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ARTICLE INFO ABSTRACT

Keywords: Polydimethylsiloxanes (PDMS / silicone oils) are commonly used as heat transfer fluids (HTF) at temperatures up
Csp to 400 °C in various industries, but the applications in large scale parabolic trough collector fields for thermal
Silicone-based heat transfer fluid power generation has not been established due to higher prices compared to the commonly used mixture of
Prototype demonstration diphenyl oxide and biphenyl. This paper describes the first system prototype demonstration in operational
Parabolic trough test loop P i y P Y P p A Y p yp ® . P
HELISOL®5A environment (loop scale) of a new silicone-based heat transfer fluid called HELISOL® 5A available at a
PDMS competitive price level compared to the state of the art. Technical details of the parabolic trough test loop
operated with HELISOL® 5A are presented. Solar operation at the state-of-the-art temperature of 400 °C for 150 h
and at 425 °C for 480 h, demonstrated HELISOL" 5A’s loop scale functionality in analogy to DIN 51528. The
tolerance of HELISOL® 5A to temperatures above 425 °C was demonstrated by an operation period of 50 h at
450 °C. The degradation of the HTF is determined by the degree of cross-linking between macromolecules. Based
on accompanying HTF analysis correlated with sample-based gas analysis, no measurable HTF degradation after
480 h at 425 °C was found. Only the stress test at 450 °C reveals an onset of moderate thermal degradation
reaching 0.1 % mole fraction of cross-linked molecules. The heat transfer performance of HELISOL® 5A was
confirmed at 400 °C by solar blind infrared absorber tube temperature measurements indicating a steady tem-
perature increase of 0.2 K/m along the receiver tubes at 6.2 kg/s mass flow.

operation pressure has been reported [3]. While silicone oils [4] have
been used in the past as HTF in medium scale installations at tempera-
tures up to 400 °C, e.g. PTC test loops at Plataforma Solar de Almeria
(PSA) [5 6] and elsewhere, the application on a significantly larger scale
has not yet been realized. Against this background, the presented

1. Introduction

Parabolic-trough collector (PTC) solar power plants using organic

heat transfer fluids represent the majority of today’s concentrating solar
power (CSP) plants. The overall efficiency of such power plants depends
largely on the solar field outlet temperature. Up to now, the maximum
operating temperature is determined by the thermal stability of the used
HTF. The state-of-the-art HTF, the eutectic mixture of diphenyl oxide
(DPO) and biphenyl (BP) is limited to 400 °C [1]. HELISOL® 5A can be
operated at 425 °C [2], thus enabling a more efficient energy conversion
by means of the steam Rankine cycle. A techno-economic comparison
incorporating further benefits and drawbacks of (this) silicone-based
HTF, like the low pour point, improved occupational and environ-
mental safety, it’s low hydrogen formation rate as well as the increased

* Corresponding author.

demonstration of the loop scale functionality and applicability of HEL-
ISOL® 5A in a relevant technical environment — including associated
parabolic trough collector components at temperatures of 425 °C —
represents the necessary step to reach the technological readiness level
7. Therefore, the objective of this study is the closely monitored loop
scale demonstration of HELISOL® 5A at 425 °C for 480 h in a relevant
technical environment. This paper presents the setup of the loop-scale
demonstration using an existing PTC test loop with the implementa-
tion of four additional features: a retention line capable of holding a
volume of 3.3 m® of HTF at the test loop outlet temperature, a cross-flow
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Nomenclature

Abbreviations

ASTM  ASTM International, formerly known as American Society
for Testing and Materials

BO boil out

BOP balance of plant

BP/DPO biphenyl and diphenyl oxide eutectic mixture

CH,4 methane

CoHg ethane

CIEMAT The Centre for Energy, Environmental and Technological
Research / Centro de Investigaciones Energéticas,
Medioambientales y Tecnoldgicas

CSP concentrating solar power

(¢(0) carbon monoxide

CO- carbon dioxide

DIN The German Institute for Standardisation / Das Deutsche
Institut fiir Normung

DLR Deutsches Zentrum fiir Luft- und Raumfahrt

DSC differential scanning calorimetry

EV expansion vessel

GUM guide to the expression of uncertainties in measurement

H, hydrogen

HCE heat collecting element

HELISOL® 5A a linear, non-reactive polydimethylsiloxane produced
by WACKER

HT high temperature

HTF heat transfer fluid

IR infrared

Ny nitrogen

(02} oxygen

PDMS  polydimethylsiloxane

PROMETEO parabolic test facility at Plataforma Solar de Almeria

PSA Plataforma Solar de Almeria

PTC parabolic trough collector

REPA rotation and expansion performing assembly

RL retention line

RTJ ring type joints

SITEF Silicone Fluid Test Facility — project title

2951 NMR spectroscopy silicon nuclear magnetic resonance
spectroscopy
SYLTHERM™ 800 a linear, non-reactive polydimethylsiloxane

produced by the company Dow

3MH tris(trimethylsilyl)silane

T-Group trifunctional unit / branched structures

TMS tetramethylsilane

TRL technical readiness level

SCHOTT PTR®70 parabolic trough receiver with 70 mm diameter
(formerly produced by the company Schott)

UV-Vis spectroscopy ultraviolet and visible spectroscopy

Symbols

c specific heat capacity (J/kgK)

D diameter (m)

d; inner diameter (m)

f function (—)

f empiric factor considering pipe curvature (—)

fo empiric factor considering tangential heat flow dissipation
in pipe wall (-)

L length (m)

m mass (kg)

P power (W)

Pr Prandtl number (-)

q heat flux (W/m?)

Re Reynolds number (—)

T temperature (°C)

t time (s)

\Y% volume (m®)

Greek symbols

a heat transfer coefficient (W/m?K)

A difference

A thermal conductivity (W/mK)

c coverage factor

9 film HTF temperature (°C)

9 bulk HTF temperature (°C)

Subscripts

ap approximated

c combined

i inner

m mean

0 outer

sampling station to allow representative collection of HTF samples
including associated volatile/dissolved gases for laboratory analysis, the
development and implementation of appropriate flexible in-
terconnections, and the introduction of appropriate heat collecting el-
ements (HCE). These modifications were made in order to enable solar
operation with silicone-based HTF up to 450 °C. Under “test program”
three different operation phases are described in terms of the operation
parameters. The section “results” is split in two sections. The HTF related
findings section covers heat transfer, thermal degradation, and gas for-
mation. The operational findings section covers technical procedures,
leaks, or technical incidents. Finally, the technical applicability of
HELISOL® 5A is discussed.

2. State-of-the-art HTF in parabolic-trough collector
applications

Heat transfer fluid is a general term for substances used as heat
transfer media. HTFs can be classified by their state of matter under
normal operating conditions. In addition to the three standard states
(gaseous, liquid, solid), phase change HTFs and supercritical fluids are

also possible. Suitable HTFs for CSP applications can be evaluated by
their thermal and transport properties. Several authors have presented
CSP specific reviews of HTF [7-9]. The state-of-the-art HTF currently
used in most commercial PTC power plants is the eutectic mixture of
biphenyl and diphenyl oxide [10]. Therminol® VP1 [1] Dowtherm™ A
[11] and Diphyl® [12] are the established brands in the market. Despite
of the widespread use of BP/DPO, alternative HTFs are requested for
CSP applications as the maximum operating temperature of 400 °C
limits the efficiency of the plants. Furthermore, associated occupational
and environmental risks are significant and publicly recognized [13].
With molten salt maximum temperatures of 550 °C are possible but so
far, no salts with low melting points around or below ambient temper-
atures are available [14]. Consequently, extensive freeze protection
measures have to be foreseen. Corrosion is also an issue for molten salts
in contrast to organic HTFs. Water is considered as an alternative as well
but its high vapor pressure increases the costs for storage and the two
phase flow in direct steam generation systems enhances the control
demand considerably [15]. The upper temperature limits of gaseous
HTFs in CST systems are generally limited only by the materials of the
receivers and the components that carry the HTF. Gases, however, have
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the disadvantage of low heat transfer coefficients and densities [8].
Solidification temperatures below 0 °C and boiling temperatures above
1600 °C are possible for liquid metals and their alloys. Nevertheless,
liquid metals are considered only for central receiver systems because of
the operational risks. Heller [8] offers a very comprehensive overview of
possible heat transfer media in CST and presents the corresponding
technical data. In contrast to these alternatives, CSP plants with organic
HTFs are easy to scale as proven technology is applied. Organic HTFs for
high temperature applications are predominantly produced from aro-
matic hydrocarbons and aromatic ethers due to their high thermal sta-
bility in comparison to aliphatic compounds. The eutectic mixture of
DPO and BP was patented in 1932 [16,17]. Since then no other fluid
with carbon backbone has been described with higher stability despite
intense investigation for the heat transfer in industrial heating or power
generation [18]. Still, two significant disadvantages of current thermal
oils have to be mentioned: their environmental and operational hazards
due to the formation of the carcinogenic degradation product benzene
and the increasing formation of hydrogen [3] over time. Hydrogen af-
fects the vacuum annulus and thus the heat losses especially of the hot
HCEs (towards the collector end) operating close to 400 °C if not
removed meticulously [19]. BP/DPO has a melting point of 12 °C which
may require freeze protection in some power plant locations. Silicone
oils [4] in the context of CSP have been used as HTF in the past only in
medium scale research CSP installations at temperatures up to 400 °C
[5,6]. The application on a much larger scale was not economically
feasible. Only with the introduction of a cheaper silicone-based HTF,
further CSP-related research was initiated, starting with the evaluation
of a suitable fluid composition [20], the techno-economical evaluation
in the context of CSP [21], a guideline for the qualification of silicone-
based HTF for CSP applications [22] and a specific operational risk as-
sessments [23] were published. However, the system (silicone-based
HTF in PTC) still needed to be demonstrated in a relevant environment
at 425 °C, which is covered by this work. Fig. 1 and Table 1 show a
comparison of the molecular structure and key technical data of the
state-of-the-art HTF and HELISOL® 5A.

2.1. Heat transfer coefficient

The heat transfer coefficient «; at the inner diameter d; of the
absorber tube wall can be calculated according to section B6.2 of
DIN 4754 [24] see Eq. (1).

y)
= flg 0.012Re¥ pro4 (¢))

10* < Re < 10°
1.5 < Pr <500
di<L

fi=08

f1 considers the influence of pipe curvature and the direction of heat
flow.

The inner absorber tube wall film temperatures 9; are calculated
based on a heat flux ¢ of 58 kW/m? at the outer absorber tubes which
represents the average calculated flux of the IberTrough collector. Film
temperatures are calculated based on the increase in temperature A9
and the bulk HTF temperature § according to section B6.1 of DIN 4754
[24] see Equation (2) and (3).

9:i=A9+39 2

_4d
Ab = 7fo ©)
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fo=09
fo considers the tangential heat flow dissipation in the pipe wall

3. A new silicone-based HTF for parabolic-trough collector
applications: HELISOL® 5A

Another HTF — developed by Wacker Chemie AG and marketed under
the name of HELISOL® 5A is a linear, non-reactive poly-
dimethylsiloxane with a kinematic viscosity of approx. 5 mm?/s (20 °C).
It is a clear, odorless and colorless liquid when supplied. In contrast to
organic HTFs as BP/DPO, the polymer backbone of all siloxanes (e.g.,
polydimethylsiloxanes) consists of alternating silicon and oxygen atoms
(-Si — O — Si — O — Si —), see Fig. 1, right.

The overall hydrogen formation is significantly lower and does not
increase exponentially over time [3]. Furthermore, the hydrogen for-
mation is not affected by the presence of degradation products unlike the
state-of-the-art HTF [21]. Its pour point < -55.0 °C does not require any
type of freeze protection in typical CSP locations. And most importantly,
under typical PTC conditions polydimethylsiloxanes can be operated at
425 °C loop outlet temperature during 25 years without any degrada-
tion induced HTF exchange see section 6.1.3.

3.1. Thermal degradation of silicone-based heat transfer fluids

Generally, heat transfer fluids change their chemical composition
and consequently their properties during operation at temperatures
above 250 °C. Thus, the properties of the “HTF in use” must rather be
considered than those of the “unused” HTF. The method how to deter-
mine the degradation level of polydimethylsiloxane-based heat transfer
fluids is given by the IEC Standard 62862-1-6:2024 [25]. In general,
polymeric mixtures of linear siloxanes consisting of M- and D-units. The
thermal stability of silicone-based HTF is assessed by determining the
amount of T-units formed after exposure to elevated temperatures. An
increasing number of T-groups may lead to branching points between
individual polymer chains. Ultimately, if each polymer chain of a
polydisperse mixture has at least two T-units, the system is theoretically
completely cross-linked. Crosslinking in general will increase the mean
molar mass of the polymer mixture and eventually lead to a long-term
increase in viscosity. It is possible to find a correlation between the
number of T-groups and the viscosity increase.

The maximum tolerable amount of T-groups depends on the fluid
composition and has to be defined by the fluid manufacturer. This
happens based on the tolerable maximum viscosity under given tech-
nical boundary conditions. For the application of HELISOL® 5A the
correlation of T-groups and viscosity is not disclosed by the manufacture
but the limit is set. In case of HELISOL® 5A 10 % T-groups are tolerable
in the given context. For the purposes of analysis, the samples taken
from PROMETEO were referenced against laboratory scale thermally
aged samples using an autoclave in combination with high-temperature
industrial ovens. To quantify the degree of degradation of the HELI-
SOL® 5A samples the molar amount of T-groups was analyzed via 2°Si
NMR spectroscopy, results see Table 8. This method differentiates the
siloxane monomers and the M—structures, D-structures, and T-struc-
tures of the oligomers, which are the common unit structures for
siloxanes.

Equilibration

At temperatures above 250 °C, silicone-based heat transfer fluids
(polydimethylsiloxanes) undergo rearrangement reactions (equilibra-
tion) of their silicone-oxygen bonds when used as intended (under inert
conditions). Such equilibration is a temperature-dependent equilibrium
between linear and cyclic siloxanes depending on the working temper-
ature the ratio between cyclic and linear components may vary [25].
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Fig. 1. left: representation of the molecular structure of biphenyl (BP) and diphenyl oxide (DPO); right: chemical structure of a trimethylsilyloxy-endcapped pol-

ydimethylsiloxane (PDMS).

Table 1
Technical data of BP/DPO and HELISOL® 5A.

BP/DPO HELISOL® 5A
Working temp.: 60 °C - 400 °C —50°C —-425°C
Freezing point: 12°C —55°C
Vapor pressure (400 °C): 11 bar 15.8 bar
Self-ignition temp.: 599 °C 358 °C

Density (25 °C) App. 1050 kg/m> App. 920 kg/m>

4. Experimental setup — PROMETEO parabolic troughs test loop

The so-called PROMETEO test loop consists of two parallel, east-
-west aligned parabolic-trough collectors named IberTrough with eight
12 m-long trough modules each, all parameters see Table 2. The Iber-
Trough collector has an aperture width of 7334 mm and a focal length of
2172 mm. It is intended to use 90 mm receiver tubes but it was
equipped with 70 mm diameter receiver tubes of the type “PTR 70"
[26] instead. The mirror shape deviations and the receiver tube posi-
tions of both collectors were measured using QFly [27] but not fed into a
ray tracer for intercept factor calculations. Still, it became evident that
the reduction in receiver tube diameter from 90 mm (design diameter)
to 70 mm affected the intercept factor significantly. The total thermal
power reaches about 600 kW at solar noon with DNI of 950 W/m? and
an average HTF temperature in the solar field of 400 °C. Both collectors
are connected in series while the corresponding balance of plant in-
cludes a pump, an expansion vessel, an air cooler and a drain tank see
Fig. 2. PROMETEO was erected in 2010 by Iberdrola Ingenieria y Sistemas
in collaboration with CIEMAT and operated for one year for the quali-
fication of the IberTrough collector [28]. Later on, it was refurbished in
2016 in preparation of HTF demonstration activities during the SITEF
project [29]. Said modifications were introduced to enable continuous
operation with fluid temperatures up to 450 °C at the second / southern
collector outlet. To cope with this requirement, new REPAs and 70 mm
diameter HCEs were installed alongside with the exchange of the
existing pipes made of steel grade ASTM A106 against ASTM A335 P11
piping. This was done solely at sections that potentially could contain
HTF at temperatures above 400 °C. Due to the fact that the installed

Table 2
Technical data of PROMETEO test loop located at Plataforma Solar de Almeria.
Parabolic trough collector type IberTrough
Collector aperture 7334 mm
Focal length 2172 mm
Collector module length 12m
Solar field 2 collectors, 100 m length each
Thermal power (70 mm HCE / DNI  App. 600 kW
950 W/m?)
HTF volume 6.7 m® (expansion vessel excluded and

retention line included).

Heat collecting elements SCHOTT PTR®70 (steel grade 1.4910)

! Material: 1.7335, DIN: 13 CrMo 4 4, ISO: 13CrMo4-5.

IberTrough collector is a prototype, the east-west orientation of the
collectors was chosen in the first place in order to facilitate collector
performance testing / demonstration. When it comes to HTF testing, the
accumulated time at the desired operating temperature is most relevant.
Thus, PROMETEO comprises the less favorable east-west orientation,
which results in significantly longer heat up ramps compared to a
north-south orientation. This drawback was accepted due to the fact
that no other facility was available by the time the activities were
started.

4.1. Mixing cooler

The PROMETEO test loop was originally set up to be operated at a
maximum temperature of 400 °C, thus the components of the balance of
plant (air cooler, pump, expansion vessel, valves sensors etc.) cannot be
operated at significantly higher temperatures, while the loop outlet
temperature can reach 450 °C. Consequently, the returning HTF from
the collector outlet must be cooled down. This is done by mixing a
fraction of colder HTF from the feed line side to the return line side. A
static mixer makes sure that the two streams mix properly e.g. pre-
venting temperature layering at low flows. Fig. 2 shows the simplified
flow diagram of the PROMETEO installation indicating the mixing
cooler.

4.2. Heat collecting elements

In total 48 heat collecting elements (HCE) of the type SCHOTT
PTR®70 made of austenitic stainless steel (1.4910) with 70 mm outer
diameter and 2.2 mm wall thickness were installed to both IberTrough
collectors. As the collector type was intended to use 90 mm diameter
HCEs of 4100 mm length, a set of two adapters was mounted at each
HCE support to guarantee a concentric HCE position within the original
HCE clamps. Furthermore, the length of the SCHOTT PTR®70 receiver
tubes is 4060 mm + 2 mm and had to be adapted. Thus, a 40 mm piece
of pipe of the identical material (same batch 1.4910) was welded to all
HCEs. The expected increase in thermal HCE expansion from 323 mm
(400 °C) to 371 mm (450 °C) in the axial direction does not exceed the
range of movement of the HCE supports and was considered in the
design of the REPA system.

4.3. Rotation and expansion performing assemblies

A total number of four rotation and expansion performing assemblies
(REPA) was manufactured and installed to the test loop, located at inlet
and outlet of both parabolic-trough collectors. Each REPA was assem-
bled of two 2.5" corrugated flexible hoses and a swivel joint designed to
cope with an operating temperature of 450 °C and a max pressure of 41
bar. The design process was completed after a series of material and leak
tests by a Senior Flexonics in-house fatigue test making use of the test rig
#2 described by [30]. Fig. 3 shows one of the installed REPA systems at
the northern collector inlet.

4.4. Retention line

A retention line (RL) was integrated between the collector outlet and
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Retention Mixing
Northern Collector ~ Southern Collector Line . Cooler
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HTF Pump

i =

Drain
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Fig. 2. Simplified flow diagram of the PROMETEO test facility indicating, the essential components (pump, solar collectors, retention line, mixing cooler, air cooler

and expansion vessel) and the flow directions.

Fig. 3. Installed REPA (feedline hose, swivel joint and flex hose) at PROM-
ETEO, thermal insulation not installed.

the air cooler inlet in order to increase the total amount of heated HTF at
loop outlet temperature, see Fig. 2. The retention line is a 102 m-long 8"
pipe replacing an initially installed 4" line in the same location. It has a
volume of 3.3 m® while the entire facility comprises a total circulating
HTF volume of 6.7 m? (expansion vessel excluded, retention line
included). Depending on the mass flow HTF takes 4 to 9 min to travel
through the RL while at the same time its temperature drops by about 2
K due to thermal losses. Said retention time represents the time of HTF
flowing through a typical header pipe in a 50 MW, commercial PTC solar
power plant.

4.5. Sampling station / HTF sample extraction

In order to examine both the HTF and its reaction products, small but
representative amounts of HTF (including the corresponding amounts of
dissolved gases) in terms of sampling temperature, pressure and location
inside the loop must be made available to be analyzed in a lab. Thus, a
flow-through sampling station was implemented to take samples at
operating temperature and pressure from the feed pipe connecting the
solar collectors with the balance of plant (BOP). Fig. 4 presents the flow
diagram and the picture of the sampling station.

For sample extraction, one or two sampling containers can be hy-
draulically connected in between the return and feedline linking the
BOP with the solar collectors. Consequently, HTF can travel from the
feedline (higher pressure) to the return line running through the sam-
pling containers, hence, bypassing the collectors. As dirt and air have
undesired influences in both, the HTF under operation and the sample,
the sampling containers and the sampling lines are cleaned and later
flushed with nitrogen, before running hot HTF through them. In order to
take a sample, HTF is fed through the sampling containers for a defined
period of time (15 min) in order to heat up the sampling equipment and
remove potential nitrogen accumulations. Finally, all valves are closed
in order of opposite flow direction. Once cooled down, the containers
are dismounted, sealed with blind plugs and shipped to laboratory for
gas and HTF degradation analysis. The determination of dissolved gases
is done accordingly to [31]. Two improvements to the sampling station
were identified in order to reduce possible systematic influences. Firstly,
by installing a thermal insulation the temperature drop of the cross-flow
can be reduced, possibly affecting the amount of dissolved gases in the
HTF as the gas solubility is temperature dependent. Secondly, an 45°
inclined orientation / mounting of the sampling containers helps to
remove nitrogen bubbles in flow direction.
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8" Return Line

N2 Venting

[
{;;]—F N2 Vent, Bucket|

1/4* Line and Hand Valves

2 Inline Sample
Containers (300 ml)
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N2 Gas Cylinder,

Hand Valves

Fig. 4. Sampling device; top: picture of sampling station indicating components, close up of sampling container; bottom: piping diagram of cross-flow sam-

pling station.

Table 3

Operation parameters during typical operation day, June 7th 2016.
Action Tgop Tin Loop Tout Loop Pev Pout Loop EV level m}.nop
Operation start 9:00 48 °C 64 °C 60 °C 9.8 bar 11 bar 640 mm 7.7 kg/s
Reaching set temp. 12:37 390 °C 385°C 400 °C 15.7 bar 17.2 bar 1609 mm 6.3 kg/s
Shut down 18:30 225°C 255 °C 255°C 12.8 bar 13.2 bar 1180 mm 0 kg/s

5. Experimental proof of concept: Test plan

The system prototype demonstration in operational environment
(TRL 7) was achieved by operating the new silicone-based HTF HELI-
SOL® 5A in the PROMETEO test loop. Hence, the hydraulic circuit was
drained, cleaned and filled with 6.3 m® of this new HTF. During testing,
at a typical operation day, the HTF was circulated through both solar
collectors in series and heated up to the desired loop outlet temperature.
Once the loop outlet temperature + 10 K was reached, the operation
hours achieved in this temperature range were considered for the test.
Meanwhile, the loop outlet temperature was held as steady as possible,
mainly by adjusting the mass flow through the collectors. The test plan
defined for the demonstration of the new HTF was composed of three

phases.

1. 150 h of operation at the state-of-the-art HTF solar field outlet
temperature of 400 °C

2. 480 h of operation at the pre-defined nominal outlet temperature of
425 °C to achieve the proof of concept in analogy to DIN 51528

3. 50 h of operation at 450 °C to demonstrate the robustness of the
system

During all three test periods, hot pressurized HTF samples were taken
monthly to analyze the gas composition and the HTF degradation. Be-
tween phase 1 and 2 about 3 m® of new HTF were added to the circuit,
as the retention line implementation increased the overall system
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Operation conditions (400°C, 90mm HCE)
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Fig. 5. Solar collector outlet HTF temperature, mass flow and pressure over time; heat up and operation at 400 °C. Date: June 7th 2016.

Table 4
Operation parameters during typical operation day, July 14th 2017.
Action Tpop Tin Loop Tout Loop Py Pout Loop EV level IilLoop
Operation start 9:10 45 °C 90 °C 70 °C 8.8 bar 11.2 bar 1000 mm 4 kg/s
Reaching set temp. 14:30 385°C 382°C 426 °C 17.8 bar 22.5 bar 2250 mm 5kg/s
After shut down 17:51 220 °C 375 °C 375°C 17.8 bar 18.2 bar 2050 mm 0 kg/s
450 Operation conditions (425°C, 70mm HCE)
T T T T
125
400 - - .
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Fig. 6. Solar collector outlet HTF temperature, mass flow and pressure over time; heat up and operation at 425 °C. Date: July 14th 2017.

Table 5

Operation parameters during typical overheating operation day, July 26th 2018.
Action Trop Tin Loop Tout Loop Pry Pout Loop EV level T o0p
Operation start 9:25 40 °C 62°C 67 °C 10.5 bar 11 bar 550 mm 7.7 kg/s
Reaching set temp. 13:10 385°C 387 °C 435 °C 22.2 bar 23.2 bar 1915 mm 5.8 kg/s
After shut down 16:12 243 °C 360 °C 375°C 18.8 bar 19.3 bar 1690 mm 0kg/s
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volume.

5.1. Operation of HELISOL® 5A at PROMETEO at 400 °C

In order to confirm the performance of HELISOL® 5A in a typical
parabolic trough loop environment, it was operated at state-of-the-art
conditions at 400 °C for 150 h. The corresponding operation parame-
ters are exemplarily presented in Table 3 and Fig. 5 below.

5.2. Operation of HELISOL® 5A at PROMETEO at 425 °C — “Proof of
Concept”

In order to achieve the proof of concept in analogy to DIN 51528, the
PROMETEO test loop was operated for 480 h at an average loop outlet
temperature of 425 °C. During operation, the system pressure was varied
stepwise from the upper limit towards the lower pressure limit of the
facility. Accordingly, pressure values of 27 bar (425 °C) to 15 bar (425
°C) were measured at the collector outlet. Especially operation at 15 bar
did not lead to a noticeable HTF phase change even though the vapor
pressure is given with 19.5 bar at 425 °C. For typical operation pa-
rameters see Table 4 and Fig. 6 below.

5.3. Operation of HELISOL® 5A at PROMETEO at 450 °C — “Stress Test”

In order to demonstrate the robustness of HELISOL® 5A in this
operational environment and to assess the corresponding ageing of the
HTF when operated at temperatures significantly above the recom-
mended operating temperature (overheated), the PROMETEO test loop
was operated for 50 h at a set outlet temperature of 450 °C. For typical
operation parameters see Table 5 and Fig. 7 below.

Operation conditions (450°C, 70mm HCE)
T T T
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6. Results
6.1. HTF related findings

6.1.1. Comparison of heat transfer coefficients and film temperatures

The comparison of the heat transfer coefficient @; at the inner
diameter d; of the absorber tube wall between HELISOL® 5A and the
state-of-the-art HTF BP/DPO (Dowtherm™ A) is calculated according to
Equation (1) and presented in Table 6. For the sake of completeness, the
comparison is presented up to 425 °C based on the information given in
the technical data sheets of both fluids, although Dowtherm™ A is not
intended to be used at temperatures above 400 °C. An independent
investigation of the heat transfer coefficient based on an infrared mea-
surement is presented in section 6.2.4. and serves to verify the suffi-
ciently high heat transfer for this specific application with
HELISOL® 5A. The inner absorber tube wall film temperatures ﬁi are
calculated based on a heat flux ¢ of 58 kW/m? at the outer absorber
tubes which represents the average calculated flux of the IberTrough
collector. The film temperatures are calculated based on the tempera-
ture increase A9 and the bulk HTF temperature 9 according to Equation
(2) and (3). Table 6 shows the calculated film temperature results of
both fluids at identical mass flow rates over temperatures from 300 to
425 °C.

A look at Table 6 shows that the heat transfer coefficients calculated
for HELISOL® 5A with identical mass flows at 300 to 425 °C HTF tem-
perature deviate between 3 % at 425 °C and 21 % at 350 °C relative to
the state-of-the-art HTF. This can be explained with a significantly lower
density of HELISOL® 5A while the lower viscosity of HELISOL® 5A at
400 °C and above compensates some of this. When looking at the
calculated film temperatures, at the same temperature range, one sees
that the calculated film temperatures for HELISOL® 5A are only 1 % to 2

450
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g
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2
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© 250 — Temperature —Mass Flow —Pressure ®
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)
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Fig. 7. Solar collector outlet HTF temperature, mass flow and pressure over time; heat up and operation at 450 °C. Date: July 26th 2018.
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Table 6

Left: Comparison of heat capacity density and viscosity of HELISOL® 5A and BP/DPO. Right: Comparison of calculated heat transfer coefficients and film temperatures of HELISOL® 5A and Dowtherm A according to
DIN 4754 at identical mass flow rates. Film temperatures are calculated based on a heat flux of 58 kW/m? as this value represents the highest fluxes on the 70 mm dimeter HCE at the PROMETEO installation.

identical massflow

Heat Transfer Coefficient a

Average HTF velocity Vm

Film Temperature &

HTF

Visco.

Density
kg/m®

Cp

Temp.
°C

m/s

°C

Temp. °C

W/(m?K)

mPa s

J/(kg K)

6.5

5.5

6.5

5.5

6.5

5.5

kg/s
PDMS (HEL. 5A)

m

3.2

3.0

2.8
3.1

2.5

2.3
2.6
3.0
3.3

323
372
418
442

324
373
419
443

326
375
421
445

328
377
423
446

330
379
424
448

300
350
400

2,326 2,481

2,170

2,282
2699

1,851 2,012

0.20
0.17

640
0.

2,165
2,354

300
350
400
425

3.6
4.2
4.7

3.3

2.8

2,609

2,447

2,116

1,947
2,303

576

3.9

3.6
4.0

3.3

3,086

2,894

2,502

11
10

495

2,517

4.3

3.7

3,306 425

443 0. 2,467 2,680 2,891 3,100

2,521

6.5

5.5

6.5

5.5

6.5

5.5

kg/s

m

2.5

2.4
2.5

2.2
2.3
2.6
2.7

2.0

1.8
1.9

2.1

318
367
415
442

319
368
416
443

321
370
418
444

322
371
419
445

324
373
421
447

20 2,334 2,535 2,735 2,932 3,127 300
17 3,276

12
0.13

300 2,310 817 0.
350

400
425

BP/DPO (Dowtherm A)

2.7
3.0
3.2

2.1

350

2,656 2,864 3,071

760 0. 2,444

694
657

2,455

2.8

2.3

2,966 3,199 3,430 3,658 400
2,975

2,730
2,539

0.

2,636

2.9

2.5

2.3

3,402 425

3,190

2,758

2,748

6.5

5.5

6.5

5.5

6.5

5.5

kg/s

m

28 %

2%
1%
1%
0 %

300
350
400
425

21 %

1%
2%
3%

22 %

6 %
4%
4%
8%

300
350
400
425

Deviation

32 %

20 %

24 %

40 %

16 %

29 %

48 %

3%

26 %

33%
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% higher. At the same time HELISOL® 5A is much more tolerant to
overheating and thus to higher film temperatures. This leads to the
conclusion, that the heat transfer for both fluids is similar, at identical
mass flows.

Film temperatures of both fluids at 5 - 7 kg/s and 300 to 425 °C HTF
temperature deviate between 0 % and 2 % only marginally. BP/DPO’s
film temperature at 6 kg/s and 400 °C is calculated to have a 7 K margin
to its maximum film temperature of 425 °C (Dowtherm™ A). HELI-
SOL® 5A’s film temperature at 6 kg/s and 425 °C has a margin of 5 K to
its maximum film temperature of 450 °C. The maximum film tempera-
ture values differ for BP/DPO (Dowtherm™ A — 425 °C; Diphyl — 420 °C
and Therminol® VP-1 — 430 °C) depending on the manufacturer
[2,5,11,16].

When looking at Table 7 one can see, considering identical volume
flow rates at 300 to 425 °C HTF temperature that the heat transfer co-
efficients calculated for HELISOL® 5A deviate between 31 % and 37 %
relative to the state-of-the-art HTF. This can be explained by the
considerably lower heat capacity and lower density of HELISOL® 5A
compared to BP/DPO especially at elevated temperatures (see Table 6).

6.1.2. Gas Concentration in the HTF at PROMETEO

During all three operation phases, the HTF circuit of PROMETEO was
kept closed in terms of unintended HTF and gas leakages in order to
enable representative gas analysis and avoid contaminations of the
environment. HTF and gas samples were taken as describes above in
section 4.5. The results of the gas analyses in terms of decomposition-
related gases (hydrogen, methane and ethane) together with nitrogen
are presented in Fig. 8 while Fig. 9 presents oxygen together with carbon
monoxide and carbon dioxide being oxidation products. Furthermore,
the concentrations of the tri- and tetramethylsilane are presented, both
substances are present in the gas phase due to the low boiling points of
(26 °C TMH and 83 °C 3MH). After 144 h of operation at 425 °C, the
PROMETEO system was decompressed to discharge gaseous decompo-
sition products. Apart from nitrogen, methane was determined in
particular, which can be expected according to the formation kinetics.
Initially, larger concentrations of carbon monoxide, carbon dioxide and
oxygen were also present. The last sample examined again shows
slightly increased values for oxygen and carbon monoxide. Overall, the
analysis results show that the initially higher concentrations of
decomposition-related gases, such as methane in particular, are not
reached again in a short time after removal. The gas tightness of various
flange connections at the top of the expansion vessel was improved after
350 operating hours, which helps to explain the significantly higher
hydrogen concentrations observed thereafter.

6.1.3. HTF analysis

HELISOL® 5A was sampled by DLR and investigated by WACKER
over the operating period. The results are summarized in Table 8. Over
the operating period of 373 h, including 150 h at temperatures above
390 °C, the viscosity dropped from the original 4.6 mPa-s to 3.7 mPa-s.
The equilibration of the silicone oil led to a reduction of the flash point
from the original 130 °C to 22 °C, and the water content also fell from
82 ppm to 66 ppm. After retrofitting the plant, app. 3 tons of new
HELISOL® 5A were added, which is clearly reflected in the increase in
both viscosity to 4.1 mPa-s and the flash point to 65 °C. The boil-out
process can be recognized in a decrease in viscosity, lowering flash point
and decrease in water content. Subsequent operation at 425 °C did not
lead to a measurable increase in T-groups / degradation of the silicone
oil. Viscosity and flash point dropped to an equilibrium level of 3.899
mPa-s and 38.0 °C respectively, and the water content dropped to below
70 ppm. The elemental analysis showed no detectable traces of metals
in the silicone oil over the entire operating period. Operation at 425 °C
was followed by an overheating scenario in which the HELISOL® 5A in
the plant was heated to 450 °C, over a total period of 52 h. During this
time three samples were taken. Overall, the overheating to 450 °C can be
considered as largely unremarkable. The flash point dropped from 38.0
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Table 7
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Comparison of calculated heat transfer coefficients and film temperatures of HELISOL® 5A and Dowtherm™ A according to DIN 4754 for identical volume flow rates.
Film temperatures are calculated based on a heat flux of 58 kW/m? on a 70 mm diameter HCE.

identical volume flow

Temp. Heat Transfer Coefficient a HTF Film Temperature & Mass Flow m'
°C W/(m?K) Temp. °C °C kg/s
v m¥s 20 25 30 35 40 20 25 30 35 40 20 25 30 35 40
PDMS (HEL. 5A) 300 1,377 1,672 1,959 2,241 2517 300 341 334 329 325 322 36 44 53 62 7.1
350 1,322 1,605 1,881 2,150 2,415 350 393 385 380 376 373 32 40 48 56 6.4
400 1,368 1,661 1,947 2,226 2,501 400 441 434 429 425 423 27 34 41 48 55
425 1,332 1,617 1,895 2,167 2,435 425 467 460 455 451 448 25 31 37 43 49
vV ms 20 25 30 35 40 20 25 30 35 40 20 25 30 35 40
BP/DPO (Dowtherm™ A) 300 2,146 2,605 3,053 3,492 3,922 300 326 322 318 316 314 45 57 68 79 9.1
350 2,109 2,561 3,001 3,432 3,855 350 377 372 369 366 365 42 53 63 7.4 84
400 2,176 2,643 3,097 3,541 3,977 400 426 421 418 416 414 39 48 58 67 7.7
425 1,930 2,344 2,746 3,141 3,527 425 454 449 446 443 441 36 46 55 6.4 7.3
vV m¥s 20 25 30 35 40 20 25 30 35 40 20 25 30 35 40
Deviation 300 36 % 300 3% 22 %
350 37 % 350 3% 24 %
400 37 % 400 3% 29 %
425 31 % 425 2% 33%
160
¢ H2(umol/kg) ¢ CH4 (mmol/kg)
140
¢ (C2H6 (umol/kg) ¢ N2 (mmol/kg)
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—
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g
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Fig. 8. Concentrations of hydrogen (Hy), methane (CH,4), ethane (CoHg) and nitrogen (N3) in HELISOL® 5A during 480 operation hours at 425 °C in PROMETEO.

°C to 28.0 °C, the viscosity of 3.7 mPa-s was only slightly lower than the
previous operation at 425 °C. The water content dropped further to
below 30 ppm, and elemental analysis still showed no detectable traces
of common alloying metals. A degradation of the silicone oil due to the
targeted overheating at 450 °C could not be detected for the test period
by means of the T-group method.
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6.2. Operation related findings

6.2.1. Clean-out, filling HELISOL® 5A and heat-up

The PROMETEDO test facility was originally filled and operated with
SYLTHERM™ 800 [4]. This heat transfer medium was drained. Once all
drain locations where opened and emptied, flushing with purified
compressed air was applied to drive residue HTF towards drain locations
where it was contained. When exchanging the HTF content of a circuit
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Fig. 9. Concentrations of carbon monoxide (CO), carbon dioxide (CO,), oxygen (Oy), tri- and tetramethylsilane (3MH and TMS) in HELISOL® 5A during 480

operation hours at 425 °C in PROMETEO.

with the given extent including app. 500 m of tubing and about 7 m® of
wetted volume the necessity of complete removal or cleaning correlates
to significant effort. The option of flushing some kind of cleaning or
intermediate fluid through the installation was excluded. Instead, the
tolerance of HELISOL® 5A towards impurities or fractions of SYL-
THERM™ 800 was examined prior to the HTF exchange. See section
6.2.2. Filling was performed using a mobile electric pump connecting its
suction side to an interim bulk container filled with fresh HTF and its
discharge side to the drain line at the lowest point of the installation.
While filling, the vent of the expansion vessel was open to the envi-
ronment in order to make sure contained gases could escape. Once gas
suction of the HTF circulation pump could be excluded, HTF circulation
through the expansion vessel served to expel gas bubbles from the pipe
system. Finally, all vents were purged. In preparation of the boil-out,
nitrogen was filled into the app. 7 m® gas space of the expansion
vessel (EV) reaching a pressure of 2 bar before venting it to the envi-
ronment. This procedure was repeated three times. Afterwards, HTF
circulation through the EV was established and periodic solar operation
begun maintaining an HTF temperature inside the EV at about 140 °C
during 3 h. Parallel to the HTF circulation a steady flow of nitrogen was
led through the EV escaping to the environment together with the
contained moisture. Meanwhile, its pressure was kept measurable above
ambient pressure. Eventually, the EV was pressurized with nitrogen to a
level of 10 bar before the HTF temperature was gradually increasing to
425 °C during three days of operation while monitoring the entire
installation closely.

6.2.2. Determination of SYLTHERM™ 800 concentration in HELISOL® 5A

After filling the loop with colorless HELISOL® 5A the mass fraction of
the remaining colored SYLTHERM™ 800 was determined by UV-Vis
spectrometry. This comparative study was done with samples taken
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from the newly filled PROMETEO and with non-contaminated
HELISOL" 5A.

For the doping study, up to 5 % (m/m) of the SYLTHERM ™ 800
taken from PROMETEOQ was added to fresh HELISOL® 5A and the radi-
ation absorption of the mixtures as well as of the pure substances from
190 nm was investigated with a UV-Vis spectrometer in 10 mm quartz
cuvettes. According to the comparison of the radiation extinctions, a
content of 1 % to 2 % (m/m) SYLTHERM™ 800 was contained in the
HELISOL® 5A after HTF exchange in the PROMETEO test facility (see
Fig. 10).

6.2.3. Infrared absorber temperature measurements between 400 °C and
425 °C

The aim of this measurement was to investigate whether a significant
temperature difference (more than 10 K) can be measured between the
surface of the coated steel absorber and the HTF bulk temperature inside
the tube. This is especially relevant at the exit of the southern collector,
where the fluid temperature reaches about 425 °C. A “solar blind”
infrared (IR) camera setup was used to observe the surface temperature
of 24 coated steel absorber tubes at different locations along the
northern and southern collector during solar operation. The mass flow
inside the HCEs was 6.2 kg/s during the measurements. The distance
between measurement points was set to 8 m, hence every second tube
was measured. Initially, a calibration with one defocused collector
operating steady state at 400 °C was performed, whereby the camera
parameters were adapted to the specific tube surface properties with
respect to their emission values. The analysis of the temperature rise
along the receiver tubes in flow direction makes it possible to check if
there is any significant discontinuity or “jump” along the collector,
indicating a possible change of thermodynamic properties in the heat
transfer fluid itself affecting the heat transfer conditions. For both
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— 2% Syltherm(TM) 800 (PROMETEO)
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Fig. 10. Spectral extinction HELISOL® 5A sample from PROMETEOQ after HTF exchange and HELISOL® 5A with different concentrations of SYLTHERM™ 800
(sample from PROMETEO). Measurements of the samples filtered with Teflon (0.2 ym) against HELISOL® 5A.

collectors, the incremental change in the interpolated temperature
values, between the Pt100 readings, are calculated and plotted in
Fig. 11, blue dots. The red squares represent the surface temperatures
measured with the IR camera.

For both collectors, the incremental temperature rise between adja-
cent receiver tubes remains stable. For the northern collector the
average increment is (0.229 + 0.004) K/m. For the southern collector
the average increment is (0.210 + 0.007) K/m. Thus, no significant
discontinuity or “jump” in temperature is observed for the above
described setup.

6.2.4. Incidents and repairs

Several small leakage incidents are presented in the following, in
order to give exemplary information about the leakage behavior of
HELISOL® 5A. The root cause of the incident is also presented even
though it shows the unintentional negligence of the authors regarding
some components. It is mentioned that the plant was erected by Iber-
drola and was subject to independent technical inspection afterwards.
The demonstration operation took place later, while the leakages
occurred in sections of the installation, which were not changed before
or during the operation with HELISOL® 5A. Furthermore, the permitted
operation parameters at these specific sections were not exceeded at any
time.

6.2.4.1. Incident 1 - Leaking fitting. A first spontaneous leakage
occurred April 26th 2016 at a pressure line fitting at the northern col-
lector outlet at 374 °C and 23.8 bar under steady state operation con-
ditions while the southern collector outlet was at 400 °C and 21.6 bar
(see Fig. 12). To contain the leakage, operation was stopped, collectors
were sent to stow position and the pump was switched off. The closest
shut-off valves were closed to isolate the leakage from the rest of the
plant to enable local draining and repairs. It was found, that the leakage
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occurred at a connection fitting where the used sealant (HT silicone) was
not suitable for applications at given temperatures and pressures.

6.2.4.2. Incident 2 — Leaking 4" flange connection. A second leakage
occurred October 24th 2017 at a 4" ring type joints (RTJ) flange
connection of a flow sensor at the collector feedline while the plant was
under transient operation and decreasing the temperature by about 10
k/min to 370 °C and 15 bar at the sensor location (see Fig. 13). The fact
that the insulation covered the flange connection / leakage prevented
the operator from taking notice and at the same time enabled HTF
accumulation inside the insulation material. This led to a reduced and
delayed smoke formation and later to self-ignition inside the sheet metal
cavity. The flame did not protrude beyond the sheet metal cavity, as an
estimate of the flame size. The event of self-ignition can be perceived as
the result of the combination of at least four factors: 1) the occurrence of
an HTF leakage, 2) the condensation and accumulation of the leaking
HTF 3) the accumulation of sufficient quantity of liquid HTF at a tem-
perature close to the pipe temperature and 4) a sufficient long period of
time to self-ignite. It was found, that screws suitable for lower temper-
ature regimes were used and the tightening torque was not documented.
Furthermore, both flanges were fully covered by insulation material.
According to DIN 4754-1; Part 1 [24]: Safety requirements, test, “At
locations with the risk of leakage (flanges, valves), the insulation must
be applied in a way that leakages can be detected!” This was not
respected, see Fig. 13 left side.

6.2.4.3. Incident 3 — leaking 4" flange connection. A third leakage
occurred November 7th 2018 at the ring type joint flange connection of
a second flow sensor located at the collector feedline while the plant was
accidentally under transient operation decreasing the temperature by
about 1 K/s to about 240 °C and 24 bar at the sensor location. The fact
that the insulation was removed prior to the leakage made the leakage
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Fig. 11. Temperature comparison of the interpolated Pt100 temperatures every 8 m (every second HCE) with IR temperature measurements at the same location,
black error bars indicate the estimated measurement uncertainty (red IR measurement, black interpolation based on PT100). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 12. Left: HELISOL® 5A vapor escaping from a leakage at a pressure indicator line at 374 °C and 23.8 bar, right: close up of the leaking fitting at cold un-

pressurized conditions, connection A presented the leak.

detectable immediately, see Fig. 14. It was later found out, that screws
suitable for lower temperatures regimes were used and the tightening
torques were not documented.

7. Conclusion

HELISOL® 5A successfully demonstrated its loop scale functionality
achieving the proof of concept at Plataforma Solar de Almeria (PSA)
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after 480 h of operation at 425 °C in a parabolic trough test loop. In total
app. 1100 h of solar operation were accumulated during a total number
of 160 operation days. The monitored thermal HTF degradation did not
change over time and thus was very low even though a stress test at
temperatures between 440 and 450 °C during 50 h was performed.
Requiring another 33 days of operation. The formation of methane and
hydrogen due to HTF degradation was initially more pronounced and
later reduced to a level close to the detection limit. This tendency was
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Fig. 13. left: Sheet metal cavity where leakage became visible and self-ignition occurred, the flame did not protrude beyond the sheet metal cavity, right: flowmeter

between two ring type joints flanges, thermal insulation removed after incident.
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Fig. 14. HELISOL® 5A leaking from flow meter flanges at 240 °C and 24 bar
during solar operation, the thermal insulation was removed prior to
the incident.

independently confirmed by accompanying lab scale examinations [32].
In terms of operational safety and technical reliability heat collecting
elements and rotation and expansion performing assemblies functioned
without abnormalities. Still, three minor HTF leakages occurred at other
locations due to local assembly failures. The heat transfer coefficients
and film temperatures inside the HCE using HELISOL® 5A in comparison
to the state-of-the-art HTF were calculated according to DIN 4754 for
different mass flow rates and HTF temperatures. It can be concluded,
that the heat transfer for both fluids is similar, as long as HELISOL® 5A is
pumped with a similar mass flow compared to BP/DPO. When incor-
porating the significant difference in density at operation conditions, the
use of HELISOL® 5A leads to about 30 % higher flow velocities and
eventually to accordingly higher pumping parasitics at power plant

15

level. The HELISOL® 5A heat transfer performance was confirmed at
state-of-the-art operation conditions at 400 °C by infrared camera-based
absorber tube temperature field measurements.

Uncertainty of the system demonstration

In assessing the uncertainty of a system demonstration action, it is
important to recognize that the outcome of the demonstration is not
determined by means of a calculation. Therefore, a straightforward
determination of the measurement uncertainty cannot be applied.
Rather, one can translate “uncertainty” into “system robustness” or the
“soundness” of the demonstration action. In this sense, a demonstration
with low uncertainty must include a realistic setup, a high number of
repetitions and also a variation of the most sensitive system parameters.
In the present case, to assess the uncertainty from repetition the system
was started and operated on 193 individual days. The maximum oper-
ating temperature was temporary exceeded by 25 K and, in particular,
critical low system pressures were implemented. The number of repe-
titions revealed uncertainties of the tubing system in terms of avoidable
leakages and associated consequences, which are presented in section
6.2.4. The uncertainty resulting from exceeding the operating temper-
ature was determined to be very low as the recorded HTF degradation
was still at the lower detection limit. However, even after several
months of operation, such a severe excess would not have any technical
consequences. It rather indicates that the stated maximum operating
temperature of 425 °C is a rather conservative value, this is underlined
by the fact that there was no measurable wear of the HTF at this tem-
perature during 480 h. The uncertainties resulting from operation at
system pressures below the vapor pressure of the HTF are low as no
functional consequences in terms of cavitation or reduced heat transfer
were observed even at system pressures 4.5 bar below the given vapor
pressure. To conclude, the overall uncertainty of the system demon-
stration can be considered low.
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