the FHM sensor of a
heat flux density of 2000 kW m =2 is uc(qlpy) = 3.67 %.

The predicted uncertainty is for the reference power of 10000 W s ((P) =

3.14 % in forward direction and s (P) = 3.15 % in backward direction.

A.2.7 Uncertainty of the flux scanner
The measured data without and with correction as well as the confidence
bounds of the correction function are plotted in Figures A.10 and A.11.

The fact that the confidence bounds remain approximately at a constant
distance from the bisecting line leads to larger relative uncertainties for

smaller values.
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Figure A.10: Measured and corrected data of forward (left) and backward (right)
motion (dot and x, respectively). Also shown are the 95% confidence
bounds (dotted) and the combined 95% prediction bounds (dashed)
around the corrected correlation (solid).
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Figure A.11: Measured and corrected data of forward (left) and backward (right)
motion (dot and X, respectively). Also shown are the 95% confidence
bounds (dotted) and the combined 95% prediction bounds (dashed)
around the corrected correlation (solid).

216



A.2 Heat flux measurement

These experiments were conducted with Vatell’s amplifier set to a gain of
100, which introduces more error than the available alternative setting of a
gain of 1. Therefore 0.9% more uncertainty in the HFS and RTS signal than
necessary have been generated that are potentially contained in the scatter of
the measured data. When operating with a gain of 1 therefore even slightly

higher accuracy of the assembly can be obtained.

A.2.8 Comparison with HFM’s off-the-shelf calibration

Vatell calibrates the HFM sensor and provides a calibration function

r o LS (A31)
g T+h
T=c-R+d, (A.32)
R= RIS o (A.33)
Irts
Ro=e-Ty+f, (A.34)

and calibration parameters a through 4. In this set of equations R, are the
thermal sensor’s resistance at ambient temperature 7, R the thermal sensor’s
total resistance and T the thermal sensor’s temperature corresponding with
the respective resistance. In order to validate the findings of Yorgev et al.
[82] the sensor was during the calibration campaign exposed to constant
flux over an extended period of time without motion. Indeed, as shown in
Figure A.12, the response quickly approaches a peak value and drops then
continuously. The flux has been limited to 624 kW m~? for this test in order
to not damage the sensor. This value represents, however, nearly twice the
intensity used in the factory calibration applied at Vatell. Athigher fluxes the
slope of the reading will probably higher, that is in agreement with Yorgev’s
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reporting. As suggested by Yorgev et al., a higher order polynomial for the
temperature correction,

" U HFS

SR A35
=T h T+k (A.35)

can be fit to the data in order to obtain a constant reading. The response
to the same data, however, with the adjusted temperature correction (solid
line line) is also shown in Figure A.12. The measured value then indeed
remains constant at the value of the reference, which itself is indicated by
a dotted line. Although this solution appears good at a first glance it was
found that the parameters obtained from fitting to a constant reference flux
value are only valid at this flux value. For example, when this fit is applied
for a scan of flux distribution # 47 (refer to Table A.3 in forward direction,
instead of the reference power of 6493 W and the reference peak flux of
2164.7kWm™2 the device detects only 5586 W and 1869 kW m™~2, which
is a much larger error (nearly 14 % for both) than what Vatell’s original

calibration and the one resulting from the surface fit generate.

Thus, although the calibration based on a surface fit as presented above
cannot yield a constant reading under constant exposure to flux it is capable
of measuring with satisfactory accuracy at all power levels obtained during

calibration.

Because of the visible trend under extended exposure, Vatell’s original
calibration was expected to give bad results in the current application. How-
ever, although HFM readings under high fluxes have been observed to 'run
away’, when used in rotation the readings are more precise than expected.
The two plots in Figure A.13 show the relative errors of the measured power
of both calibrations in forward and inward direction, respectively. A very
similar result is observed for the determination of the peak flux. The system
shows a systematic proportional offset, when Vatell’s original calibration is

applied. However, especially towards larger powers, the deviation is quite
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Figure A.12: Top graph: Heat flux as measured by the HFM sensor with original

calibration by Vatell (dashed line), with a higher order polynomial
applied for the temperature correction (solid line) and with the final
calibration (dash-dotted line), compared to the reference heat flux
(dotted line). Bottom graph: sensor temperature as detected from the
RTS sensor.
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Figure A.13: Top graph: forward direction, bottom graph: inward direction. Both
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ments with the original Vatell’s calibration (crosses) and the new cali-
bration including the correction (circles).



A.2 Heat flux measurement

small. For lower powers, however, more than 15% offset is observable and
potentially, the offset grows for higher fluxes. Reliable readings, therefore,

require a calibration such as the one performed in Cologne.

A.2.9 Practical experiences

During the project, Vatell HFM sensors one sensor was damaged during cal-
ibration, most likely from unnoticed overheating in the focal point for a few
seconds without rotation, which caused the solder of the connected signal
wires of the resistance thermal sensor to liquify. A large offset in the re-
sistance value and strange hystereses in the measured temperature remained
afterwards. However, this could also have been caused by vibration. Fur-
ther operation experience is required in order to finally conclude this type
of sensor’s suitability for such application. For example, on the new sensor,
the Pyromark coating on the just mentioned solder bead flaked off after a
few weeks of operation under full power. Luckily, as this occurred outside

the sensitive region of the sensor, the measurement is not affected.

Vatell’s amplifier’s casing should be separately grounded in order to re-
duce signal noise. It also appears to not be equipped with a filter for noise
from its power supply.

In general it turned out that for the high fluxes obtained in SOMMER no
signal amplification would be required and manual zeroing of the reading on
the amp could just as well be performed on the measured data during post-
processing. Nevertheless, if required, signal amplification could probably
be performed with calibrated micro-voltage amplifiers of brands other than
Vatell. Potentially, this would reduce the investment costs if the excitation
current can be generated elsewhere.

Vatell owns a de-facto monopoly for this kind of sensor with a resulting

very low price transparency combined with a very coarse vendor network
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across the globe. Sensors are produced and calibrated on demand, resulting
in lead times of several weeks.

New and improved micro-scale approaches for this sensor type have been
reported in literature ([85]), however, without yet stating an applicable tem-
perature range. This generates hope for more players in the market in the
future, potential competition for price models and maybe a more mechani-

cally robust design.

A.2.10 Summary of system components

A list of major parts used for the system’s assembly are listed in Table A.5.

A.3 The thermal Receiver

For the design of the thermal receiver un-scaled and scaled sections of the
large-scale reference receiver have been considered. Finally, the significant
dissimilarity of heat flux distribution diminished the option of strictly scal-

ing the reference down.

In the following paragraphs the implications of both approaches on the

loop design are nevertheless discussed.

A.3.1 A life-scale model receiver design

If an un-scaled element of the reference shall be used in the SOMMER
experiment the following reference parameters have to be maintained in the

model:

¢ Tube diameter and wall thickness

e Mass flow rate
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Table A.5: Components used for the assembly of the solar flux density measure-

ment device.

component manufacturer model price
EUR

HFM Vatell HFM-6D/H 5810
amplifier Vatell AMP-10 3750
angular encoder WayCon A36-H-6,35-L-3600-KR 140
linear encoder ELGO LMIX2-000-01.5-1-11 113
magnetic tape ELGO MB20.50 37
rot. motor Sumitomo RNYMS004-07-5/F50L/4 439
frequency inverter ~ Siemens ~ 300
linear motor LINAK 365A11+82250225 -
data acq. NI NI PClIe-6341 965
cable NI SHC68-68-EPM 156
connector block NI SCB-68A 370
24 V power source ~ 50
PC 700
bearings SKS 18
belt drive ~ 50
gliders ~ 50
parts & fabrication ~ 150
Total ~ 13073
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» Temperature level

A hypothetical receiver design with the least possible number of three
tubes is shown as a draft in the right image of Figure 4.17 with a black
square indicating the patch taken from a reference panel as shown in the left
image. Due to the small available flux zone in SOMMER the aperture is

limited to a square.

Three tubes each with an outer diameter of 21 mm will fill an area that is
6.3 cm wide. On such an area the solar furnace projects a thermal power of
approximately 7.69kW at 800 Wm~2 DNI, according to preliminary ray-
tracing simulations. A value of 7kW and three parallel tubes was used as a

further design basis.

At this power and a Reynolds number larger than 112 000 a temperature
increase along the receiver of only 8 K can be obtained for an outlet temper-
ature of 600 °C. The minimum temperature increase may therefore only just
be obtained.

The mass flow rate required in the life-scale approach receiver is 6.22 kgs ™!

for a temperature increase of 8 K at the thermal power provided by the solar
furnace. With this temperature rise an inlet temperature of 592 °C had to be
provided by the loop in order to reach the goal of 600 °C to be obtained at
the receiver’s outlet.

During the design phase it was assumed that a temperature limitation for
the pump would be at about 450 °C similar to pumps already in operation
in existing loops of our laboratory. At the given mass flow rate therefore
quite a significant amount of non-solar thermal power is required to raise
the temperature of the flow from 450 °C at the outlet of the pump to this
desired inlet temperature.

Two different system layouts were assessed that aimed to fulfill this re-

quirement:
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* Electric heating between pump and receiver and heat removal in a

cooler

* A recuperating heat exchanger with electric support heating and a

cooler

For case one, additionally the effect of an optional bypass was assessed,
carrying 60% of the total mass flow for mixing hot fluid from the receiver
outlet with cold fluid in order to reduce the fluid temperature before entering

the cooler.

Figure A.14 shows this scenario under full-load operation. A very high
electrical heating power of 112.3kW is required in addition to the power
from the sun of 10kW to heat up LBE to the required inlet temperature of
the receiver. The heater accomplishing this task must be build to endure very
high temperatures at its outlet. The mixing with the bypass is effective as
it generates moderate temperatures before the fluid enters the cooler where
all power added to the system is then removed and lost in the cooler before
the fluid reaches the pump. If a pump were to be found that can operate
at temperatures higher than 450 °C, less additional thermal power would be
required to bring the LBE to operating temperature. However, even then the
additional power requirement would be very large compared to the power
provided by the sun. Much of the electric heating power can be saved by
recuperating the energy between the receiver outlet and the receiver inlet.

This case is shown in Figure A.15 under steady-state conditions.

In this configuration the loop is separated in a ‘high temperature’ section
and a ‘low temperature section’, the former being heated by a low-power
electric heater which delivers in the situation on display 1.4 kW, all of which
is then removed from the system in the cooler. This solution reduces the re-
quired amount of heating but a large recuperator is required instead. The
magnitude of heat to be recuperated of 118 kW is significant. It was ex-
pected that the loop control would have become significantly more difficult

to implement with such a recuperator.
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Figure A.14: Loop for the life scale approach receiver with 60% bypass

For the life scale receiver therefore only the moderate operating temper-
atures were likely to be achieved in order to avoid this massive demand for
electric power or very powerful recuperating heat exchanger. Therefore, the
selection of this receiver design would have allowed the demonstration of
a receiver with real life dimensions and Reynolds number but not the op-
eration at high temperatures. High temperatures were, however, desired in
order to demonstrate the liquid metals’ high-temperature suitability in STE
facilities.

By reducing the mass flow rate and thereby increasing the temperature

increase the Reynolds number will drop below the desired value of 10°.

Due to maintaining the reference tube diameters and due to the available

area of 10cm by 10cm at most four and, if that constrained is slightly re-
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Figure A.15: Loop with recuperator.

laxed, even five parallel tubes could be fit into the available space. However,
the additional gain in absorbed thermal power would come at the costs of
a reduction of flow rate in all tubes and consequently at reduced Reynolds

number to values below the targeted 10°.
The un-scaled design is therefore badly suited.

It is furthermore uncertain whether a technical solution can be found that
generates identical mass flow rates in all three parallel tubes. This would
introduce uncertainty in the individual tube flow conditions and make it dif-
ficult to draw conclusions from measured tube surface temperatures. That
uncertainty will consequently be added to the energy balance and to the

value of thermal efficiency of the receiver.
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Figure A.16: Scaled model receiver concept.

A.3.2 A down-scaled model receiver design

Larger elements of the reference receiver can be taken from the reference
and scaled down as depicted in Figure A.16. Accordingly, a larger patch of
the reference receiver area can be examined in the limited irradiated space
provided by the SOMMER loop. In a first thought experiment one could try
to scale a larger section of the receiver such as in the previously discussed
case. A set of parallel tubes but with reduced diameters is placed in the focal
point of SOMMER. It turns out that also for the scaled case no solution
exists for the receiver at a desired AT of 10K, Q = 10000 W and a Reynolds
number greater than 10° in such a parallel flow arrangement. The same
problems in the loop design as discussed in the previous section would have

been touched.

Therefore, due to the limited available solar power a strict scaling of ref-

erence elements was found to be not suitable. Such approach would become
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possible at higher available solar powers, such as in DLR’s solar furnace in

Cologne or DLR’s solar simulator in Jiilich.

From a practical point of view it is furthermore for both preceding con-
cepts not straight-forward to fabricate these receivers. The ends of the tubes
have to be welded to diverters and collectors while no gaps between indi-
vidual tubes are allowed and identical mass flow rates are required in each

individual tube.

The depicted diagonal, pipe-organ-like concept arrangements in Figures
A.16 and 4.17 serve the purpose of generating welding space between joints
of tube and diverter/collector. However, this leads then to differently well
developed hydraulic flow conditions in each tube — yet another dissimilarity

between reference and model.

A.3.3 Receiver construction

Figure 4.26 on page 130 shows the large copper shield surrounding the re-
ceiver absorber area. Under nominal condition the focal point resides in
the geometrical absorber center, where active cooling is provided by the
liquid metal flow. The heliostat mirror compensates the earth’s rotation
and prevents the focal point from leaving the absorber area. The copper
shield covers a layer of stainless steel sheet of low thermal conductivity
which contains the thermal insulation material beneath. Without the copper
shield misdirected concentrated solar radiation would immediately result in
intolerably high temperatures on this steel surface, potentially leading to its
melting. Copper is used to distribute all intercepted solar energy evenly in
its volume, and re-radiating it from its large surface area and thus preventing
the surroundings of the absorber from local temperature peaks. This shield
is mounted in front of the receiver, however, without physical contact with

the coil’s mounting.
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Figure A.17: Left: Frontal view of thermal receiver, Right: Cut vertical through
aperture center.

On the right image in Figure A.17 the mounting of the coil is schemati-
cally shown. For mounting the coil two 1 mm stainless-steel L-profiles were
laid flat against each other to form a T profile which was positioned verti-
cally and flat on the absorber tubes’ rear side, that is, on the coil’s inner wall.
The T-profile’s respective two edges touching the rear crowns’ of each of
the coil’s tubes were then spot-welded to the absorber tubes, a procedure
which required significant care in order not to pierce the 0.5 mm strong wall
of the tubes. The T-profiles’ remaining, protuding plate was then clamped
with screws between two stainless steel blocks. These were then screwed to

the main support.

Left and right of the absorber area brass clamps enforce the tubes’ thermal
expansion to occur only in the tubes’ axial direction while preserving their
parallel, gap-less arrangement. The entire receiver is mounted to a vertical
copper support, which protudes from the thermal insulation and which is

mounted to the loop’s aluminum construction elements.
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Figure A.18: Rear view of receiver with trace heating elements and without insula-
tion. Frank Fellmoser 2018

The weight of the coil’s rear tubes is significant when filled with LBE
given the thin tube walls. Therefore, a stainless steel clamp holds together
the coil and rests loosely on a horizontal plate to support the coil’s weight.
This clamp and the copper main support are clearly visible in Figure A.18,
which shows the final receiver prior to the application of thermal insulation.
A layer of thermal insulation board has been inserted between all interfaces

of support elements that are in direct contact with the absorber tubes.

The entire coil is equipped with heater wires in order to prevent LBE
from freezing during stand-by. The gap behind the absorber tubes is filled
out with an electric heating element as well.

The receiver as described is intended to serve as a prototype. It is made
of 1.4571 stainless steel, which is commonly used in LBE loops for temper-
atures of up to 550 °C. A second receiver coil has been already fabricated,
however, without any means of fixation applied, yet. This coil is made of

1.4828 stainless steel which, according to its data sheet is intended for op-
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eration of up to temperatures of 800 °C and is expected to be more resistive
against corrosion attack from LBE due to its increased Si content compared
with 1.4571.

This second coil is ready to be assembled into a receiver once operation
experience from the prototype has been obtained.

A.4 Receiver control

This section provides a brief summary of control algorithms applied in the
Solar Two project and in the SSPS project. Then, in a similar fashion, a
control algorithm of the SOMMER loop is designed, using simple, dynamic

models of loop components.

A.4.1 Reference control algorithms

The Solar Two power plant accomplished a constant outlet temperature by
regulating the mass flow rate [86]. The control algorithm was developed
with the help of a simulation model (“T-BRD’ ), including valves, pumps,
tanks and controls. For example, one single ordinary differential equation
was applied for the energy conservation in the control volume of an entire

receiver panel (a bundle of 32 tubes).

Simulations resulted in the second evolution step of the development pro-
cess of a control algorithm that featured feedforward control based on the
measurements of solar flux gauges and feedback control based on the outlet

temperature of the receiver.

The algorithm was specified to secure all panels from overheating by ap-
plying full clear-sky mass flow in situations where individual panels would
receive very different fluxes than others which could occur when clouds

would cover some sections of the heliostat field. The occurrence of this
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situation was determined by eight photometers that measured the amount
of light reflected from the panels. Also during moments with a completely
covered sun, this high mass flow rate was maintained. This provided good
cooling for the moment when the sun re-appeared and the power quickly
rose, generating the risk of overheating the tubes. This stand-by operation
was triggered when less than 25% of nominal flux was measured on any of

the panels or if the outlet temperature dropped below 510 °C.

Adaptive gains for the PI controllers were implemented that depended on
the mass flow rate. One PI controller was acting upon the outlet temperature
set point difference, a second PI controller upon the error in mass flow rate

and feed-forward setpoint value.

This in general quite simple scheme was used successfully during the

project lifetime.

In the SSPS control scheme the mass flow rate was limited to a minimum
rate during cloud stand-by and raised to maximum flow at the end of the
passage [26]. This caused undesirable dropping outlet temperatures prior to
reestablishment of the set point outlet temperature. The authors claim that
improved irradiation measurement at the receiver and better adaptation of

the mass flow to the measured condition reduced this problem.

A fast inner feedforward loop manipulated the flow rate based on input
from a heat flux measurement reading. A second, intermediate speed feed-
back loop with PD controller (adaptive gains) acted upon variations between
in- and outlet temperature differences of all panels. A slow, outer feedback
loop with adaptive integrating gain (I) controller acted upon outlet tempera-

ture variation.

This algorithm used input from ten photometers distributed across the he-
liostat field as feedforward input to the mass flow regulation. In one example
situation, where irradiance drops by more than 50% the outlet temperature

drop of the receiver is limited to 10K by this algorithm.
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Also in case of the SSPS receiver a coarse model (for example, taking
wind speed into account but no gusts) of the dynamics was established and
compared to the measured response. Differences are mainly due to errors in
the assumed flux distribution compared to the one present during the experi-
ments. Nevertheless the response times are met quite accurately. Due to the
non-linear character of the response three sets of time constants and gains

were determined for different modes of operation.

The authors report a quick response behavior of the receiver, which the-
oretically is capable of being heated ‘from 270 to 530 °C in less than three

minutes [26] at noon’.

This following discussion is limited to cases where the DNI changes by
up to 30% of the maximum value (full load). At the time of writing the loop
operation was performed manually to record step responses of the heater
but no further experience, for example with solar input, has been obtained.
Such experience is necessary in order to define operation limits for the loop

and to develop the control algorithm further.

The model based simulations herein have been used in order to evaluate
whether the designs of loop components would result in a responsive sys-
tem. Thus, the ability to control the final loop has been taken into account
during the design phase. Therefore, this section is limited to approaches of

linear control theory.

For more advanced approaches of loop control the following works can
be referred to: For fundamentals of model-predictive control [87] and [88],
for its application in solar thermal plants [89], [90], [91] and [92].

A.4.2 Heater: A non-linear model

The heater (section 4.2.2) is used in the loop to increase the flow temper-

ature from 380 °C at the pump outlet to 530 °C at the receiver inlet at full
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load. It consists of a cylindrical vessel containing 6 heater rods. The outlet

temperature7,(¢) shall be controlled.

For the design of a controller first a simplified analytical, non-linear,
dynamic model of the heater is generated. Its dynamic output will then
compared to experimental step responses of the real heater to validate the
model’s accuracy. If a satisfactory accuracy is obtained a linearized model
is deduced from the validated, non-linear model and linear control theory
will be applied to identify suitable parameters for a basic controller. It will
be attempted to also design a compensation for the effects of measurable
disturbances from changes in the mass flow rate and inlet temperature. The
identified compensators and the controller will finally be tested on the orig-

inal model in order to assess their expected performance.

This model assumes a constant heat capacity, independent from tempera-
ture for both, heater rods and metal flow as well as a constant heat transfer
coefficient, independent from the mass flow rate. For the applied heater de-
sign a Nusselt number of 5.8 is obtained which corresponds to a convective
heat transfer coefficient of # = 7300Wm~2K~!. The impact of the varia-
tion of these parameters on the outlet temperature is small compared to the
variation of the mass flow rate, the variation of inlet temperature and the

variation of heating power which justifies this simplification.

The vessel wall is expected to have the smallest impact on the dynamic
behavior versus heater rods and liquid volume flow. As an additional sim-
plification therefore the mass of the device is roughly estimated to equal the
mass of the heating rods (neglecting the vessel wall) in order to avoid the
definition of an extra control volume and a corresponding coupled balance

equation in the model.

For simplicity the rods and the fluid volume are accounted for by a sin-
gle control volume each. No further axial or radial discretization of these

volumes is applied. This model is depicted in Figure A.19.
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Figure A.19: Schematics of the heater model

The balance equation around the heater rods (index H) is as follows:

dQH(t)
dt

= Pa(t) — hA- (Ta(0) ~ T4 (1)) (A.36)

with P (¢) the time dependent electric power used for heating and A the

combined surface area of all rods.

The fluid volume balance is

dQM (t)
dt

= BA- (Tu(t) — To(t)) + (1) epp- (Tin(t) — To (1)). (A3T)

As final simplifications the convective heat transfer between the rods and
the flow is modeled by applying a mean temperature to the heater rods, Ty
and using the heater’s outlet temperature value 7, instead of, for example,
a logarithmic mean temperature between in- and outlet for the flow. Also
the enthalpy contained in the liquid metal’s control volume is defined as
Owm = mmcp M7, (the outlet temperature is used for the calculation) and the
enthalpy of the rod is defined as Qy = mucpuTu. Thus, the rate of heat
transfer to the metal flow is systematically under-estimated and the actual

energy capacity of the liquid volume is over-estimated for the sake of simple
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equations, leading, however, to slower dynamics than to be expected in the

real application.

These balances are re-arranged for the heater rod temperature and heater

outlet temperature: to get:

dTout(t) o (m(t)cp,M - hA)Tout(t) +m(l)CP7MTin(I) —|—hATH(t)

= A.38

dt mmCpM ¢ )

dTy _ P (t) — hA(Ty(t) — Tow(2)) (A39)
dt mMycCpH ' .

The thermal inertia of the vessel’s wall is artificially introduced by as-

suming the heater’s central displacement body as a seventh solid heater rod.

These equations are solved in Matlab by their implementation in Simulink
as a block diagram and the ode45 solver with a variable time step size (stan-
dard) is used.

The parameters in these equations are calculated as follows, with ng being
the number of rods:

b3 b9
s = (5 diLiny —ney diLa) - P (A40)
T
i = (e 3 diLa) - P (A41)
A =nrmdyly. (A42)

The values of these model parameters used throughout this thesis are
listed in Table A.6. Physical properties of LBE are calculated at Ty, ac-

cording to correlations from Ref. [32].
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Table A.6: Parameters for the heater model

parameter symbol  unit value
diameter of rod shell dy m 0.022
length of rod shell Ly m 0.4
inner length of vessel Lav m 0.445
inner diameter of vessel duv m 0.078
convective heat transfer coefficient Ay Wm2K-! 7600
heat capacity of rod CpH Jkg7' K1 500
density of rod Pu kgm™3 5000
average temeperature Tave K 453.258
design mass flow rate ] kgs™! 1

A.4.3 Heater: Experimental step responses

This system of differential equations has been implemented as a Matlab

Simulink model.

The heater outlet temperature is the output to be adjusted by the heating
power. The dynamic behavior of that outlet temperature is examined via the

experimental response to steps in heating power and mass flow rate.

Negative steps of 10 %, 20 % and 30 % of a reference heating power of

19500 W are generated at two different mass flow rates of 1kgs~! and

0.5kgs™! and two different inlet temperatures of 200 °C and 300 °C. The
resulting responses are compared with the predicted responses from the dy-

namic model.
The responses to steps in the heating power are shown in Figure A.20.

The dotted lines represent the step response of the model. The step re-

sponses of the heater outlet temperature are proportional to the steps in heat-
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Figure A.20: Outlet temperature response of the heater to negative steps at t = 0s

of the heater power, both experimental (dashed lines) and simulated
(solid lines) for an inlet temperature of 200 °C. Top graph: a mass
flow rate of 1 kgs~! and an initial power of 19500 W. Bottom graph:
a mass flow rate of 0.6kgs ™! and an initial power of 6000 W.
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Table A.7: Outlet temperature response of heater upon steps in heating power (left)
and mass flow rate (right).

APy (Too=Ti0)~(Too—Ti) Arin (Ton=Ti0)—(Toco—T o)
Pero (Too—Ti0) 1 (Too—Ti0)
-10% -9.9% +10% -92%

20% -20.3% +20% -16.8%

30%  -30.3% +30% -22.9%

ing power. However, the dynamics of the physical device is much slower
than that of the simplified model.

This difference could be removed by adding an additional PT, delay be-
hind the step function of the heater power with a time constant of 77 =
20s. With this additional delay the simulation fits the measured data. (The
‘bumps’ in the bottom graph result from a slight increase of the inlet tem-
perature during this experiment as no perfect steady-state conditions were
present.) The model then well represents the response times of the experi-

ment.

There remains a slight difference between experimental data and model
immediately after the step, likely due to the model not being discretized in
flow direction but modeled as a single volume with perfectly mixed fluid.
Thus an earlier response is observed from the model whereas in fact hot
fluid near the outlet of the heater continues to leave the heater even after the

step.

The response to positive steps in the mass flow rate is shown in Figure
A.21. The response in the outlet temperature is inversely proportional to the
step size, which is expressed by the numbers provided the second colum of
Table A.7.

In this case the model dynamics match the experimental data well enough

without the introduction of an additional delay.
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Figure A.21: Step responses of the heater with experimental (dashed line) and sim-
ulated (solid line) data for an inlet temperature of 200 °C. Shown
here are temperature responses of positive steps at ¢ = Os of the mass
flow rate of 10 %, 20 % and 30 %. Top graph: , an initial power of
19500 W and an initial mass flow rate of 1kgs~!. Bottom graph: a
power of 6000 W and an initial mass flow rate of 0.6kgs .
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Due to feedback effects in the loop, where no controllers are active the
measured inlet temperature in these examples increased after the step. This
causes an offset of the measured steady-state temperatures and the simula-
tion and is true for two different initial values of the mass flow rates and

heating powers.

The model simplifications neglect a slight delay visible in the experimen-
tal data . The assumption of a constant heat transfer coefficient in spite of
the changes in flow velocity and turbulence does, however, potentially lead
to only a slight steady-state temperature offset, which, however is small

enough to be corrected by controllers later on. .

With the introduction of the extra delay for changes in heating power the
model is considered to be sufficiently well representing the heater’s dynam-

ics and can be used for controller design.
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A.4.4 Heater: A linearized model

The non-linear differential equations are linearized under steady-state con-

ditions (index s) by first-order Taylor expansion:

9(Tos+Cr, (1)) _ 9Cr,(1)

ot ot 7
= f(TO,Svm37 Ti,S7 TH,S) +f(CTo (t)a Cm(t)v CTi (t)v CTH (t>) s
=0
Af (Tow(t),m(t), Tin(t), Tu (1))
* ITou () (115, Ty g, Tis) (1)
+ aﬂn(t) (ri1s,To.s, Tr.s) CTi (t) " am(t) (T s Tos:Tas) Cm(t) -
()
9, Tu(t) | i 1.7:.) alt)- -
= B gy g ConTis “To) g | P gy
MCp.m mMMCpm mMCpm
SRy (A.43)
mMMCp,m

and alike for the balance equation of the heater rods:

W) 1 hA hA
8t ~ chp,H gpel (t) - chp,H gTH (t) + mHCp’H CT«) (t) * (A44)

The values of the dynamic parameters T,(r) and Ty (¢) under steady-state
conditions are determined by setting the left hand side of both initial non-
linear differential equations to zero, then setting all remaining, independent
design process parameters to their desired values and solving the equation

system for the heater rod temperature and the metal outlet temperature.
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Groups of constant parameters occurring in these equations are substituted

by the following constants:

1
Kl = T A
hA
hA
Ky=-—"—"—,
hA —|—mst7M
Kx— (Tis — Tos)epm
3= .
hA + riscp m
Ky = oM
hA +mc, m
mHCpH
T =—"
1 hA )
mmcpM
Hh=—™"-"—.
2 hA +mscpm

The steady state solutions are then:

. K
TH,S = PSE +Ti,37

. KK,

To,s = Ps +Ti,s'
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When the Laplace transform is applied to the linearized equations and when
the dependent variables are isolated in the resulting algebraic equations the

linear model of the heater results in:

_ Ki(Tas+1) . Ks .
Tu(s) T (s +1)(Tis+ 1) _KzPel(s)Jr Dot (s 1 1) _sz(s),,,
(A.53)
K |
N T D ms )k 1) (A54)
_ KK, . Kx(Tys+1) .
o= T e )& YT B @) kY
Gs(s) Gsz1(s)
(A.55)
Ky(Tis+1) '
* (Tos +1)(Tys+1)— K> Li(s) (A.56)
Gsza(s)

The linearized model features a PT, characteristic for the heater’s
outlet temperature regarding changes in the heater power and a PDT; char-
acteristic regarding disturbances and changes in the mass flow rate and inlet

temperature.

Since an additional first order delay towards a change in heater power has
been identified in the experimental step response, the respective factor is
added to the model of Gs(s):

K K>
(s +1)(Tis+ 1) = Kz) (Trs + 1))

Gs(s) = (A.57)
with Ty = 20s.
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A.4.5 Heater: The model step response

Both, the non-linear system of differential equations and the linearized equa-

tion for the outlet temperature have been implemented in Simulink.

For steps in heating power both, linearized and nonlinear system behave
identical in the top graph in Figure A.22. The bottom graph shows the sys-
tem’s response to a step disturbance of the mass flow rate of 10, 20 and 30%

increase.

In the bottom graph the difference between linearized model and non-
linear model is visible. Here the linearization causes significant divergence
for large disturbances; for only a 10 % step the linearization still very well
approximates the system dynamics. This is due to the initial steady-state
mass flow rates in the constant parameters K3 and K, which are mainained
even after the step has occurred. The error grows, however, for increasing

steps in the mass flow rate.

In order to have the linearized model better predict the behavior, sets of
constants can be provided among which a suitable one is selected by the con-
trol system depending on the current mass flow rate, a method also called
‘gain scheduling’. Nevertheless, for brevity the controller design is contin-
ued with only a single set of constants. The capability of the resulting con-
troller will then be assessed in the end and a decision will be made whether
or not the linearization leads to problems.

A.4.6 Heater: Controller design

The heater shows individual dynamic response to changes in mass flow rate,
inlet temperature and heater power. The former two can be regarded as
measurable disturbances Z; (s) and Z,(s) according to the signal flow chart
in Figure A.23 while the heater power is used as actuator (U (s)) for the

control of the outlet temperature. A main feed-back controller is designed
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Figure A.22: System response for negative steps at# = 10s in, top graph,
heater power of 10, 20 and 30% relative to reference power of
P = 19.5kWand, bottom graph, positive steps in mass flow rate of

10, 20, 30% relative to reference mass flow rate of 1kg s—L
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that takes care of all non-measured disturbances and of the compliance with
the reference variable.

It is the objective of the control algorithm to maintain a constant outlet
temperature of the heater in order to keep the inlet temperature to the re-
ceiver constant and also in order not to violate temperature limitations of

the structural material of the heater.

As changes in mass flow rate and inlet temperature are measurable this
information can be fed to the control system according to Figure A.23 indi-
cated as Z; (s) and Zy(s), respectively and the disturbances can be compen-
sated by the actuator before their effects become measurable at the outlet

of the heater. The dynamics of the outlet temperature with respect to the

Z)(s) inlet temperature
A Cspa (5] F—

Z1(s) mass flow rate NEerna)
{ Gszi(s) |

Figure A.23: Control block diagram for the heater.

disturbances and their compensation are, according to the flow chart:

_ Gsz1(s) + Gai(5)Gs(s) Gsz2(s) + Gaz(s)Gs(s)
Vo) =2 = G mGse) 2 T T 1 Gr)Gs )
Fw(s) —GRWGs) g

1+ Gg(s)Gs(s)

It is demanded that the compensation A completely cancels out the effect of

disturbance Z; (s) (a change in mass flow rate). The required characteristic

248



A.4 Receiver control

of the compensation is therefore determined by setting the response of the
transfer function for Z to zero:

|

Gsz1(s) + Gai(s)Gs(s) =0 (A.59)

_ Gszi(s)
Gs(s)

< Gay(s) = (A.60)
and alike for the second disturbance. Both, the transfer function for a change
in heating power Gs and in the mass flow rate Ggz, have been determined
in Section A.4.4, so that the compensation would ideally have the follwoing

transfer function:

K3
K\ K>

Ga = (Tis+ 1) (Trs+ 1), (A.61)
which, however, presents the requirement of non-causal behavior indicated
by the higher order of the de-nominator in s than the nominator which can

not be attained practically.

Only through the formal introduction of delays 1/(Tys+ 1), 1/(Tos + 1)
and 1/(T7s + 1), which eliminate the dynamics this compensation can be
implemented at the cost of slower dynamic response with regard to distur-

bances:
K3
=—— A.62
Gai KiK' ( )
Ky
Gpr = — . A.63
A2 KK ( )

The main controller can be determined independent from the compensa-
tions. It shall act upon deviations of the outlet temperature from its set point
by adjusting the heating power, i.e. the available actuator. The heater trans-
fer function upon changes in the heating power Gg has beendetermined with

PTj3 characteristics. According to linear control theory it is possible to de-
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mand PT3 characteristic for the closed loop. When re-arranged the transfer
function for the main controller is obtained:

GrGs 1
1-GgrGs  (Tzs+1)(Tys+1)’ (A.64)
o Gr= (Mis+1)(Ths+1)—K2) (Ts+1) (A65)

KK ((Tss+1)(Tys+1)— 1)

The resulting order of s in the denominator is larger than that of the nomi-
nator. By designing the controller without the factor (77s+ 1) the causality

is restored at the cost of speed in the closed-loop.

For T3 = 30 and 73 = 30 it was found that the response time is acceptable
without exceeding the actuator’s capacity.

For the controller design properties of the liquid metal at arithmetic mean
temperature (between in- and outlet) have been applied. The geometry pa-
rameters of the heater mechanical design are maintained for this section.

The values of the applied parameters are listed in Table A.6.

The performance of the main controller and the compensation is shown
in Figure A.24 when applied to the linearized model (top graph) and to the
non-linear model (bottom graph) with the values of the constants as listed in
Table A.8.

The top graph shows for a 30% step in the mass flow rate the response
of the lineratized model for different cases from bottom to top line: with
neither control nor compensation (bottom line) with only the main controller
active in a closed loop (second lowest line), with only the compensation
active in an open loop (second line from top) and when both, controller and
compensation are active (top line). It can be observed that the compensation
enables the system to very well maintain the desired outlet temperature. It

reduces the maximum resulting deviation from the set point to about 1 K.

The predicted actuator power for the compensation of the disturbance

peaks at about 6.5 kW in addition to the initial steady-state power of 21 kW
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Open loop step response of the heater to a positive step in the mass
flow rate of 30% at t = O0s when applied to the linearized model (top
graph, dashed lines) and the non-linear model (bottom graph, solid
lines) All plots shown with initial conditions of the reference oper-
ation. The curves represent, from bottom to top, the response of the
open loop without controller (1), with only the main controller active
(2), with only the compensation active (3) and with both, controller
and compensation active (4).
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Table A.8: controller constants derived for full load operation

parameter  value

K 0.00068
K 0.912
K; —13.022
Ky 0.088

T 1.8092
L) 0.9464
T3 30

n 30

for the 30 %-step and thus resides below the power design constraint of
30kW.

The bottom graph shows the system response when the identified com-
pensation and controller are applied to the non-linear system model which
allows a more likely prediction of the real system’s behavior with the com-
pensation and controller applied. The distortion cannot be compensated as
well; it is however limited to about 12 K when the compensation is active
versus 25 K with the main controller alone.

The performance of controller and compensation as specified based on
design (full load) steady-state conditions is also tested at reduced mass flow
rates of 0.5kgs™!, as shown in Figure A.25 with positive step in the mass
flow rate of 30 % for the non-linear model with the solid line in the top
graph. The maximum disturbance from the set point is smaller than at design
conditions, however, the time before steady-state conditions are achieved is
increased. It is less stable than at design conditions. If a controller and

compensation is applied that are specified based on steady-state parameters
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Figure A.25: System responses to steps of the heater outlet temperature from ini-
tial steady state conditions of ritg = 0.5kgs ™! and P,y = 10500W.
Solid line: controller design based on full load steady state operation
parameters; dotted line: controller design based on part load steady-
state operation parameters as present before step. Top: Step response
to change in mass flow rate of +30% at ¢ = Os with controller and
compensation active. Bottom: Step response to a change of the outlet
temperature set point from initially 400 °C to 530 °C.
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from part load operation the stability is improved. This, again, points to
the option of providing a set of control parameters that are assigned by the

control system to the actuators based on the operation state.

In the bottom graph a step in the set point of the outlet temperature is
shown from 400 °C to 530 °C (at t = 0). With compensation and controller
designed for initial conditions an overshoot of the outlet temperature can be
avoided.

A.4.7 Receiver: Single tube thermal model

The thermal receiver consists of a steel tube which is bend to form a spiral.
The tube does, however, not follow a constant curvature. Instead, straight
pieces alternate with 180° bends of a 100 mm diameter. The tubes are ex-
posed to concentrated solar radiation along a portion of the straight tube sec-
tions. The heated section is 100 mm wide. After having passed this section
the tube goes on for approximately 1020 mm before re-entering the heated
zone again. The thermal model of the receiver is therefore composed of
sequential sections of a heated straight tube, connected by isothermal tube
sections. When exposed to a step signal, these passive sections delay the

propagation of the signal to the inlet of the consecutive heated tube section.

The receiver tube is modeled including the tube wall and the flowing fluid
that fills the tube section’s volume. Disturbances of the system from steady-
state occur due to fluctuations of the solar radiation power ¢ (r), changes in
the fluid’s mass flow rate rinp (f) and variation of the inlet temperature T, (1).
The model consists of two control volumes, one for the tube wall energy
balance and one for the energy balance of the fluid element. Only one fluid
element is refined per irradiated tube section to keep the model simple. Both
control spaces exchange heat via convective heat transfer Q7. The thermal
insulation of tube sections outside the exposed area is neglected, thus, no

losses are assumed and also no thermal capacity of the insulation material.
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Figure A.26: Schematics of the model of a single receiver tube

No temperature gradients are modeled: each volume has an average temper-
ature, Ty (¢) being the wall temperature, Tyi(¢) being the bulk temperature
of the metal which is assumed to be the adiabatic mixing temperature of the
fluid element. The schematic for this model is shown in Figure A.26. The
energy balance for the tube wall is:

de (l‘)
dt

=0 —Or—0Oc - Or, (A.66)

with Q1 being the incident solar thermal power, QR radiative thermal losses
to the ambient, Q¢ convective losses to the ambient and Q7 convective heat
transfer to the bulk fluid. The energy balance of the fluid is:

dQM(l‘)

- Or + Qi — Owm, (A.67)

with Q; and Qy; being the incoming and exiting enthalpy rates of the metal
flow.

The individual heat fluxes are defined as follows. Note, that the tubes are

exposed to flux only from one side:
Or=A40-&- (1), (A.68)
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with A, = 7 - d, - Lt and & an absorptance value for solar radiation I .
Or=Ao-er-0-(Tw(t)* =T, (A.69)

with o being the Stefan-Boltzman constant and Tyy the ambient temperature

which is assumed to be constant in this model.
Oc = Ao ho(Tw (1) — Tu), (A.70)

with &, being a constant convective heat transfer coefficient accounting for
natural and forced convection. Due to fact that the actively controlled tem-
perature of the tubes will not change significantly and low exposure to wind,
the assumption of a constant value may be acceptable. The convective heat

exchange is modeled according to the following equation:

Or =Ai-hi- (Tw(t) — Tow(?)), (A1)
with A; = - d; - Lt and h; = Nu - ky/d;. For the Nusselt number, a corre-

lation by Lubarsky and Kaufmann [49] for turbulent forced convective flow

under constant heat flux boundary condition is used:

. 0.4
Nu = 0.625 - Pe®* = 0.625 - <V(t;d‘pM W) . (A72)
M M

All constants are summarized so that /; can be expressed as:
hi = C -4 (A.73)

with C = 0.625 - (104PM IMCpM04 g/

iV km

. T
0= T v-pu-con-Tult) (A7)
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and likewise for Op.

Eventually the outlet temperature is of interest. Therefore, the equations

are rearranged for the temperatures:

de(t)

dTw(I)
dt ’

dt

T
= Z'(dg_diz)'LT'pW'cp,W' (A.75)

All physical properties are held constant for simplicity. For LBE, values
at 560°C are used:

dom(t) =© , dTou(t)
=—-d-Lt-pm- — A76
I g 4L cpm — (A.76)
With all constants summarized, the system of differential equations is the
following:
dTw (¢
c\;/t( ) =P-Is(r) - Q'VOA(I) (Tw(t) — Tou(?))
—R-(Tw(1) = To) = S-(Tw(t)* — Tj), (A77)
and
ATy (t
) _ - v(e) - (Ba0) ~ e 1)) +U ¥4 (Tl0) ~ Tou)). (AT

A first-order system of non-linear differential equations due to the thermal
radiation losses and the variable flow velocity is obtained. Thermal radiation
losses are, however, a main contribution to the overall loss and cannot be

neglected a-priori.

The constants are:

A= , A.79
(@ —d)-pw -cpw (A79)
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2

B=—7r—,
di-pw-cpw-Lr

P=A-¢g-d,,
Q=A-di-C,

R=A-d, ho,

S=A-d, &o,
B

T = E'disz'CpJv[,

U=B-di-Lt-C.

(A.80)

(A81)

(A.82)

(A.83)

(A.84)

(A.85)

(A.86)

For this system the following design conditions are set, with thermo-

physical properties evalueated at the arithmetic mean temperature between

receiver in- and outlet of Tpye = 565 °C:

A.4.8 Receiver: Single tube steady state solution

The steady-state solution of this system has been calculated with MAT-

LAB’s fsolve function, after setting the left hand sides of the equations to 0.

The system (during the passage of only one of ten passes through the focal

point) is at equilibrium at the following two temperatures:
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Table A.9: Parameters for model

parameter  unit value

Is W/m? 1100000
v m/s 1.57

T; K 803.15
oM kg/m? 9982
Pw kg/m3 7000
cpM J/(kg K) 139.9
Cpw J/(kg K) 500

ket W/(m K) 15.22
d; m 0.009
d, m 0.01

Lt m 0.1

ho W/(m?>K) 600

c W/(m? K*) 5.67E-8
g - 0.92

&R - 0.95

Ty K 300

Note, that the value of 4, has been simply guessed in order to achieve a
reasonable outlet temperature, that is one thenth of the overall temperature
gain of the flow through the entire receiver at design conditions of 70 K.

A.4.9 Receiver: Single tube step response

The system of differential equations has been implemented as a MATLAB
SIMULINK model. The step response to a change in the flow velocity is
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Table A.10: Steady-stage temperature solution at equilibrium for the receiver at
reference conditions.

parameter unit value

Tws K 8496
Ty K 8105

shown in Fig. A.27 for different step sizes. The flow velocity has been
reduced by 0.3, 0.6 and 0.9 m/s. In a linear system, the resulting response
equilibrium values is linear with respect to the input step size. This is not
expected in this system, as the wall temperature contributes with radiation at
a power of four and the flow velocity with a power of 0.4, due to momentum
transport.

822 T

%20 ULBE(% > 0) —IULBE(t I= 0):-0j3 m s}

818

0.6 ms~!

-09ms!

Figure A.27: Temperature response for different reductions in the flow velocity.

Around this operating point the temperature response is not linear with
the reduction in flow velocity.
When steps of 100000, 200000 and 300000 Wm™2 are applied to the

referenceflux density, the responses shown in Fig. A.27 are obtained.
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Figure A.28: Temperature response for different steps in the solar flux density.

With respect to the flux density the system can be considered a linear sys-
tem. In fact, the contribution of thermal radiation of the SOMMER receiver
is low: Under the assumption of 92% emissivity and a surface temperature
of 900K,

Or = G - Areceiver - €r - (Tyg — T}) = 5.67 x 10 ¥ Wm 2K ~*
-0.01m?-0.92- ((900K)* — (300K)*) = 338.023W. (A.87)

At a thermal power rating of the receiver of 10000 W this makes up for
3.4%. The radiation heat losses are therefore significant for the thermal

efficiency but don’t play a major role in the receiver control.

The flow velocity is kept constant, so no delay of the response is observed.

A.4.10Receiver: The complete non-linear model

In order to obtain a model for the complete receiver, ten instances of the sin-

gle tube model are connected in series. In-between each block for a single
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tube, a transport delay block is added to account for the fluid transport in
the non-heated tube sections that connect the heated sections. These non-
heated sections have a length of 1.02 m. As a simplification compared to the
real receiver the model assumes a homogeneous flux distribution across the
receiver so that each pipe segment absorbs the same power. This is a signifi-
cant deviation from reality, however, it is assumed to be appropriate in order
to estimate the dynamic behavior of the receiver with respect to changes in
mass flow and overall power input. The system’s response to positive steps
in the flow velocity of 0.3, 0.6 and 0.9 ms~! compared to the steady-state-
situation at reference conditions (as listed in Table A.9) are shown in Figure
A.29. The step is initiated at #=0s. Due to the transport delay at steady-state
conditions, which depends on the flow rate, the response is faster for higher
flow rates. Nevertheless, even for low flow velocity the response is very fast
compared to that of the heater. For this reason, in the context of this loop the
impact of the receiver model’s simplifications on the loop dynamics become

negligible compared to those of the heater.

880 — T T T T T
y 870 ’ULBE(t > 0) — ’ULBE(t = 0):0.3 m SfI
\o 860 0.6 mst -
&~

-1
850 0.9ms
840 L . . . . .
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t/s

Figure A.29: Temperature response for different steps in the metal flow velocity.

The ribbles to be observed in the negative ramp of the response arise from

the indiviually modeled tube segments that are configured serially, each ap-
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plying a dampening effect to their respective output. For negative steps in
flux density of 100000 W/m?, 200000 W/m? and 300000 W/m? the re-
sponses are shown in Figure A.30. With regard to the flux density at a

constant flow velocity this system is linear.

880 — . . . . .
870 I4(t > 0) — I%(t = 0)=-100000 Wm~> .
<
— 860 ]
- ~200000 W2
<
8501 -300000 Wm~2 |
840 1 1 1 1 1 1
0 5 10 16 20 25

t/s

Figure A.30: Temperature response for different steps in the solar flux density and a
constant flow velocity.

Both responses have a ramp-like shape, which does not fall into the cate-
gories of basic linear control theory. It will therefore be attempted to imple-
ment a PID controller for the outlet temperature with parameters determined

by trial and error!

A.4.11Control of the thermal receiver and heater

It is desired to keep the outlet temperature of the receiver at a constant value
of 600°C (873K). This objective is challenged by the fluctuating nature of
the intensity of solar radiation, which is, for example, affected by the pas-
sage of clouds or simply by the fact that the sun rises and falls throughout
the day.

The control of the thermal receiver can be accomplished by either ad-

justing the inlet temperature or affecting the mass flow rate to compensate
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changes in the solar power supply. The actor is then either the heater or the
pump, respectively. In large scale applications there is usually no heater. To
keep a degree of similarity between the large scale application and the ex-
periment, the receiver outlet temperature shall be controlled by adjustment

of the mass flow rate.

An adjustment of the mass flow rate, however, will not only influence the
outlet temperature of the thermal receiver, but also the outlet temperature of
the heater. It is therefore required to also adjust the power of the heater to
maintain a constant outlet temperature of the heater when the flow rate has

been adjusted to maintain a constant receiver outlet temperature.

In principle such task requires a fast feed back control loop for the heater
outlet temperature and a slower feed-back control loop for the receiver outlet
temperature. Unfortunately, the dynamics of the heater are one order of

magnitude slower than those of the thermal receiver.

The control task can thus not be accomplished this way. The feed-back
control is difficult to implement for a second reason, being quite long trans-

port delays in the tubular system.

Fortunately the major disturbance to the system — being the solar power
— is constantly measured. The live value of the solar power can be used to
facilitate the control scheme. Therefore, the system can act before a change

in the outlet temperature can be detected by a sensor.

If a deviation AI” of the nominal solar power occurs, a reaction by the
pump will lead to a required Ariz and a reaction by the heater will lead to a

required AP,. From the energy balances around both sections,

Alé/ =rn- Cp’M . (TO,R — Ti,R)a (A88)
and,
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Ou=rn-cpm- (Tir —Tin), (A.89)
it can be deducted that on occurrence of a A? ,

ALl
A= s (A.90)
cp,M(To,R - TiA,R)

and,

(Tir —Tin)

AQy = Al - MR ILH)
On S (Tor — TRr)’

(A9

have to be applied to keep the temperature difference (T,gr — T; ) con-
stant. The latter equation is already implemented in the heater control based
on a change in mass flow rate. The thermal losses to ambient can be ne-
glected in this case because they depend on the surface temperature which
remains constant if (7o r — 7iy) remains constant. This neglects the effect
of a lesser overheat of the tube surfaces because of reduced sun intensity.

However, for the overall energy balance this effect is negligible.

The resulting scheme is shown in Figure A.31. The slow, inner control
loop is indicated with a dashed frame. A feed-forward compensation based
on changes in the mass flow for quick reaction and a controller are con-
tained in this section. The faster acting outer loop contains a feed-forward
controller based on a measurement of the DNI value and a controller to

compensate a remaining deviation from the desired outlet temperature.

However, because the response of the thermal receiver to a change in the
set point of the mass flow rate is faster than the response of the heater to a
change in the set point of the heating power it is likely that a temperature
fluctuation will occur at the outlet of the thermal receiver. A rise of the

receiver outlet temperature much above of 600°C is not allowable due to
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Figure A.31: Control scheme of SOMMER receiver and heater.

material constraints. Therefore the adjustment of the mass flow rate should
be applied with a variable factor to make sure that temperature limit is not

exceeded as long as the heater needs to find the new operating point.

The response of the combined system of heater and receiver is shown in

Figure A.32 at design conditions.

The dotted lines show the response of the system when no action is taken
to maintain the desired outlet temperature. The dashed lines show the ef-
fect of adjusting the mass flow rate in a feed-forward fashion upon a change
in the measured insolation value for three different steps. The solid line,
finally, for a step in 300000 W/m?, shows the active feed-forward compen-
sation and a slow PID controller combined. For the PID-controller for the
receiver’s outlet temperature good performance was found for P = 0.007
and I = 0.0004. Both are in combination able to limit the fluctuations in
the response, even though an overshoot up to nearly 880 K occurs. This is,

however, tolerable.

In the response of the receiver the disturbance of the heater arrives with a

delay of approximately 15 seconds due to transport delay.
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Figure A.32: Response of the receiver’s outlet temperature for negative steps of
100000, 200000 and 300000 W m~2 in flux density. Dotted lines: all
controllers switched off. Dashed lines: compensations active, solid
line: compensations and PI controller active (for the case of a negative
step of 300000 Wm 2.

The heater-receiver system is non-linear. Therefore the parameters used
in this operating point will likely not work as well if the step in solar power

is larger.

In that case it will be necessary to generate a table with gain values for
different operating points. If the loop acts at a point between entries in that

table, values have to be interpolated.

A.4.12Conclusions

Within this chapter the implementation of a control algorithm has been
demonstrated which operates on the receiver outlet temperature in a com-
parable manner as in reference solar facilites. The main difference between
these facilities and the SOMMER loop is the heater, which is usually not
present in solar power facilities. Additionally its thermal inertia are signif-

icant and inhibit fast response to fast dynamics of the solar incidence. This
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makes the control more difficult. Nevertheless the principles used in the ref-
erence facilities can be applied to the demonstration loop and will be able to

maintain the outlet temperature of the receiver within reasonable bounds.

Note that in the presented approach two separate units have been treated
individually, one of which is the receiver, in order to obtain a similarity
to reference plants where the receiver is controlled separately as well. Of
course for the sole purpose of maintaining a constant receiver outlet temper-
ature this is not the easiest approach to use in this demonstration loop. For
example, the power of the heater could be directly controlled in proportion
to a feed-forward signal from the DNI measurement, whereas it is now con-
trolled in feed-forward fashion based on the change of the mass flow rate,
instead. Changes in the mass flow rate are now generated by the receiver’s
control loop based on the DNI value. This introduces the response time of
the pump before the heater power begins to adjust.

This demonstration of a ‘complicated’approach is intended to show that
the use of liquid metals does not influence the way loop control can be im-

plemented compared to conventional coolants.

A.5 The heater design

Coaxial flow configuration

As the heat source cylindrical electrical resistance heating rods made by
Waltow have been selected that have been fit into the lid of the heater’s
pressure vessel. These rods have a standard diameter of 19 mm (3/4”) and
400V 3-phase power supply at maximum power of 5000 W each. Using
a multiple of three rods allows for a simple electrical installation. Thus an
arrangement of six rods with maximum power is the straight-forward se-
lection. These are arranged on the lid on a circle surrounding the central

axis of the heater vessel. In the center the flow inlet is located. The flow is
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radially displaced from the central axis toward he six heater rods by a cen-
tral, passive (non-heated), hollow cylindrical body and re-unites once that
body is passed before outlet. The heater rods which are made of Incoloy
800 steel are protected against corrosion by sheaths made of 1.4571 stain-
less steel tubes with 22 mm outer diameter. Into these the rods are inserted
after the completion of the vessel and from these they can be removed again
if necessary. The flow is directed in parallel flow to the rod axes in order
to achieve a symmetrical flow distribution as in a nuclear rod bundle. With
this arrangement the heat transfer between the rods and the fluid is estimated
based on Nusselt number correlations developed for the cooling of nuclear
rod bundles with liquid metals. These bundles are often arranged in such
a hexagonal manner, however, with the central body typically being an ad-
ditional actively heated rod. While the velocity profile in the heater will
be valid for the application Nusselt number correlation higher heat transfer
coefficients than predicted by the correlation will result due to that passive

central rod.

A co-axial flow inlet provides a symmetrical flow development zone prior
to the heated section of the rods and helps to prevent local stagnant zones

which could be induced by radially configured flow inlets.

Heater rod and sheath configuration

In order to provide reasonably developed flow conditions for the applica-
bility of the Nusselt number correlation a 50 mm long non-heated section of
the rods is specified at the flow inlet. Also the sheath length is specified such
that the rods still extend from the vessel lid when fully inserted in order to
provide enough grip for their removal. Accordingly, the non-heated section

is selected to have a length of 15 cm.

For the requirement of their insertion after the fabrication the smallest

reasonable fit between the inner sheath diameter and the outer heater rods
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diameter to be fabricated with reasonable effort has been found to be 0.1 mm
for a tube length of approximately 0.5 m. And indeed, even with potentially
present camber in the rods the insertion poses no problem — even without

lubricant.

The required length of the heaters results from the allowable power den-
sity on the sheath of the rod that prevents overheating of the heater core dur-
ing operation. Watlow provides a graph for the maximum power allowable
depending on the actual fit and the desired operating temperature. Based
on the steady-state maximum fluid outlet temperature of 530 °C and a radial
temperature difference from heat transfer through the wall of the protective
tube of about 10K and about 50K from wall-to-bulk heat transfer in the
flow at maximum design power a design temperature of 590 °C is defined
for the rod. The graph in the data sheet recommends a maximum power of
about 20 Wcem ™~ for this case.

From this allowable power results a heated length of 0.4 m at the maxi-

mum power of 5000 W and the standard diameter of the rod.

The rods have been ordered with a total length of 550 mm so that in ad-
dition to the active length of 400 mm and the passive section a large enough
portion of the rods extends from the vessel. The specification is summarized
in Table A.11.

For the welding the protective steel shells to the lid of the heater vessel
a distance between two shells and between a shell and the vessel wall of
dr.r = 3 mm has been found to be sufficient given the capabilities of the
local fabrication shop at KIT. This results in a pitch-to-pin ratio of 1.13.

With these parameters, the required inner diameter of the vessel is:
dy;=3-dp+4-dg g ="78mm. (A.92)
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Table A.11: Heater rod configuration. Abbrevations: T/C = thermocouple

parameter value

diameter 0.746” £ 0.002”
diameter 18.9484 mm=+ 0.0508 mm
length 21.65”

length 549.9 mm
voltage 400V

power SkW

leads FIREROD HT
lead length 127

lead length 304.8 mm

sheath material ~ Incoloy 800
instrumentation  Type K T/C in tip
price per piece 170 EUR

Mechanical design

The vessel has an inner length of 445 mm and an outer wall thickness of

2mm. The central, non-heated tube (closed on both ends and indicated by

‘2’in Figure 4.14) is held in place by conical tube pieces with large cut-outs

to provide a passage for the LBE flow. The shells for the heater rods are

welded to the inlet flange and are welded shut on their opposite end while

being attached to a pin to hold the ends in place. This final design holds

approximately 1.1 L of volume. The assembled device is shown in Figure

A.33 (including the name plate) with a long tube section welded to the inlet

flange and a short tube welded to the outlet flange with a Swagelock fitting

attached.
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Figure A.33: heater of the SOMMER LBE-loop

Thermo-hydraulics

A Nusselt number correlation for hexagonally spaced rods and co-axial flow
according to Ref. [93] is applied’, valid in a range of Peclét numbers of 1 <
Pe < 4000.

That correlation is applied for a pitch-to-pin ratio of P/D = 1.136, and a
parameter € for the ‘azimutal variation in the heat flux on a single rod’ of
€ = 0.4 at a Peclét number of Pe=50.9. The Peclét number is the product
of the Prandtl and the Reynolds number, both obtained with the hydraulic
diameter dj, of the heater,

dp =4Ac /Uy, (A.93)

with A¢ being the cross section for the flow between the rods and U, the
wetted perimeter.

Table A.12 (page 276) lists the obtained hydraulic parameters of the un-
derlying geometry for thermo-physical properties evaluated at the highest

5 This correlation is featured in the 2015 LBE-Handbook [32]. A plot is therein provided
for the determination of the Nusselt number with the Peclét number and pitch-to-pin ratio as
parameters. The values in that plot are, however, different from those to be obtained from
the provided correlation. Furthermore, the provided correlation differs from the originally
referenced source (Ushakov [93]; The sign in front of the square root is opposite; the handbook
has a negative sign.) For the determination of the heater’s thermal hydraulics the correlation
from the original source is used.
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expected film temperature on the heater rods of 565 °C (design outlet tem-
perature plus wall-to-bulk temperature difference estimate of 35K). At lower
temperatures a lower heat transfer coefficient and larger Richardson number

are obtained.

The resulting Peclét number of Pe = 50 is within the validity range of

Ushakov’s correlation.

A heat flux density on the outside of the protective tubes g/, of 180.8 kWm >
is calculated. With the conservative value of the convective heat transfer co-
efficient of the flow results a wall-to-bulk temperature difference AT;,q of
29 K. The protective metal shells for the rods have been fabricated with a
final wall thickness of 1.45 mm which results in a radial temperature dif-
ference due to conduction at the given heat flux density of slightly below
15K.

Both thermal resistances generate a summed up temperature difference
of less than 45 K which is less than the estimated margin of 60 K during the
selection of the heater rods. Accordingly, an additional safety temperature

margin remains for this specification.

The sheath’s wall thickness is also sufficient to resist the design pressure
of 17 bar.

A.6 The air cooler design

The cooler of the SOMMER facility has been designed by Michael Kant
during his master’s thesis as air cooler for a cooling power of 10 kW in two
different temperature ranges, namely 300 °C to 200 °C at an LBE mass flow
rate of 0.262m>h~! (approx. 0.74kgs™!) and between 550 °C and 350 °C
at0.131 m3>h~! (approx. 0.37kgs ™).

On the air side during the design process a flow rate of 210m>h~! has

been selected with an outlet temperature of 260 °C. For the lower temper-
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ature case a much larger air flow rate of 820m>h~! has been selected with

an approximated air outlet temperature of 75 °C.

The heater’s pressure drop on the air side has been tested by Kant in a
test bench after having been connected to a blower via air an rectangular
air channel before and a rectangular reduction section ending in a circular
tube after the cooler. A characteristic quadratic curve for the pressure drop
as a function of the air flow has been measured up to nearly 350m>h~!,
however, including the effects of a flow straightener, and the channel and

reduction pieces.

During the detailed design of the SOMMER loop the requirements for the
heater changed significantly. Maximum thermal power of up to 40 kW could
momentarily arise at LBE temperatures of 600 °C at the inlet of the cooler
which had to be cooled down to 380 °C. Conservatively, at these conditions
at the four-fold thermal power to be removed in the cooler the four-fold air
flow was required, leading to a 16-fold estimated pressure loss in the cooler

than expected during its design.

It was estimated that existing hardware could cope with the changed re-

quirements given a sufficiently strong blower.

In the final design the heat exchanger was placed between a diffusor and
a reducer piece and at the respective in- and outlet automatic wing flaps
were installed. These can be shut during idle mode and close the air volume
which is then trace heated to temperatures sufficiently high to prevent LBE
in the heat exchanger tubes from freezing. The final assembly is shown in
Figure A.34.
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Figure A.34: Air cooler withouth thermal insulation. The air inlet diffusor is lo-
cated at the bottom (above the inlet wing flap outside the picture
frame) and outlet reducer at the top, followed by automatic wing flap.
The casing is equipped with trace heating elements.
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Table A.12: Hydraulic and geometry parameters of the heater

parameter symbol  unit value
rod diameter D m 0.022
rod pitch (center to center) P m 0.025
pitch to pin ratio P/D - 1.1364
vessel inner diameter Dy m 0.078
free crosssection Ac m?2 0.0021
wetted perimeter U, m 0.7288
hydraulic diameter Dy, m 0.0116
density LBE (565°C) PLBE kg/m3 10000
heat capacity LBE (565°C) Cp,LBE J/(kg K) 140
dynamic viscosity LBE (565°C) UrBE Pas 1.2E-3
thermal conductivity LBE (565°C) kiBe W/(m K) 15.1
mass flow rate LBE MiBE kg/s 1
volume flow rate LBE ViBE m3/s 0.0001
flow velocity LBE VIBE m/s 0.047
Reynolds number Re - 4574
Prandtl number Pr - 0.0111
Peclét number Pe - 50.88
Nusselt number Nu - 5.8
avg. convective heat transfer coefficient & W/(m?K) 7580
20% reduced h (safety margin) hg W/(m?2K) 6066
Grashof number Gr - 6 x 107
Richardson number Ri - 2.86
vessel inner length Ly m 0.445
liquid volume VIBE m3 0.0011
residence time tres S 10.85
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