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Abstract

Over recent decades, solar energy has gained a prominent position as an efficient way to produce
electricity from sustainable resources, reducing dependence on fossil fuels in the energy production
sector. One of the most promising solar technologies is Concentrating Solar Power (CSP). The operation
of CSP plants is based on the use of mirrors that concentrate the sunlight onto an absorbing element.
A heat transfer fluid circulates inside the absorbing element, collecting the heat and transferring it to a
power cycle for electricity generation or to a relevant industrial heating application. The Solar Power
Tower (SPT) is outstanding among current CSP technologies since it offers high thermal efficiency
and the possibility of extending hours of operation thanks to thermal storage, which provides stability
and flexibility to electricity generation, compared to variable renewable energy technologies, such as
photovoltaic and wind energy. One of the most critical systems in SPT plants is the receiver, the
demanding operating conditions of which may reduce its lifespan drastically. Practical considerations
related to the maturing of these technologies and their operation mean they are far from realizing their
theoretical potential exploitation. For this reason, it is necessary to continue developing this technology,
reducing its cost compared to conventional technologies based on fossil resources and guaranteeing it
operates safely. This doctoral thesis aims to contribute to optimizing SPT plants through a broad set
of theoretical and simulation studies focused on improving tubular solar receivers. For this goal, the
thesis develops a series of models and thermo-fluidic simulations (Computational Fluid Mechanics,
CFD) as well as mechanical simulations (Finite Element Analysis, FEM) that take into account the main
heat transfer effects existing in the receiver tubes during their operation, in order to characterize their
thermo-mechanical behavior and analyze the most demanding situations for the receiver.

Firstly, this doctoral dissertation numerically analyzes the preheating of an external tubular receiver
that operates with nitrate molten salt (i.e., solar salt), which is the type of heat transfer fluid (HTF)
usually employed in external tubular receivers. For this study, two numerical models with different
degrees of simplification were developed to analyze the temporal evolution of thermal stresses and the
fatigue damage generated in the receiver tubes during their preheating. In particular, this analysis was
carried out for two receivers of different sizes, allowing the influence of the tube diameter on preheating
to be evaluated. The results show that, since the tubes are empty of solar salt during preheating, the
rear side of the tubes is heated mainly by circumferential heat conduction in tube walls. This explains
why the maximum stresses of the receiver tubes, generated by the non-uniform temperature distribution
inside the tube walls, are obtained during the first minutes of preheating and their values increase with
the tube’s diameter. The fatigue damage produced during preheating for the two receivers analyzed
shows that their start-up is safe. Additionally, these models demonstrate that the preheating strategy
allows sufficient temperature to be achieved to fill the receiver with nitrate salt without freezing risk.
For the next generation of SPT plants, the use of supercritical �$2 Brayton cycles in the power block
forces us to work with temperatures above 700 >� for an efficient operation of cycle. Due to the fact
that the nitrate salt degrades above 600 >�, alternative HTFs that withstand higher temperatures must
be selected, such as molten carbonate and chloride salts. In this doctoral thesis, the creep and fatigue
damage and the feasibility of preheating a receiver for these high-temperature salts are studied. The
results indicate that the receiver tubes can be preheated above the freezing temperature of these salts,
which is higher than that of the nitrate salt. However, starting up high-temperature salt receivers entails a
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ii Abstract

longer preheat time, reducing the plant’s operating time. This fact, combined with the larger heat losses
of the receiver due to its operation at a higher temperature, requires elevated efficiencies (i.e. ≤ 50%)
of the power cycle to improve the overall efficiency of the electricity production of an SPT plant.

In general, the majority of the thermal models of SPT receivers simplify the complex heat transfer
process through certain hypotheses. In this thesis, the validity of two of these hypotheses is analyzed
using three-dimensional numerical models with different degrees of simplification. These hypotheses
are radial conduction in the tube walls and the use of a uniform convective coefficient, both axially and
circumferentially, for the nitrate salt inside the tubes. The results show that these hypotheses do not
significantly affect the temperature distribution of tubes for the typical operating conditions of solar
thermal receivers. In addition, this thesis demonstrates the need to model the mechanical properties
of the tube as temperature-dependent variables to accurately obtain the thermal stresses of the receiver
tubes and the damage associated with their operation, which is a crucial aspect in the receiver design.

Finally, this doctoral dissertation evaluates, numerically and analytically, the thermal andmechanical
behavior of a bayonet tube applied to external tubular receivers as an alternative to simple tube receivers.
A bayonet tube is composed of two tubes, one inside the other, thus creating two sections, circular and
annular, through which the molten salt of the receiver sequentially flows. The results obtained show that
thanks to this layout, the heat transfer of the molten salt inside the tube can be improved. Furthermore,
the excessive overheating of the fluid is avoided since the heat absorbed by the outer tube is distributed
between the flow of molten salt in the annular section and that of the circular section. As revealed by
the simulations carried out, this effect is accentuated by the eccentricity between the centers of the inner
and outer tubes of the bayonet tube. This offers additional degrees of freedom, leading to an optimum
in the thermomechanical behavior of the receiver. Nevertheless, this thesis shows that it is necessary to
combine the optimum designs with other technological and economic factors to make the bayonet tube
receivers competitive with respect to simple tube receivers commonly used in SPT plants.



Resumen

La energía solar se ha posicionado en las últimas décadas como alternativa viable a los combustibles
fósiles en la generación de electricidad y producción de calor a escala industrial. Una de las tecnologías
más prometedoras es la energía solar de concentración (Concentrating Solar power, CSP), la cual se basa
en la concentración de la radiación solar en elementos absorbedores mediante espejos. Dichos elementos
absorbedores conforman el receptor solar y por su interior circula un fluido de trabajo encargado de
recoger la radiación absorbida y transferirla en forma de energía térmica a un ciclo de potencia para
producir electricidad o hacia la aplicación industrial pertinente. Las centrales termosolares de tipo torre
(Solar Power Tower, SPT) destacan entre las tecnologías actuales de CSP ya que ofrecen una elevada
eficiencia térmica y la posibilidad de extender su funcionamiento mediante el uso de almacenamiento
térmico, el cual proporciona firmeza y flexibilidad a la generación de energía eléctrica en contraposición
a las tecnologías de energía renovable intermitentes como las energías fotovoltaica y eólica. El receptor
de las plantas SPT es uno de los elementos más críticos, debido a la elevada concentración de radiación
que es reflejada en las paredes de los elementos absorbedores, normalmente tubos, y la corrosión
generada por el fluido de trabajo. Debido a consideraciones prácticas relacionadas con la madurez de
la tecnología y su operación, las centrales SPT todavía no han alcanzado su potencial y es necesario
continuar desarrollando esta tecnología para reducir su coste y garantizar una operación segura. Esta tesis
doctoral pretende contribuir a la optimización de las centrales termosolares de tipo torre a través de un
conjunto de estudios teóricos y de simulación enfocados a la mejora de los receptores solares tubulares.
Para ello, la tesis desarrolla una serie de modelos y simulaciones fluidotérmicas (Computational Fluid
Mechanics, CFD) además de mecánicas (Finite Element Analysis, FEM) que tienen en cuenta los
principales mecanismos de transferencia de calor existentes en los tubos receptores durante su operación
para caracterizar su comportamiento termo-mecánico y analizar las situaciones más exigentes para el
receptor.

En primer lugar, la tesis estudia numéricamente el precalentamiento de un receptor tubular externo
que opera con sal fundida de nitrato (i.e. sal solar) que es el tipo de fluido de trabajo (Heat Transfer Fluid,
HTF) más usado en estos receptores. Para dicho estudio se desarrollan dos modelos bidimensionales
con distintos grados de simplificación con el objetivo de analizar la evolución temporal de las tensiones
térmicas y el daño a fatiga generado en los tubos receptores durante su precalentamiento. En particular,
este análisis se realiza para dos receptores de distinto tamaño, lo que permite evaluar la influencia
del diámetro del tubo en el precalentamiento. Los resultados muestran que, debido a que durante el
precalentamiento los tubos se encuentran vacíos de sal solar, el calentamiento de la parte trasera de
los tubos se realiza principalmente por medio de la conducción circunferencial del calor a través de las
paredes de los tubos, partiendo de la parte delantera en donde la temperatura es máxima. Este hecho
justifica que las máximas tensiones en la pared del tubo, generadas por la no uniformidad existente en
su temperatura, se obtengan durante los primeros minutos del precalentamiento y se incrementen con
el aumento del diámetro. El daño a fatiga obtenido durante el precalentamiento para los dos receptores
analizados muestra que su arranque es totalmente seguro y permite alcanzar las temperaturas de pared
necesarias para que no se congele la sal de nitrato una vez se introduzca. Sin embargo, en la próxima
generación de centrales SPT, el uso de ciclos Brayton supercríticos de CO2 en el bloque de potencia
obliga a trabajar con temperaturas superiores a las 700ºC para una operación eficiente del dicho ciclo.
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iv Resumen

Este hecho obliga a la selección de nuevos fluidos de trabajo que soporten mayores temperaturas tales
como las sales de carbonato o los cloruros fundidos, debido a que la sal de nitrato se degrada a partir de
600ºC. En esta tesis doctoral, se analiza la viabilidad de precalentar un receptor para estas sales de alta
temperatura calculando el daño infligido en los tubos. Los resultados obtenidos indican que los tubos
del receptor pueden precalentarse por encima de la temperatura de congelación de dichas sales, la cual
es superior a la de la sal de nitrato. Sin embargo, el arranque de receptores para sales de alta temperatura
conlleva un mayor tiempo de precalentamiento, reduciendo el tiempo de operación de la planta. Esto,
sumado a las mayores pérdidas del receptor por operar a mayor temperatura, hace necesario que los
rendimientos del bloque de potencia sean elevados (i.e. >= 50%) si se desea mejorar la eficiencia global
de producción eléctrica de una planta SPT.

Por lo general, las modelizaciones de los receptores solares están basados en modelos térmicos
simplificados, sustentados bajo ciertas hipótesis que permiten simplificar parcialmente los complejos
fenómenos de transferencia de calor involucrados en la operación del receptor. En esta tesis, se analizada
la validez de dos de estas hipótesis mediante modelos numéricos tridimensionales con distinto grado
de simplificación. Las hipótesis evaluadas son la conducción radial en las paredes del tubo y el uso
de un coeficiente convectivo uniforme, tanto axial como circunferencialmente, para la sal de nitrato
dentro de los tubos. Los resultados muestran que dichas hipótesis solo afectan sensiblemente a la
distribución de temperaturas para las condiciones de operación típicas de los receptores termosolares.
Además, se muestra que en los modelos es importante retener la dependencia con la temperatura de
las propiedades mecánicas del material para obtener con suficiente precisión una estimación de las
tensiones que soportan los tubos del receptor y del daño mecánico de los mismos, aspecto crucial para
su adecuado diseño.

Finalmente, la tesis evalúa numérica y analíticamente el comportamiento térmico y mecánico de los
tubos bayoneta en su aplicación a receptores tubulares de torre y como alternativa al uso de receptores
de tubos simples. Un tubo bayoneta está formado por dos tubos, uno dentro del otro, creando así dos
secciones una circular y otra anular que son recorridas secuencialmente por la sal fundida del receptor.
Los resultados obtenidos demuestran que, gracias a esta disposición, se puede mejorar la transferencia
de calor de la sal fundida en el interior del tubo. Además, se evita el excesivo sobrecalentamiento del
fluido ya que el calor absorbido por el tubo exterior se distribuye entre el flujo de sal fundida de la sección
anular y el de la sección circular. Según revelan las simulaciones realizadas, este efecto es acentuado
con la excentricidad entre centros de los tubos interior y exterior del tubo bayoneta, ofreciendo grados
de libertad adicionales que dan lugar a un óptimo en el comportamiento termomecánico del receptor.
Sin embargo, la tesis muestra que es necesario conjugar dicho óptimo con otros factores de tipo técnico
y económico para que el uso de receptores de tubo bayoneta sea competitivo frente a los receptores de
tubo simple convencionalmente usados en plantas SPT.
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Chapter 1
Introduction

Global warming and the exhaustion of fossil resources are making the energy production
sector develop new sustainable ways to satisfy the growing energy demand. The solution
resides in the implementation of technologies based on renewable energies. Since 1992, the
United Nations has been developing measures to reduce greenhouse gas concentration. One
of the first steps was the Kyoto Protocol, whose goal was to reduce Global Warming through
the reduction of greenhouse gas emissions, Manne & Richels (1999). In 2015, additional
measures were proposed in the Paris Agreement to keep the global average temperature
increase below 2 >� and recover pre-industrial levels, Savaresi (2016). However, despite
all these measures, carbon dioxide (�$2) emissions have continued growing around 1.3%
per year between 2014 and 2020. This increase is related to the rise in energy demand in
this period, Gielen et al. (2021). Numerous authors have underlined the need to develop
new sustainable, clean ways to produce energy. For example, in Roelfsema et al. (2020),
the authors discussed the necessity of accelerating the implementation of renewable energy
with coordinated political actions, with special emphasis on countries with a considerable
dependence on fossil resources.

Technologies based on solar energy have great potential for use in the industry to produce
sustainable energy. The main advantages of solar energy are its cleanness, cheapness, and
inexhaustibility. One of the most promising solar technologies is Concentrating Solar Power
(CSP), which uses solar energy concentrated by mirrors to generate heat. This heat can be
used directly in some industrial process or turned into electricity through a power cycle or
other types of heat engines. However, practical considerations related to the maturing of CSP
technologies and their operation mean that are far from realizing their theoretical potential
exploitation. The current roadmap of CSP technologies is to increase their dispatchability
and make them cost-competitive with respect to conventional technologies based on fossil
resources, IRENA (2019). Reaching this goal relies on decreasing the start-up times while
ensuring the safety of all the equipment, reducing the CSP costs and achieving higher
efficiencies, Mehos et al. (2017). From a database of existing commercial plants around
the world, Mehos et al. (2020) analyze the main issues of CSP technologies, highlighting the
problems of the principal systems and their potential solutions. The competitiveness of the
CSP plant can be evaluated through their Levelized Cost of Energy (LCOE). According to
Taylor et al. (2016), the LCOE of the CSP plants in 2025 could decrease their current value by
around 37%− 44%, as a result of the two factors mentioned above, i.e., capital cost reduction,
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associated with the solar field and the storage system, and the enhancement of component
performance, linked with the efficiency and dispatchability of the energy production.

Solar Power Tower (SPT) plants stand out from other CSP technologies for two reasons:
their high thermal efficiency and the possibility of using thermal storage. This high thermal
efficiency and thermal storage capacity means they can attenuate the intermittence of the solar
resource and adapt the production of energy to the demand. Both factors allow SPT plants to
achieve a unique balance, IRENA (2012). SPT plants are composed of a heliostat field, the
solar receiver located at the top of a tower, the thermal store system, and the power cycle. The
heliostat field reflects the solar radiation onto the receiver, reaching a concentration ratio of
approximately 1000, which allows for high temperatures and efficiencies in the receiver. In the
receiver, the heat is absorbed by the heat transfer media and transferred to the thermal storage
system. Several heat transfer media can be used in SPT receivers, such as gas, liquid, or solid
particles. However, the most common is nitrate molten salt since it allows for effective thermal
storage. The heat accumulated in the storage system is then transmitted to the power cycle
to produce electricity or bring it to the desired industrial application, for example, district
heating and chemical conversion. Despite their advantages, the maturing of SPT technologies
must continue. As discussed, this process consists of reducing the electric generation cost
and optimizing the components of the SPT plant, guaranteeing its safe operation during
its lifespan. To contribute to this optimization of SPT technology, numerous authors have
focused their research activities on developing models of the different components of the plant
to characterize the processes involved in its operation.

Different types of receivers exist, with themain ones being volumetric, particle, and tubular
receivers. In light of the SPT plants developed during the last decades, it can be concluded that
the most common configuration is the external tubular receiver, which is composed of vertical
absorber tubes gathered into panels. These panels are connected through a piping system and
mounted on a framework placed on top of the tower. Typically, an external tubular receiver
is configured as a 360> cylinder, where one part of the panel tubes faces the heliostat field,
while the other side faces the framework. To reduce thermal losses from the receiver tubes,
the framework is made of isolated material. Due to its demanding operation conditions,
the receiver is one of the most critical components of SPT plants. One of the factors to
take into account in the receiver design is that the heliostat field reflects the concentrated
solar flux into the receiver tubes, causing non-uniform heat flux distribution due to the
receiver’s configuration. This configuration means the concentrated solar flux reflected by
the heliostat field non-uniformly irradiates the tube walls, causing a circumferential variation
in temperature, which leads to thermal stresses. This fact, combined with the enormous
corrosion of the tubes at elevated temperatures if the heat transfer fluid medium is molten
salt, may cause the rupture of the receiver. This thesis dissertation aims to develop external
tubular receiver models to characterize their start-up and typical operation and to analyze
the aspects that directly affect the receiver’s thermal performance and its structural integrity.
Furthermore, a new design of an external tubular receiver based on bayonet tubes is assessed
from thermal and structural perspectives.
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1.1 CSP technologies

As mentioned, the operation of CSP technology is based on sunlight concentration on a
receiver system through a series of mirrors. Thanks to the receiver system, the solar radiation
is turned into heat, which can be transformed into electricity through a power block or heat
engine, or can be used as a heat source in an industrial process. Depending on how the solar
energy is collected, CSP technologies can be grouped into four main systems:

• Parabolic trough collector, (Figure 1.1 (a): it has the same elements as those
commented above for linear Fresnel collectors, although the two systems differ in
the shape of their mirrors and the solar tracking system. The receiver system, located in
the mirror parabola focus, comprises two parts: (i) a metal tube, known as the absorber
element, inside which the HTF flows, and (ii) a concentric transparent cover, employed
to reduce heat losses. The fundamental components of the parabolic collector are
mounted on a rigid structure, which moves in tandem to track the sun throughout the
day, Jebasingh & Herbert (2016). The operating temperature of this technology is in
the range of 230¯430 >� with a concentration ratio of 30¯100, Kodama (2003). For
these conditions, its thermal efficiency is around 60¯80%. Commercial plants, based
on parabolic trough technology, include Solana Generating Station (280 MW), Genesis
Solar Energy Project (250 MW) and Solaben 1 (200 MW), National Renewable Energy
Laboratory (2021).

• Linear Fresnel collector, (Figure 1.1 (b)): it is composed of a series of mirrors, flat or
slightly curved, placed in parallel rows and a receiver system placed above them. This
technology has a sun tracking system that moves the mirrors across the day, Zhu et al.
(2014). The solar concentration ratio of Fresnel’s mirror gives this technology great
flexibility, allowing it to work at a range of low-medium temperatures. This technology
is a cheaper alternative to the parabolic trough collector, although its thermal efficiency
is lower (under 65% according to Lal et al. (2010)). Many authors have attempted to
enhance the Fresnel collector’s efficiency by adding more receiver tubes, Martínez-Val
(2010), or a secondary reflector, Abbas et al. (2018). The sunlight is concentrated
approximately 30 times into the receiver, Wang (2019) and the operating temperature
of the heat transfer fluid is similar to those achieved in parabolic trough collectors.
Examples of commercial plants based on linear Fresnel technology are Puerto Errado 1
and 2 (1.4 and 30 MW respectively), Kimberlina Solar (5 MW), and CNIM (0.25 MW),
Montes et al. (2014).

• Central receiver system, (Figure 1.1 (c)): it has a series of heliostats located around
a tower, which has a receiver on top. Due to this configuration, this technology is also
known as solar power tower (SPT). In these plants, a dual-axis orientation is employed
in the heliostats to track the sun. The central receivers can use different heat transfer
media (HTM) to capture the solar radiation: solid particles (e.g., ceramic particles), gas
(e.g., air), or liquid (e.g., molten salt). Independently of the heat transfer medium, the
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solar radiation is transferred through a heat exchanger to the power cycle, where it will
be turned into electric energy or transferred to the specific industrial application. The
gas-based receivers can be tubular or volumetric, while for the particle-based receivers,
the particles can be directly irradiated through the concentrated sunlight, avoiding the
limitations of indirect heating associated with the tube walls. The liquid-based receivers
are typically composed of a series of tubes gathered into panels, heated through solar
radiation, and refrigerated by the internal flow of HTF. The panels can be arranged
inside a cavity receiver or, more commonly, in an external cylindrical configuration,
Ho (2017). The temperature operation, which depends on the heat transfer media and
the receiver type, ranges from 300¯1000 >�, while in these plants the sunlight can be
concentrated up to 1000 times, Breeze (2016). Commercial plants based on the central
receiver system include PS10 (11 MW), Ivanpah (392 MW), and Gemasolar (20 MW),
National Renewable Energy Laboratory (2021).

• Parabolic dish collector, (Figure 1.1 (d)): it is composed of the same elements as those
described above: reflector, receiver, tracking system, and structure support. These
components are assembled in a single structure. This ensemble moves on two axes,
which provides complete tracking of the sun throughout the day. Like central receiver
systems, the reflector has a single focal point where the receiver is located. The
reflector system is composed of a series of mirrors, which are placed to form a truncated
paraboloid. One of the advantages of this technology is the wide range of designs that
allows for working with different system configurations, e.g., working with particles,
placing a power cycle in the receiver (Stirling engine), or transporting the heat to a
central power cycle, Coventry & Andraka (2017). However, thermal energy storage in
parabolic dish collectors is still a challenge because of the poor efficiency of the local
thermal storage system. This technology achieves very high temperatures, 750 − 1000
>�, and its concentrating ratio is above 1000, Joardder et al. (2017). According to
Abbas et al. (2011), although there are a wide number of demonstration plants, only
two are close to energy commercialization: Euro Dish and SunCatcher Dish Stirling
system.

The punctual concentration system is more economical than the linear one per kW
produced but has more complex technologies. There are no dramatic differences in the
LCOE for these CSP technologies, being 0.172 e/:,ℎ4, 0.162 e/:,ℎ4, 0.193 e/:,ℎ4
and 0.155 e/:,ℎ4, respectively, for parabolic trough, linear Fresnel, parabolic dish, and
central tower receiver, with the latter working with nitrate salt as HTF. According to IRENA
(2012) SPT plants operating with molten nitrate salts as HTF are emerging as the dominant
CSP technology since they achieve a unique balance between high thermal efficiency and
hours of operation. For this reason, this thesis dissertation is focused on the external tubular
receiver of SPT plants, which are described in greater detail in the next section.
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(a) (b)

(c) (d)

Figure 1.1: Schematic representation of the CSP technologies: (a) Linear Fresnel collector, (b)
Parabolic through collector, (c) Central Tower receiver, (d) Parabolic dish. Adapted fromSolarConcentra
(2013).

1.2 Solar power tower plants

1.2.1 Historical review

During the last years of the 1970B, the oil crisis drove the search for more sustainable ways
to produce electricity, leading to a boom in the development of CSP pilot plants. In 1978,
the United States Department of Energy (DOE) designed the first large-scale SPT plant to
generate 10 ",4 named Solar One. The HTF in the receiver was water, which was sent
to a Rankine cycle to generate electricity. The plant also had a storage system of limited
capacity. This plant was designed as an experimental test plant, and was working between
1982 and 1986. The Solar One plant demonstrated the feasibility of supplying energy using
SPT technology, Radosevich & Skinrood (1989). In 1979, construction began on the Themis
plant in France. This was an SPT plant designed to produce 2.5 ", . It was working until
1986 when it closed due to its scant economic profitability, Bezian (1986). During this period,
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SPT plants received a series of government incentives, although a substantial reduction in gas
and oil prices in the 1980B led many countries to move away from renewable politics.

For this reason, the development of CSP plants slowed down at the end of the 1980s and
beginning of the 1990B, Behar et al. (2013). Despite this situation, DOE continued with the
investigation of SPT plants, adapting the Solar One to a second-generation SPT plant. This
update of Solar One involved substituting water/steam HTF substitution for nitrate molten salt
and some modifications in the SPT systems. The new SPT plant was named Solar Two. This
new design of SPT plants allowed energy production and solar collection to be disconnected
thanks to a large-capacity thermal storage system. The excellent thermal properties of nitrate
molten salt allowed for their direct storage, employing the same HTF for solar collection and
thermal storage systems, Pacheco et al. (2000). Solar Two was operating from April 1996 to
April 1999. In 2006, thanks to the knowledge gathered with Solar One and Solar Two plants,
a new SPT plant named Solar Tres, which is now the Gemasolar plant, was developed in
Seville (Spain), Ortega et al. (2008). This plant was designed to produce 19.9 ",4 with 15
hours of thermal storage, Burgaleta et al. (2011). The success of the Gemasolar plant helped
establish SPT technology and motivated the development of new SPT plants worldwide over
the last decade. Some of these new SPT plants are Ivanpah (2014), Crescent Dunes (2015),
Dunhuang (2018), Luneng Haixi (2019) or Atacama-1 (2021).

1.2.2 International research initiatives

Governments are focusing on the development of more sustainable production to satisfy the
growing energy demand. This is reflected in the increased number of funding research projects
in all countries. Overall, these projects are focused on optimizing and fostering renewable
technologies, making them more competitive. Through the Framework Programmes for
Research and Technological Development, the EU provided the program Horizon2020 with
funding of 77 billion Euros for 2014 − 2020. Through this program, the EU provides funds
to optimize CSP plants, obtaining more competitive CSP energy production through cost
reductions thanks to the use of innovative materials and the reduction of water consumption in
these plants, which is associated with the reduction in water associated with mirror cleaning
and lowering the evaporation losses. This program was updated for the next five-year period
through Cluster 5 of Climate, Energy, and Mobility. The aim of this cluster is to fight
against climate change through a better understanding of its causes and making the energy
sector more climate-friendly, European Commission (2021). In 2011, the DOE launched the
SunShot Initiative, whose initial goalwas to reduce carbon emission by promoting solar energy
and enhancing its role in the energy market. The SunShot initiative promoted photovoltaic
(PV) and CSP technologies to produce electricity, Solar Energy Technologies Office (2021).
In Mehos et al. (2017), the roadmap of the next generation of CSP plants for the following
years, known as CSP Gen3, was discussed and the potential pathways of next-generation
systems were detailed. This roadmap expects higher thermal-electric efficiency conversion
by substituting the conventional Rankine power cycle with the Brayton cycle, which uses
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supercritical carbon dioxide (B�$2). This fact does not involve a conceptual change in the SPT
plants, although the temperatures demanded by the power cycle are increased around 155 >�

over current ones, which leads to significant challenges in selecting SPT materials, Mehos
et al. (2017). In Mehos et al. (2020) several problematic issues obtained from experience in
CSP commercial plants and potential solutions were reported. These solutions are, in some
cases, best practices in CSP operation. For SPT plants, the authors analyzed the background to
each subsystem and proposed some action lines to enhance the performance and increase the
development of commercial plants. The use of renewable technologies is promoted also by the
Spanish government. Its goal is common to other international organizations, i.e., to reduce
greenhouse gases associated with electricity production. To this end, the Spanish government
provides financial support to research centers through direct funding or scholarships, such as
the one used to develop this PhD thesis. In recent years, the promotion of renewable energies
has been encouraged thanks to the "Plan Nacional Integrado de Energia y Clima" which
expects to reduce the dependence on fossil resources, with renewable energies producing
around 74% of the electric generation by 2030, Ministerio para la Transición Ecológica y el
Reto Demográfico (2021).

1.2.3 General layout of SPT plant

As discussed, an SPT plant is composed of a heliostat field, a receiver, a storage system,
and a power block. All these components are schematically represented in Figure 1.2. The
operation of SPT plants is based on the concentration of solar radiation through hundreds of
flat or slightly curved mirrors, called, heliostats. These heliostats reflect solar radiation on
the receiver surface, located at the top of the tower. Each heliostat has a dual-axis tracking
system to optimize the collection of solar radiation and adapt the aiming strategy of the
heliostat field to the operation mode of the plant. The distribution of the heliostats around
the tower is set according to the receiver type in order to enhance the optical performance of
the solar collection system. The plants with a cavity receiver have a north heliostat field, as
in the case of the PS10 SPT plant, while if the receiver is an external tubular receiver with a
360> configuration, the SPT plant would have an approximately circular field, like that of the
Gemasolar plant. The design and optimization of the heliostat field must be coupled to that
of the receiver because the latter’s design affects the sizing of the heliostat field. The design
of the heliostat field is a crucial factor in the optimization of SPT plants due to the high cost
associated with this component. According to Kolb (2011) the heliostat field cost is around
38% of the total investment cost.

The sunlight reflected by the heliostat field is concentrated around 600-1000 times on the
receiver surface. As mentioned, the receiver can be tubular (external or cavity), volumetric,
or particle, depending on the heat transfer medium. Over the last ten years, most commercial
SPT plants have been designed to work with a tubular receiver, Ho (2017). Nevertheless,
many authors continue to investigate volumetric and particle receivers as they have certain
promising features. Research works on these receivers include Fend et al. (2013), Kribus
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et al. (1996) and Ávila Marín (2011) for volumetric receivers and Chirone et al. (2013), Ho
(2016) and Tan & Chen (2010) for particle-based receivers. The newer commercial SPT
plants use external tubular receivers, Ho (2017), which are composed of a series of absorber
tubes gathered into panels. These panels, connected with each other through nozzles, valves,
and secondary ducts, are fitted to the framework at the tower top. As mentioned, the most
typical configuration of an external tubular receiver is a 360> cylinder, although this kind of
receiver accepts others layouts, such as fractal (Ho et al. (2016)) or star (Ho et al. (2014))
configurations. The heat transfer fluid (HTF) is pumped inside the receiver tubes to refrigerate
their walls while it absorbs heat, which achieves temperatures above 600 >�. In this way,
the heat concentrated by the heliostat field is collected by the HTF and stored. The most
widely used HTF is molten nitrate salt, commonly known as solar salt, which has a chemical
composition of 60% wt #0#$3 and 40% wt  #$3. Due to the higher temperature required
in the next generation of CSP plants, new alternatives are being studied.

In current molten salt SPT plants, the thermal storage system has two tanks, at different
temperatures, connected with each other. One of these stores the high-temperature HTF,
which arrives from the receiver at 565 >�. The other tank stores the cold molten salt tanks
at 290 >�. Both are robustly insulated to reduce their heat losses to the ambient. When the
power cycle demands energy, the high-temperature HTF is pumped to the heat exchanger,
where its heat is transferred to the power cycle fluid. For Rankine subcritical cycles, the HTF
of the power block is water/steam, while for future SPT plants, the supercritical Brayton cycle
operates with �$2. While delivering heat to the power cycle, the molten salt decreases its
temperature, and is then directed towards the cold salt tank to be pumped back to the receiver.
Thanks to thermal storage, the fluctuating behavior of the solar resource is partially mitigated.
Additionally, the energy production can be extended a number of hours depending on the
thermal storage size. According to the roadmap of the SPT Gen3, the design of the thermal
storage needs to be improved to enhance its performance and guarantee the requirements of
the high temperature demanded in the B�$2 Brayton cycle heater, Kolb et al. (2011).

The heat stored in the tanks is transferred to the fluid of the power cycle thanks to a
heat exchanger or heater. This heat exchanger has demanding operating conditions, with
permanent control being necessary to avoid the tube rupturing. After the heat exchanger, the
heated fluid from the power cycle is expanded in the turbine, transforming the thermal energy
into mechanical, which in turn is converted into electricity through an electric generator.
Due to its high performance, the use of the B�$2 Brayton cycle has been proposed as the
power block cycle for the next generation of CSP plants. The efficiency of the B�$2 Brayton
cycle is expected to be greater than 50%, but temperatures above 700 >� in the heater are
required to achieve the maximum theoretical efficiencies. According to Mehos et al. (2017),
these cycles support direct and indirect integration with the solar field. However, research on
optimum layouts of B�$2 receivers is still developing. For this reason, indirect integration is
commonly the choice to be studied in the open literature, where a molten salt receiver with
a thermal storage system is used to heat the B�$2 Brayton cycle. Such a high-temperature
requirement implies using alternative HTFs in the receiver because the nitrate molten salts are
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limited to temperatures below 600 >�, as indicated previously. This constitutes a challenge
in the adaptation of the SPT plant layouts to this new HTF, leading to the readjustment of the
designs and operations of the receivers, thermal storage tanks and heat exchangers, among
other plant systems.

Figure 1.2: Schematic representation of the main subsystems of a SPT plant, Mehos et al. (2017).

1.2.4 External tubular receivers

Solar radiation concentration over the receiver is linked to the tower height of the SPT plant.
The ability of the plant to reach high concentration ratios increases with the tower height. The
trend in the design of SPT plants is to develop higher towers since the optical efficiency of the
heliostat field grows with the tower height,Collado & Guallar (2013). However, towers with
larger heights have higher convective losses due to the increased wind velocity, diminishing
the receiver thermal efficiency. For this reason, the design of the receiver and the heliostat
field are coupled. The tower height is typically between 100 m to 250 m, and is commonly
made of concrete. As commented, the receiver is formed by panels of tubes. Each panel is
composed of a valve system, HTF circulation ducts, inlet and outlet collectors, the support
system for the panel’s tubes, and the general support structure of the panels, Zavoico (2001).
An example of an external tubular receiver can be observed in Figure 1.3. The HTF’s path
inside the panel’s tubes directly affects the thermal performance of the receiver and the global
efficiency of the plant. This implies that the flow pattern configuration must be carefully
designed. This topic was widely discussed in Rodriguez-Sanchez et al. (2015), where the
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authors concluded that the most efficient flow path configuration depends on solar flux and
the optimum crossover position changes along the day. They concluded that the most suitable
configuration would be a variable flow path configuration.

Due to the cylindrical configuration of the receiver, one side of the tube faces the heliostat
field while the other faces the reradiating wall. Thus, the maximum temperature of the tube
is located at the front side of the outer surface, while the minimum temperature is located at
the rear side of the tube that faces the reradiating wall. This generates a highly non-uniform
temperature distribution, which is one of the principal causes of the thermal stress of receiver
tubes. In addition, at the inner tube surface, a corrosion environment is generated due to
the molten salt. Although the receiver is not the most expensive element in a SPT plant,
accounting for 17% of the total plant cost according to Singer et al. (2014), it is one of the
most demanded systems due to its operating conditions.

Figure 1.3: 3D view of a SPT receiver with one of the panels extracted for better visualization of
components.

The design of the receiver is a crucial factor in SPT plants due to its demanding operating
conditions, and its layout must be set to optimize its thermal efficiency and guarantee safe
operation during the receiver’s lifespan. Moreover, during the receiver operation, a series of
considerations have to be borne in mind to ensure its efficient operation:



1.2. Solar power tower plants 11

• The HTF flow inside the receiver tubes must be turbulent to enhance the convection
heat transfer and avoid overheating tube walls.

• The receiver pressure drop should be minimized to reduce power pump consumption..

• Film HTF temperature must be above the degradation temperature limit, which for
binary nitrate molten salt is around 600 >�-650 >�.

• The corrosion rate produced by the molten salt is directly related to its temperature and
is reduced as the average salt temperature diminishes.

• The stresses in the tube walls of the receiver, which are caused by the pressure of the
HTF and the tube temperatures, must be below 33% of the ultimate tensile strength of
the tube material. The use of thicker tubes leads to larger thermal stresses.

Some of the above requirements can only be partially met because of their counteracting
effect, such as, for example, the enhancement of the convective heat transfer and the reduction
of the pressure loss in the tubes. Therefore, an adequate design should take into consideration
a balanced trade-off between the most important requirements of the receiver. Additionally,
the combination of stresses and temperature might cause the tube to crack due to fatigue
and creep damages, reducing the receiver’s lifespan. For this reason, the selection of tube
material according to the expected maximum wall temperature and HTF velocities is a crucial
factor in the design of SPT receiver tubes. The principal requirement of the tube material is
the need for excellent fatigue and creep properties at elevated temperatures, such as those of
nickel-based alloys like Inconel alloy 625 and Haynes 230, the austenitic Incoloy 800H, and
the steel 316.

1.2.4.1 Operation states

Due to the fluctuating nature of the solar resource, the SPT receiver undergoes changes in the
incident solar radiation, and this affects the receiver operation regimen, generating different
states. According to Zavoico (2001), the principal operation states of an SPT receiver are:

• Overnight hold: every night or during long pauses, the molten salt is drained from
the receiver tubes, while an electric heat trace circuit, which heats the valve system,
secondary circulation ducts, and collectors, is turned off. Furthermore, the heliostats
are in stock position. During this state, the molten salt pump is inactive.

• Standby: when the solar resource is not sufficient to continue with the usual receiver
operation, e.g., due to large clouds passages over the heliostat field, the receiver changes
to standby mode; in this state, the pump is in regular operation, while the valves of the
receiver are open and the molten salt flows in the bypass circuit. This circuit is the flow
path that guides the molten salt from the storage tank to the top of the tower, and is
formed by a downer, riser, and bypass ducts. While the molten salt is recirculated in the
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bypass circuit, the receiver tubes are empty and the heliostats are partially unfocused,
concentrating the sunlight into points known as standby aim points.

• Preheat: after long pauses, like, for example, the night, receiver tubesmust be preheated
to avoid the molten salt freezing inside the tubes while being filled. During the receiver
preheat, only one group of heliostats are focused on the receiver, while the tubes are
empty (i.e. air filled), the molten salt is circulated in the bypass circuit until the
preheating of receiver tubes concludes. At this stage, the electric heat trace circuit is
turned on to avoid molten salt crystallization due to cold points in the collectors or in
secondary ducts.

• Normal operation: at sun irradiation levels that are sufficient to produce a nominal
operation of the plant, the receiver valves are open, and the molten salt is pumped
into the receiver tubes. The control system modifies the molten salt flow to achieve
a temperature of 565 >� at the receiver outlet. In this stage, all the active heliostats
concentrate the solar radiation in the receiver tubes, according to the desired aiming
strategy. The electric heat tracer circuit is turned off, although it might be activated in
the function of temperature setpoints.

• Cloud standby: due to the movement of clouds over the heliostat field, the regular
operation of the receiver can be subjected to unsteady values of concentrated solar flux.
On a day with clouds, the difference in operation with regards to the heat of a clear sky
is that the molten salt flow is modified to achieve a temperature of 510 >� at the receiver
outlet under theoretical clear-sky conditions (i.e. clear sky between the passage of two
clouds). This countermeasure is performed to avoid overheating when the heliostat
field is not covered by clouds. The other elements maintain their described behavior in
the usual operation.

During the day, the receiver operation changes between the above states due to the
fluctuating nature of solar resources. Thus, a reversible evolution between states can happen.
This situation is represented by arrows in Figure 1.4. After long pauses, the receiver is in
standbymode. If the ambient conditions allow the receiver tubes to be preheated, the heliostats
are moved to the preheat aim points, and when the tubes reach sufficient temperature, they
are filled with molten salt. If the meteorological conditions change and preheating cannot
be completed, the heliostats would be unfocused and the operating mode would return to the
standby state. If the temperature of the tubes is sufficient, the receiver can be filled with molten
salt, changing the preheating state to normal operation. When the passage of the clouds over
the heliostat field does not significantly disturb the receiver operation, it continues to operate.
If the operation is not developed in the normal way, the heliostats are progressively unfocused,
and the molten salt mass flow is modified. When the ambient conditions are unfavorable,
impeding the receiver’s operation, the molten salt is drained from the tubes, and the receiver
changes to the standby state.
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Figure 1.4: Operating states of SPT receiver and its transitions. Adapted from Zavoico (2001).

1.2.4.2 Heat transfer fluids

Over the different generations of SPT plants, many heat transfer media have been proposed
to collect solar energy in the receiver. During the first generation of SPT plants, the heat
transfer media was steam, and the power cycle was based on the Rankine cycle. In the second
generation of SPT plants, the heat transfer medium was set as molten salt since it could be
used for the receiver and thermal storage. Due to this change of HTF, the temperature at the
receiver outlet rose from 450 >�, achieved in the first generation, to 565 >�, enhancing the
thermal efficiency of the plant. The layout of the forthcoming third SPT plant generation is
ruled by the change of power cycle, from the current Ranking cycle to gas or supercritical
Brayton cycles. This implies achieving temperatures above 700 >� at the receiver outlet
to reach high efficiencies in the power cycle. It is necessary to substitute the molten salt
of second-generation plants by other media that allow higher temperatures to be achieved,
such as alternative high-temperature molten salts, liquid metals, particles, or gas, He et al.
(2020). The selection of the heat transfer medium is one of the critical considerations in
the SPT receiver layout. According to Pacio & Wetzel (2013), an HTF should ideally have
low corrosion at the highest temperatures, reduced viscosity, high heat capacity and thermal
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conductivity, low cost, thermal stability at operation temperatures, low melting temperature,
and high boiling temperature. Many authors have discussed the benefits of alternative heat
transfer fluid in the open literature. For example, Vignarooban et al. (2015) analyzed the
potential use of air, molten salts, and liquid metals to be used as HTF in CSP plants. The
authors discussed the benefits of each fluid to transfer and store the thermal energy for each
CSP technology. Zhu & Libby (2017) analyzed the use of different heat transfer media for
the next generation of SPT plants. The following is a list of the most common heat transfer
media analyzed in the open literature, describing their potential advantages and problems to
be employed as heat transfer media in SPT receivers.

• Air: One of the advantages of using air as an HTF is its wide operating temperature
range. It is also cost-free and can be directly coupled with Brayton power cycles,
meaning that the same fluid is used in the receiver and the power cycle. Nevertheless,
the airflow must be purified to avoid the presence of foreign bodies in the receiver
tubes or in the power block. For its use in SPT plants, the air must be pressurized,
which generates high electric consumption, Kribus et al. (2000). Due to the relatively
low thermal conductivity of air, the refrigeration of the tube walls is not as good as in
a liquid HTF. The air is principally used in SPT plants through volumetric receivers.
Several prototypes have demonstrated the benefits of this media in a lab or small-scale
test; however, this technology needs financial support to be competitive in the electric
market due to the high energy consumption in the air pressurization process, Ávila
Marín (2011).

• Water/Steam: Its use is compatible with direct coupling with a power cycle, avoiding
the use of an evaporator train, although high levels of pressure are needed to achieve
the optimum performance of the SPT plant, He et al. (2020). The availability of water
in zones where the plants are located must be considered before the design. SPT plants
operating with water/steam need a cooling system and, for large scales, indirect thermal
storage, with this storage being very complicated. Moreover, for tubes made of an alloy
or a stainless steel, the water/steam is corrosive at large temperatures and can cause the
receiver to fail, as reported by Radosevich (1988).

• Molten salt: Themost commonmolten salt in SPTplants is nitrate salt (60%wt#0#$3
and 40% wt  #$3). One of the main advantages of a nitrate salt is its sizeable thermal
capacity, making its use for thermal storage very attractive. Another positive point is its
relatively low cost. Other noteworthy features are its low vapor pressure and its thermal
stability at temperatures up to 600 >�, Zavoico (2001). However, its high melting
temperature involves exhaustive control of temperature of the receiver tubes to avoid
crystallization inside the tubes. This was reported by Bradshaw et al. (2002), where the
authors reported that one of the major issues encountered in the Solar Two SPT plant
was the crystallization of the molten nitrate salt inside tubes during the receiver start-up
and subsequent procedure of thawing the receiver tubes to revert the HTF freezing.
Furthermore, the molten nitrate salt is corrosive at elevated temperatures, Fernández
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& Cabeza (2019). The next generation of SPT plants poses a challenge because the
HTF must achieve temperatures above 700 >�. For this reason, it is necessary to
substitute conventional nitrate salt by a high-temperature molten salt that can work at a
considerable temperature. According to He et al. (2020), the most promising options
are carbonate, chloride, and fluoride salts. However, high-temperature molten salts
often have a higher crystallization temperature and can be more corrosive than nitrate
salts.

• Liquid metal: The high thermal conductivity of the liquid metal above its fusion point
and its wide operating temperature range makes it a promising alternative HTF for the
next generation of SPT plants. The use of liquid metals is not a novelty, for it was
firstly studied in 1980 in Plataforma Solar of Almeria (PSA), where liquid sodium was
tested and its feasibility as a receiver HTF was demonstrated and reported in Schiel &
Geyer (1988). However, this study was halted due to the risk of explosion on account
of the reactivity of the sodium with the water vapor in the air. Recently, the use of
liquid metals has become attractive owing to the high temperatures demanded by the
sCO2 Brayton cycle for the Gen3 of SPT plants. Due to the liquid sodium reactivity,
its storage is challenging. Pacio &Wetzel (2013) discussed the liquid metal candidates
that can be potentially employed in the thermal storage system. They concluded that the
metals with the most considerable potential are tin, lead-bismuth eutectic alloy (LBE),
and sodium. In Flesch et al. (2017), several layouts of SPT plants were analyzed for
different plant configurations, and they reported the benefits of this kind of fluid for
SPT plants. The cost of the HTF depends on the kind of liquid metal, although it is
typically relatively higher than binary nitrate salts.

• Solid particles: Solidmedium to small size particles are stable at high temperatures and
can be fluidized or mechanically transported and directly stored. Examples of particle
materials considered in SPT plants are sand, ashes, and minerals. Their stability at
very high temperatures means that solid particles are compatible with B�$2 Brayton
cycles. According to Zhu & Libby (2017), they are more economical than nitrate salt
or liquid metals. However, their use requires a complex mass flow control and efficient
heat exchanger to transfer the heat from the solid particles to the gas. This kind of SPT
receiver with solid particles as the HTF is still in development, since the current designs
provide low thermal efficiencies, He et al. (2020).

• Supercritical �$2 (B�$2): In a closed-loop system, �$2 can be used in the receiver
and in the power cycle if the thermoelectric conversion is performed through a
supercritical Brayton cycle. �$2 is stable at the operating temperature range of SPT
plants and has low viscosity. However, the B�$2 receiver has to work at high pressure
for efficient integration with B�$2 Brayton cycles and the SPT plant needs indirect
thermal storage because B�$2 is not appropriate for direct thermal storage. Its thermal
properties cause high fluid velocity, which leads to large pressure drops, He et al.
(2020). Moreover, it is corrosive for stainless steel alloys at elevated temperatures. The
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great potential of B�$2 use in SPT plants has recently led to an exponential increase
in the number of studies on the topic. For example, in Soo-Too et al. (2017), the
performance of a cavity receiver was investigated using B�$2 in a closed loop. The
authors built a high-pressure solar receiver that achieved a gas temperature outlet of
750 >� at 700 :%0 and thermal efficiencies, based on experimental measures, around
75%. Due to the demanding conditions of B�$2 receivers, its adequate design is a
crucial step. For this reason, a number of works have analyzed its design and operating
requirements, such as Ortega et al. (2015), where the strategies and guidelines for the
B�$2 receiver modeling were discussed.

In this dissertation, molten salts have been established as the HTF in the receiver.

1.2.4.3 Main problems

As anticipated, SPT receivers are subjected to demanding operating conditions caused by the
extremely intense heat flux concentrated on the receiver walls and the corrosion produced by
the HTF inside the tubes. As commented, the configuration of the external tubular receiver
means that the front side of the absorber tubes reaches higher temperatures than the rear side.
This non-uniform temperature distribution tends to generate a strong bend in the tube due to
the resulting differential thermal expansion. This bending is partially prevented by a series of
mechanical restraints, called clips, which are plates welded to the rear side of the tubes and
connected through a vertically sliding joint to the rear wall of the receiver. These clips have
a significant influence on the mechanical behavior of the receiver tube, as was reported by
Montoya et al. (2018). Due to their configuration, the receiver tubes reach the highest stress at
the front side of the outer tube surface, coinciding with the location of the temperature peaks.
Both the temperature and the stress are the sources of receiver creep damage. Furthermore,
the daily variation of the heat flux leads to a continuum change of the tube temperatures and
stresses, inducing severe fatigue damage. The combination of fatigue and creep damage with
molten salt corrosion reduces the lifespan of the receiver.

To enhance the lifespan of the receiver, it is first necessary to eliminate or attenuate the
causes that reduce it. He et al. (2019) discussed the consequences of non-uniform distribution
of the heat flux in CSP plants. The authors underlined the challenge of developing safe and
efficient plant operation, focusing their attention on the receiver tubes since they are subjected
to the largest stresses and deformations, degradation and corrosion, and over-burning due to
the great concentration of sunlight onto their walls.

The problems described byHe et al. (2019)might be tackled by enhancing the refrigeration
of the tube walls, based on improving the heat transfer convection of the HTF through, for
example, new receiver designs or an alternative HTF. A way of improving the molten nitrate
salt heat transfer is through alternative tube designs, new receiver layouts, or optimizing
receiver flow paths. Uhlig et al. (2019) used CFD simulations to analyze the potential use of
corrugated tubes in SPT receivers, with their corrugation based on helical ribbed structured.
The authors proposed the use of tubes with larger diameters to reduce the velocity of the
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molten salt. Thanks to this configuration, the corrugated tubes achieved a similar pressure
drop to those of smooth tubes. Additionally, the swirl flow improves the homogenization
of the molten salt inside the tube, reducing the non-uniform temperature distribution at the
tube walls and diminishing the thermal stresses. The authors concluded that the corrugation
of the absorber tubes could be used as an additional design parameter in the layout of the
SPT receiver. Due to its great potential, authors have conducted detailed studies of the heat
transfer of turbulent flow inside corrugated tubes, including Lu et al. (2013), who proposed an
experimental correlation for turbulent and transitions flow in a spirally grooved tube, or Chen
et al. (2013), who experimentally characterized smooth and corrugated tubes. In Garbrecht
et al. (2013), a novel design for the SPT receiver was reported. This receiver was composed
of a large number of hexagonal pyramid-shaped elements arranged in an alveolar manner,
with their apexes pointing to the heliostats. The sunlight was concentrated on the external
receiver surfaces, refrigerated by a molten salt flowing inside. In Rodríguez-Sánchez et al.
(2014), the authors proposed an external receiver composed of bayonet tubes in place of
simple tubes. A bayonet tube comprises two tubes, one inside the other, creating a circular
section and an annular section. The bayonet tube can improve the heat transfer of the molten
salt due to the rise of molten salt velocity in the vicinity of the most thermally demanded
zone. Furthermore, the overheating of the molten salt is avoided since a part of the heat
absorbed by the outer tube is exchanged between the molten salt at the annular section and
those flowing at the circular section. When the outer and inner tubes of the bayonet tube are
not concentric, the resulting asymmetry of the flow can be used to increase the heat transfer
coefficient in the angular direction of the tube where the solar irradiation is maximum, which
opens the possibility of further reducing the temperature gradients of the bayonet tubes while
maintaining the pressure drop, Pérez-Álvarez et al. (2018). Thus, bayonet tubes offer extra
degrees of freedom compared with simple tubes, a fact that can be used to optimize the
receiver thermo-mechanical behavior. For this reason, it is worth considering the application
of bayonet tubes to SPT receivers, which has not been fully evaluated. Consequently, the
bayonet tube will be further studied in this thesis.

As mentioned, another option to improve the heat transfer of the HTF is through the
optimization of molten salt flow paths in the SPT receiver. Montes et al. (2012) defined a
flow pattern dependent on the solar radiation concentrated at receiver walls. This design was
able to reduce the non-uniform temperatures for different radiation maps. Rodriguez-Sanchez
et al. (2015) proposed the use of valves to split each panel into two independent panels
where, through the increase of the molten salt velocity, the overheating of the panel tubes
was reduced. The effect of variable velocity on the receiver tube stress is negligible, although
thanks to this configuration, the SPT plant gains hours of operation and reduces its LCOE.
It is worth noting that the circumferential homogenization of the heat flux distribution at the
tube wall cannot be easily achieved in a typical receiver configuration of a 360> cylinder. For
this configuration, the rear side of the tube is facing the reradiating wall. An option would
be to add a heat source in the reradiating wall, although it would be inadvisable from an
economic perspective. Thus, circumferential homogenization is challenging. Nevertheless,
an alternative to axially-homogenize heat flux distribution is to produce a uniform axial
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distribution of the heat flux. In Sánchez-González et al. (2017), different aiming strategies of
the heliostat field were analyzed, and the multi-point aiming strategy was found to raise the
uniformity of the axial distribution of the heat flux. Thanks to this aiming strategy, the stress
distribution would be more uniform in tube height.

The design of the SPT receiver must withstand its daily operation and start-up during
the receiver lifespan. At both states, the receiver tubes are under demanding working
conditions, i.e., high temperatures and stresses and the corrosion produced by the molten
salt. For this reason, to adequately control and manage the receiver, it is necessary to develop
models that represent all the phenomena involved in receiver operation and characterize
their thermo-mechanical behavior and creep-fatigue damage under usual and start-up receiver
operations.

1.3 Scope of the thesis

In the previous sections, the state of the SPT plants was described, concluding that their
technology is not yet mature, and some steps must be taken to optimize them. The
characterization of the different phenomena involved in the receiver’s performance helps to
reveal their nature under different operation states. As performing experimental measurements
on a receiver in actual operation is a very complex and expensive process, the development of
models of receiver tubes plays a crucial role in understanding and optimizing SPT plants and
allows the researchers to better know the parameters that have a main role in the behavior of
the receiver. This doctoral dissertation aims to contribute to the maturing of solar technology.
Based on the literature available on SPT external tubular receivers, a number of topics have
been detected that have not yet been explored or require further research. These topics have
inspired the following key goals of this PhD thesis.

• Development of thermo-mechanical models to characterize the preheating process of
the receiver tubes and estimate their creep-fatigue damage. Reaching this goal would
improve the prediction of the lifespan of the receivers and could lead to better and more
secure designs of receiver tubes.

• Study of the preheating viability of an external tubular receiver to operate with
high-temperaturemolten salts. This objective aims to discernwhether high-temperature
molten salts to be used in future Gen3 SPT plants are compatible with essential
operations such as the plant start-up.

• Characterization of the convection heat transfer of an absorber tube during
non-asymmetric heating. Accurate knowledge of non-asymmetric heating, always
present in tubular receivers, would facilitate the understanding of the thermal and
mechanical behavior of simple tubes and other tube geometries. It would also be
beneficial for the development of receiver models.
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• Verification of the use of simple models to characterize the operation of receiver tubes
under steady-state and transition conditions. There is a lack of verification of the limits
of the accuracy of simplified models in terms of thermo-mechanical results. Such
verification is essential if simplified models are to be applied for the analysis and design
of SPT receivers.

• Analysis of the influence of material properties on the accuracy of thermo-mechanical
modeling of the receiver tubes. Achievement of this goal would benefit the development
of simplified models for the same reason mentioned in the previous goals.

• Development of a thermo-mechanical model of a bayonet receiver, which has thus far
not been done despite assessment of the potential of this kind of tube arrangement being
needed.

• Characterization of the effect of eccentricity and tube dimensions on bayonet tube
performance. This is required to later optimize the bayonet tube design.

• Analysis of the benefits of a potential substitution of conventional tubes by bayonet
tubes in an SPT receiver. This would help detect the operation ranges for which each
technology is advantageous.

• Optimization of bayonet tube receiver based on the results of the previous goals and
from a thermo-mechanical perspective.

1.4 Outline of the thesis

As evidenced in the scope of this doctoral thesis, it develops a broad set of theoretical lines
and simulations aimed at improving solar receivers. This is done by creating models and
thermo-mechanical assessment of the crucial operation of the preheating of the tubes, their
substantial non-asymmetric heating, and the characterization and optimization of bayonet
tubes for SPT as a response to the weakness of common simple tube receivers. All these
studies are organized and discussed in 8 chapters, which are arranged into two sections
according to the time dependence of the model, i.e., transient or steady operation.

The logical order to present the chapters is by first commencing with the studies devoted
to simple tubes and then develop the bayonet tube as an alternative design. The transient
preheating analysis for simple tubes was chosen as the first because the tubes are empty in
this operation, leaving the analysis of the molten salt coupled with the tubes for the following
chapters. Figure 1.5 summarizes the outline of the thesis. As shown in Figure 1.5, Chapters
2 and 3 are related to the preheating of the receiver tubes (transient process), while the steady
processes are discussed in Chapters 4 to 7. The notation employed in this thesis is shared in
each chapter. The list of variable notations and other nomenclature is at the beginning of this
document. Additionally, each chapter is particularized with its own abstract, introduction,
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Figure 1.5: Outline of thesis dissertation.

conclusions, and bibliography to make each topic self-consistent and facilitate the reading of
the document. The following paragraphs describe each chapter of the thesis in more detail.

This dissertation starts with the analysis of the receiver tube preheating in order to
characterize its creep-fatigue damage. Chapter 2 presents two numerical thermal start-up
for tubular SPT receivers, which operate with nitrate molten salt as HTF. The chapter
characterizes the temporal evolution of the temperature and thermal stresses for two SPT
plants, i.e., Gemasolar and Dunhuang. The main goal of this chapter is to detect when
and where the largest temperature gradients and mechanical stresses appear during the tube
preheating and evaluate their impact on the damage of the receiver tubes. Based on the results
of this chapter, it can be concluded that a preheating following a typical sequence given by
the Vant-Hull algorithm does not compromise the structural integrity of the studied receiver
tubes.

Enhancement of power cycle efficiency in the next generation of SPT plants will improve
overall solar-to-electric conversion in SPT plants. This requirement can be achieved through
the use of a B�$2 Brayton cycle. Nevertheless, this kind of cycle requires temperatures
above 700 >� to operate at its best efficiency levels. This fact leads to the use of alternative
HTF for the receiver since the conventional nitrate salt degrades a temperature above 600 >�.
Thus, in Chapter 3, the viability of preheating the receiver tubes above the crystallization
temperature of carbonate and chloride salts was studied using a model proposed in Chapter
2 for the Gemasolar SPT plant. In light of the results, the original Vant-Hull algorithm of
tube preheating is suitable for salt nitrates, but is not adequate for high-temperature HTF.
Therefore, a series of modifications of the Vant-Hull algorithm is proposed in Chapter 3 to
achieve the preheating temperature of the tubes that are needed to securely fill the receiver
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with high-temperature HTFs. One of the conclusions of this chapter is that the efficiency of
a B�$2 Brayton cycle in the SPT plant must be above 50% when carbonates or chloride salts
are used as HTF to compensate for the loss of energy associated with the delay of the receiver
start-up since these high-temperature HTFs require higher preheating incident heat flux than
the commonly used nitrate salt receiver.

In Chapter 4, the convection heat transfer in the receiver tubes was studied through
numerical CFD models. Moreover, the effect of non-uniform heating of the absorber tubes
was analyzed for different operations ranges. The design of the SPT receiver is typically
based on thermal models that employ hypotheses to simplify the complex heat transfer
phenomena involved in the receiver operation. In Chapter 4, the validity of two of these
hypotheses was analyzed through models with different complexity grades. In particular,
the evaluated hypotheses are radial 1D heat transfer in the receiver tube walls and the use
of axially- and circumferentially-invariable Nusselt numbers to represent the convection heat
transfer of the heat transfer fluid flowing inside the tubes. Furthermore, the importance
of temperature-dependent properties is studied, revealing the necessity of modeling the
mechanical properties as temperature-dependent variables due to the considerable error
associated with a mechanical analysis with constant mechanical properties.

Chapters 5, 6 and 7 are devoted to the design, characterization and optimization of bayonet
tubes as an alternative to simple tubes in SPT receivers. In Chapter 5, the thermal modeling of
the bayonet tube receiver is presented. Firstly, an analytical modeling of concentric bayonet
tubes was developed to analyze the effect of the flow layout in a bayonet tube. This analytical
methodology is based on an energy balance applied to a bayonet tube uniformly heated in
axial direction. The eccentricity of the inner tube of a bayonet tube and the end-cap flow
behavior are not considered in this analytical model because of its simplicity. Instead, all
these elements are considered in a numerical CFD model which characterizes a 3D bayonet
tube under steady-state conditions and serves to verify the analytical model. In Chapter 6,
the thermo-mechanical viability of a bayonet receiver has been analyzed using the numerical
modeling described in Chapter 5. Thanks to this detailed CFD model, the performance of
the bayonet tube was obtained and compared with conventional simple tubes for the same
SPT receiver conditions. Based on these simulation results, the geometric and operation
ranges for which the bayonet tube performance equals or surpasses a simple tube are detected.
This is done for different design criteria of the bayonet tube with the aim of detecting the
best design option. The effect of eccentricity on the heat transfer and the pressure drops in
the bayonet tube is systematically studied in Chapter 7 through the CFD model described in
Chapter 5. Furthermore, several eccentricities are studied to characterize their influence on
the resulting thermal stresses in the tube walls of the bayonet receiver. The results reveal that
the eccentricity creates asymmetries in the flow characteristics that effectively increase the
molten salt heat transfer coefficient on the outer tube within an interval of azimuthal angles
where the solar irradiation is maximum, with this reducing the temperature and stress peaks.
Furthermore, the analysis presented in Chapter 6 is completed in Chapter 7, providing the
configurations of simple tube receivers that perform worse than the bayonet receiver. Finally,
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the main conclusions derived from this thesis dissertation are summarized in Chapter 8.
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Chapter 2
Receiver preheat: Influence of
ambient conditions and tubes

diameter†

Preheating of the absorber tubes of a central receiver is an essential operation in the start-up
of current Solar Power Tower plants (SPT) working with molten salt as a heat transfer fluid.
In the preheating, a subset of the heliostat field is aimed at the receiver to produce an incident
heat flux capable of heating the tube walls before they are filled with the molten salt. Incident
radiation should be kept above a minimum as an insufficient level of preheating may lead to
the crystallization of the incoming flow of molten salt, interrupting the receiver operation.
However, an excessive incident heat flux in the preheating causes severe thermal gradients
in the walls of the tubes, leading to extremely high thermal stresses and the eventual fatigue
damage of the receiver. The present chapter numerically characterizes the temporal evolution
of the temperature and thermal stresses in the absorber tubes made of Haynes 230 alloy. This
is done for two examples of SPT plants, i.e., Gemasolar and Dunhuang. This serves to detect
when and where the most considerable temperature gradients and mechanical stresses appear
during the tube preheating and evaluate their impact on the fatigue damage of the receiver
tubes. The results show that during the first seconds of preheating, the front side of the tube
is rapidly heated. However, the temperature at the rear side of the tube is barely modified,
causing a great non-uniformity in the temperature distribution. This effect is enhanced when
the tube diameter is increased because the heat requires more time to reach the rear side of
the tubes. The peak values of the temperature gradient and the von Mises stress are achieved
during the first minutes of the preheating. Besides, under windy conditions, the preheating
procedure proposed by Vant-Hull may be insufficient to preheat the receiver. Furthermore,
in all the cases analyzed, the estimated fatigue damage of the tube is much less than the 5%
upper limit to avoid significant creep-fatigue interaction. This indicates that the Vant-Hull
algorithm does not compromise the structural integrity of the studied receiver tubes.

2This work was reported in a section of Pérez-Álvarez, R., González-Gómez, P.A., Santana, D., Acosta-Iborra,
A. 2021 Thermal stress and fatigue damage of central receiver tubes during their preheating. Accepted for publication
in Applied Thermal Engineering.
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2.1 Introduction

Renewable energies are increasingly promoted worldwide to generate electricity due to the
growing concern about Global Warming and Climate Change and the exhaustion of fossil
resources. Solar energy is acknowledged as one of the most promising, clean, and abundant
renewable energies. Specifically, Concentrating Solar Plants (CSP) are the most efficient and
cost-competitive solar technology regarding energy storage for the electricity production with
solar energy IRENA (2019). Although CSP plants have experienced significant growth in the
last years worldwide, they are still involved in a maturing process where significant challenges
must be overcome to reduce the cost and ensure a suitable reliability level.

CSP technologies are based on the conversion of solar radiation into thermal energy,
which is produced through mirrors that reflect the solar radiation onto an absorber element,
heating the Heat Transfer Fluid (HTF) which flows inside. The thermal energy of the HTF is
transformed into electricity in the power block of the plant. According to IRENA (2012) the
Solar Power Tower (SPT) plants operating with molten nitrate salts as HTF are becoming the
dominant CSP technology since they reach a unique balance between high thermal efficiency
and hours of operation aided with the direct storage of the HTF. Despite its advantages,
the improvement of SPT technology must continue to produce energy in an efficient and
cost-competitive way, guaranteeing a safe operation during the useful life of the plant. One
of the most critical components of SPT plants is the receiver which is typically composed of
absorber tubes that are subjected to the concentrated solar flux reflected by the heliostat field.
This concentrated flux has a non-uniform distribution and leads to high-temperature gradients
in the tube walls. The temperature gradients in the tube walls produce high thermal stress of
the absorber tube as explained in Marugán-Cruz et al. (2016). HTF corrosion combined with
the high thermal stresses may causes the cracking of the receiver tubes.

The receiver represents the 20% of the total capital investment cost of SPT plant (IRENA,
2012), which, combinedwith its demanding operating conditions, justifies developing accurate
thermo-mechanical models to predict the receiver behavior under different conditions. Several
thermo-mechanical models have been reported in the literature. In Jianfeng et al. (2010) an
analytical model for a SPT absorber tube under concentrated solar radiation was developed
to study the influence of the tube length, the incident energy and the HTF flow velocity in the
pipes on the heat transfer and the thermal efficiency of the receiver. A numerical model of an
absorber tube was developed in Yang et al. (2012) for a receiver tube operating with molten
salt. The tube was heated at one half of the outer surface and insulated at the other half. The
heat transfer characteristics were studied in this work, and the importance of the inner surface
temperature was stood out to prevent the decomposition of molten salt. In Rodríguez-Sánchez
et al. (2014b) a thermo-mechanical and hydrodynamic analysis was carried out to characterize
the behavior of a SPT receiver considering one representative tube per panel. The temperature
distribution and the film temperature were shown to be critical parameters in the design of SPT
receivers, revealing the need for a compromise design between pressure drop and maximum
film temperature. This model was updated in Rodríguez-Sánchez et al. (2018), where all the
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receiver tubes were considered, instead of one representative tube per panel, yielding a more
accurate temperature prediction. Besides, the novelty in Rodríguez-Sánchez et al. (2018) was
the coupling between the thermal characterization of the receiver and the aiming strategy of
the heliostats field to avoid the overheating of the receiver tubes. In Rodríguez-Sánchez et al.
(2014a), two numerical models, developed under the assumptions of homogeneous heat flux
and wall temperature, were created for a receiver with a representative tube per panel. The
temperature distribution of the receiver obtained with these models was compared with steady
CFD numerical simulations to check the validity of the assumptions. A FEM and CFDmodels
were developed in Fritsch et al. (2017) for a single receiver tube, heated in the front half of the
outer tube surface while the other half was insulated. In this work, models were developed
for transient and steady conditions to characterize the dynamic behavior of the absorber tube
under a sudden change in the heat flux. A good agreement between FEM models with fluids
lines and detailed CFD models was reached in Fritsch et al. (2017) for the molten salt cases.
Besides, the effect of changing the molten salt by liquid sodium was studied, showing that
an overestimation of the Nusselt number leads to lower temperatures in the tube wall of the
model. In Sánchez-González et al. (2020) a heliostats field aiming strategy was obtained to
maximize the thermal output of the receiver, preventing the tube damage due to molten salt
corrosion and thermal stress.

Despite the numerous works about SPT receivers under realistic operating conditions, only
a few have studied the start-up process of these receivers. The receiver is drained every night
after completing its daily operation. In the morning, the receiver start-up process consists
of preheating and then filling the receiver tubes with the HTF. As was commented before,
the typical HTF of SPT plants is molten nitrate salt, whose chemical composition is 60% of
sodium nitrate (#0#$3) and 40% of potassium nitrate ( #$3). This nitrate salt solidifies
at about 221 >� and starts to crystallize at 238 >�, Zavoico (2001). The molten salt is
commonly stored at 290 >� at night. The absorber tubes must be heated until the tubes have
enough temperature to prevent the freezing of the molten salt during the filling process of
the receiver start-up. Vant-Hull (2002) indicates that the minimum temperature of the tubes
must be between 260 >� and 382 >� to fill them with nitrate salt. A minimum temperature
of the tubes ranging between 340 >� and 375 >� is recommended in Mehos et al. (2020).
When the minimum tube temperature is reached, the preheat ends, and the filling of the tube
with HTF can start. For the present chapter, the minimum tube temperature has been set at
340 >�. A cold-filling strategy for the receiver start-up, to reduce the nightly parasitic power
consumption and increase the availability of the plant, was discussed by Pacheco (1995). This
study concluded through experiments and analyses that the receiver tubes do not have to be
above the salt freezing temperature before the salt flow is established, provided the flow has a
sufficiently high velocity, but it was indicated that the best option might be partially preheating
to reduce the risk of failure by thermal stresses in the tubes and other elements such as in
tubes-to-header junctions, flanges, valves and changes in piping cross-sections.

The preheat operation belong to the start-up phase, in which the empty tubes of the
receiver are uniformly heated (along the tube length) by the incident radiation reflected by
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the heliostats field of the plant. Vant-Hull (2002) proposed a preheat algorithm where a
uniform incident heat flux (i.e., uniform irradiation map on the receiver) is provided as a
function of the time spent in the preheat operation, C, and the minimum temperature of the
tube, )C2 , situated at the rear side of the tube in a SPT receiver as depicted in Figure 2.1.
Every 5 min during the preheating, a new assignment of heliostats is made and kept active to
prevent chaotic arrangements from developing with time. Specifically, the required heat flux
on the receiver is calculated every 30 s by introducing the temperature of the rear side of the
tube, )C2 , in Figure 2.1, for a given time instant, C. It can be observed in Figure 2.1 that the
Vant-Hull threshold temperatures for which the heat flux is changed vary every 5 min from the
beginning of the preheating. The values of the Vant-Hull threshold temperatures, which lead
to controlled temperature ramps on the receiver tubes, are explicitly included in the horizontal
axis of Figure 2.1. The only threshold temperature that varies within a 5 min interval is
denoted with )'−10>�, where )' is ()' (>�) = 5

9 ·
[(

100 +
(
800 ·

(
1 − 4

−C (<8=)
10

)))
− 32

]
)

according to the Vant-Hull algorithm, Vant-Hull (2002).

According toVant-Hull Vant-Hull (2002), under ideal conditions, the end of the preheating
can be achieved in less than 15 min. However, the convection losses could prevent or delay the
tube filling with molten salt since they tend to decrease the tube temperature. As mentioned
in Vant-Hull, the preheating under extreme ambient conditions may require a wide range of
incident heat flux. Nevertheless, an algorithm for that is not detailed in Vant-Hull (2002).
Thus, it would be interesting to know the impact of non-ideal conditions, such as the wind
velocity, on the tube preheating. In addition, the Vant-Hull algorithm does not directly
consider the tube geometry (i.e., tube diameter and thickness), material properties, thermal
stress, nor fatigue damage limits, which are vital for the correct receiver management. Note
that solar central receivers are exposed to considerable creep damage and, to not compromise
the structural integrity, the total fatigue damage along the receiver lifetime should be limited to
values lower than 5% according to ASME (2014). Otherwise, the creep and fatigue damages
are combined, and the receiver lifetime is dramatically reduced González-Gómez et al. (2021).
This fatigue damage is highly dependent on the material properties and the geometry (tube
diameter, thickness).

Based on the above comments, from a thermo-mechanical perspective, the start-up
is a critical stage in the receiver operation. Despite its relevance, the literature about
receivers start-up is scarce. In Fernández-Torrĳos et al. (2020) a receiver start-up process
was numerically and experimentally studied. The tube, exposed to the ambient air, was
partially heated by an induction coil, simulating the absorbed heat flux of incident radiation
coming from the heliostats field. The temperature distribution of the tube was numerically
obtained through the resolution of the heat conduction equation using an inverse heat transfer
formulation based on the conjugate gradient method. The temperature distribution was then
used to calculate the thermal stresses under the quasi-static thermoelastic theory. Numerical
results were comparedwith the experimental results performed in amolten salt loop. However,
free tube bending was considered for the stress analysis, which is not the typical configuration
of central receivers where clips guide the tubes to keep the tube in a straight position. Free
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Figure 2.1: Incident heat flux in :,/<2 provided by the Vant-Hull preheat algorithm.

tube bending may appreciably underestimate the thermal stress during the start-up process.
Besides, the fatigue damage was not considered in the analysis.

The main goal of the present chapter is to characterize the thermal stress and the fatigue
damage associated with the receiver preheating when the Vant-Hull algorithm is used under
ambient conditions with and without wind. To this end, the temporal evolution of the
thermo-mechanical distribution during the preheating of the absorber tubes of the receiver and
the resulting fatigue damage are obtained for two different SPT receivers, which are similar
to those of Gemasolar and Dunhuang SPT plants. This is the first time such a complete
analysis is presented in the open literature, and it can be relevant further to understand the
preheating operation of current SPT plants. Specifically, two novel thermal models, based
on different levels of simplification, are solved with CFD simulations to characterize the
transient thermal behavior of the receiver tube during its preheating under no-wind and
windy conditions, and with an incident heat flux determined with the algorithm provided
by Vant-Hull (2002). The temperature field obtained with the CFD simulations is used as a
thermal load to determine the stress distribution of the receiver tube with FEM simulations.
Besides, the quasi-static thermo-elastic model proposed in Laporte-Azcué et al. (2020) is
validated for transient problems and used to calculate the fatigue damage associated with the
receiver preheating.

This chapter is organized as follows: in Section 2.2 the absorber tubes of the SPT receivers
to be analyzed are described. In Section 2.3 the two CFD models proposed in this chapter
for the thermal characterization of the receiver tube are presented. Section 2.4 describes
the FEM model and the analytical methodology employed to characterize the receiver tube
mechanically. This section also explains the method used to estimate the fatigue damage.
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Section 2.5 summarizes the conditions of the studied cases. In Section 2.6 the principal
results of the temporal evolution of thermo-mechanical fields are shown and discussed. Finally,
Section 2.7 contains the main conclusions arising from this chapter.

2.2 System description

In the present paper, a thermo-mechanical study of the absorber tubes during the receiver
start-up has been carried out. The process analyzed is the preheating of the empty pipes
employing an incident heat flux of concentrated solar radiation, which is described by the
Vant-Hull algorithm summarized in Figure 2.1. This study is done for two different receivers,
which represent those of Gemasolar and Dunhuang SPT plants. These plants have an external
tubular receiver, configured as a 360> cylinder. Two parameters can geometrically define the
receiver: height, �A , and diameter, �A . Each receiver comprises several absorber tubes, #C ,
gathered into #? panels. Each absorber tube has an outer diameter 34 and a tube thickness
Cℎ. The pitch between consecutive tubes is �. The chosen material of the tube is Haynes
230 Alloy since it has excellent fatigue and creep properties at elevated temperatures. The
absorber tubes are externally coated with Black Pyromark to increase their absorptivity to
solar radiation Rodríguez-Sánchez et al. (2014a). The tubes of each panel are individually
supported at the top, which permits unrestricted downward thermal expansion (i.e., the net
axial force is null). Moreover, the absorber tube is guided periodically over its length by
supported elements, i.e., clips, which are welded to the rear side of each tube Falcone (1986).
To reduce radiation heat losses, the rear side of the tubes, |\ | > 90>, faces a wall of insulating
material built on the supporting structure of the tower. For this chapter, calcium silicate has
been selected as an insulating material, and it will be assumed that this material is coated
with high reflectivity White Pyromark, Zavoico (2001). The values of the absorptivity and
emissivity coefficients of the Pyromark materials have been obtained from Zavoico (2001)
and Slemp & Wade (1963). The HTF flowing inside the absorber tubes is molten solar salt,
60% wt #0#$3 and 40% wt  #$3.

Table 2.1 summarizes the main parameters of the two receivers analyzed, i.e., Gemasolar
and Dunhuang receivers, as well as the ambient, sky, and ground conditions.

2.3 Thermal characterization

2.3.1 Numerical models

Two numerical models, with different levels of simplification, have been developed to describe
the thermo-mechanical behavior of the absorber tubes during the receiver preheat: a Simplified
Model (SM) and a more detailed model called here as Complex Model (CM). As the receiver
preheating is similar in all the receiver panels, a cross-section of a generic tube of the receiver
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Table 2.1: Parameters of the Gemasolar and Dunhuang receivers and the surroundings conditions.
Element Parameter Symbol Plant

Gemasolar Dunhuang

Receiver

Height �A (m) 10.5
Diameter �A (m) 8.5 7.3

Number of panels #? 18
Panel width ,? (m) 1.4988 1.2872

Number of tubes per panel #C 56 28

Tube

Outer diameter 34 (mm) 25 44
Thickness Cℎ (mm) 1.2 1.35
Pitch � (mm) 2 1

Emissivity YC 0.87
Visible absorptivity UB 0.93
Fouling resistance ' 5 >D; (K <2/W) 8.8 · 10−5

Tube surroundings

Ambient Temperature )0<1 (>�) 27

Sky )B:H (>�) 13.3

Emissivity
YB:H 0.85

Ground Y6A 0.955
Refractory wall YAF 0.2

is studied. In the models, the pipes are empty (i.e., with air inside) and receive the incident
heat flux of concentrated solar radiation according to the preheating algorithm of Figure 2.1.

During the tubes preheating, it will be assumed that the receiver valves are closed so that
air inside the absorber tubes cannot move freely. Besides, the free convection motion of the
air in the pipes is neglected because of its small Rayleigh number. For this reason, together
with the difficulties in modeling free convection in a two-dimensional (2-D) simulation, the
air in the tubes will be considered to be stagnant. The tube walls are opaque to radiation, while
the air in the pipes is transparent. Radiation heat transfer in the volume occupied by the air
inside the tube is considered, but the air is modeled as a non-participating medium. Axial heat
conduction at the extremes of the tube is neglected compared to radial and circumferential
conduction. This leads to a 2-D distribution of temperature since the incident heat flux does
not vary in the axial direction during preheating. Fouling inside the tubes, which is the
result of corrosion produced by the molten salt during the previous operation of the receiver,
is also included in the numerical models, and its value is obtained from Zavoico (2001).
Nevertheless, the temperature distribution is not very sensitive to the fouling resistance for
the boundary conditions analyzed in this chapter.

In the Simplified Model, only the tube and the air inside are considered, which simplifies
the solution of themodel andmakes itmore attractive for optimization processes of the receiver
operation. The Simplified Model is a 2-D cross-section of the tube, which is geometrically
defined by the outer and inner tube diameters, 34 and 38 respectively. As described in
Section 2.3.5, a heat flux distribution, which considers the incident heat flux and heat losses,
is imposed at the front side of the outer surface (|\ | ≤ 90>). The rear side of the tube
(|\ | > 90>) is considered adiabatic. As the cross-section and conditions of the absorber tube
are symmetric, only half of the tube cross-section will be studied as shown in Figure 2.2 (a).

In the Complex Model, the absorber tube, the air inside the tube, the reradiating wall, and
the air surrounding the tube are studied in a 2-D cross-section of the system. A schematic
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representation of the Complex Model is shown in Figure 2.2 (b). The domain of the Complex
Model extends laterally to half the pitch between consecutive tubes, !(. For the different
cases studied here, the reradiating wall has a thickness of ',! = 15 cm. The value of
',! is sufficiently large to affect the results weakly. Initial simulations, not shown here
for simplicity, revealed that only the first 5 cm of the reradiating wall are appreciably heated
during the start-up.

The separation between the reradiating wall and the rear side of the tube is '( = 5 cm.
For tube heating, the Complex Model improves the traditional modeling of the cosine heat
flux performed in the Simplified Model. In the Complex Model, an irradiation flux of the
sun reflected by the heliostats is imposed at the front boundary of the domain (right side of
the domain in Figure 2.2 (b), see details in Section 2.3.5). Thus, the heat flux distribution
on the tube surface is obtained due to the model solution, which calculates the heat losses of
the tube and the radiation exchange between adjacent tubes without assuming a cosine heat
flux distribution. The separation between the tube and the front boundary of the domain, �(
(not at full scale in Figure 2.2 (b)), is equal to the tube diameter. This separation is sufficient
to get a negligible interference of this boundary on the tube temperature. The air outside
the tube allows the radiation transmission, but it is modeled as a non-participating medium
at rest and with null thermal conductivity. This is so because the convective losses of the
tube to the outside air are calculated with an empirical correlation and are incorporated in
the model through a sink of heat at the outer tube surface. This eliminates the need to solve
the convective motion of the air in the domain outside the tube, which would have been not
possible due to the difficulties in simulating in a 2-D domain the air convection due to thermal
buoyancy and wind. Only natural convection is taken into account to find the convective
heat losses in the cases without wind. In the cases with wind, the selected wind direction
is North-South since this direction has the highest impact on the convective heat losses, as
was explained in Siebers & Kraabel (1984). Wind velocity of 9 </B has been chosen in the
present study because, according to Vant-Hull (2002), during the preheat operation under
wind velocities of 9 </B the entire range of flux densities of the Vant-Hull algorithm (i.e., 12
to 36 :,/<2) is required.

(a) (b)

Figure 2.2: Simulation domain and main dimensions of: (a) Simplified Model, (b) Complex Model.
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2.3.2 Governing equations

The governing equations to be solved in the models are the energy equation for the air and
the heat diffusion equation for the tube wall, both in unsteady formulation. As the models
described above do not consider the air movement, the continuity and momentum equations
are not required, and the energy equation for the air is just analogous to the diffusion equation
for the tube wall:

m

mC
(d4) = ∇ · (:∇)) (2.1)

Where d and : are, respectively, the density and thermal conductivity coefficient of the
substance (air or tube material), 4 =

∫ )
)A4 5

2 3) is the specific energy of the substance, with
2 being the specific heat, which is a function of temperature ) .

Additionally, radiation heat transfer is considered through the Discrete Ordinates (DO)
model, Chui & Raithby (1993) and Raithby &Chui (1990). The DO radiation model, coupled
with the temperature of the tube wall surfaces, solves the following radiative transfer equation
(RTE) for a finite number of discrete solid angles:

∇ · (� (AAA, BBB)BBB) + (001B + fB)� (AAA, BBB) = 001B=2f)
4

c
+ fB

4c

∫ 4c

0
� (AAA, BBB ′)Φ(BBB · BBB ′) 3Ω′ (2.2)

Where 001B , = and fB are, respectively, the absorption coefficient, the refractive index
and the scattering coefficient of the medium through which radiation is transmitted, � is the
radiation intensity, which depends on position (AAA) and direction (BBB), f is the Stefan-Boltzmann
constant, ) is the local temperature, Φ is the phase function and Ω′ is the solid angle. In
Equation 2.2, each radiation intensity angle is associated with a vector direction BBB in the global
Cartesian system (G, H, I). The DO model solves as many transport equations as there are
directions BBB, ANSYS (2019).

2.3.3 Computational mesh

Both models are solved in structured computational meshes with quads cells, as shown in
Figure 2.3. These meshes have a high cell concentration around the tube walls to correctly
capture the thermal gradients during the tube preheating. It was checked with preliminary
CFD simulations that meshes with cell size in the radial direction of about 50 `< at the tube
surfaces were enough to capture these thermal gradients during the preheat of the receiver.
Notice that no boundary layer appears in the air since it is stagnant.

A sensitivity analysis was performed to evaluate the dependence of the results on the
number of cells. Because of its smallest size, the receiver of Gemasolar was selected to
perform the sensitivity analysis of the Simplified and Complex models. The case without
wind was selected as it leads to the most severe heating and thermal gradients. The sensitivity
analysis was based on a series of mesh refinements. In these refinements, the number of
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(a)

(b)

Figure 2.3: Computational mesh: (a) Simplified Model (b) Complex Model.

cells was increased while the size of the interface cells in the wall, which are in contact with
the fluid zones, was kept invariable. The maximum temperature of the tube, )<0G , which is
located at outer tube surface (A = 1 = 34/2 and \ = 0>), and the bulk temperature of the tube
(spatial average), ) CD14, were compared for the different meshes at different time instants.
These temperatures are normalized with their corresponding values obtained with the most
refined mesh ()<>BC A4 5 8=43). The sensitivity analysis results are presented in Figure 2.4 for
the Simplified and Complex models.

In the sensitivity analysis of the Simplified Model, four meshes were developed. These
meshes had of 4880, 9825, 19250 and 38500 cells. The discrepancy of results between the
most refined mesh, composed of 38500 cells, and the mesh with 19250 cells reached 1.6%
and 0.3% for the maximum and bulk temperature. Equivalently, four meshes with a different
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(a) (b)

Figure 2.4: Normalized temperature of the tube obtained in the sensitivity analysis, developed for
the receiver tubes of Gemasolar under nominal conditions without wind for: (a) Simplified Model, (b)
Complex Model. (Dotted line: bulk temperature, ) CD14. Solid Line: maximum temperature, )<0G ).

number of cells (4520, 8560, 13350, and 26980) were studied for the case of the Complex
Model. These meshes have a smaller number of nodes compared to the Simplified Model
because the solution of the Complex Model is more demanding as it involves more equations.
In the Complex Model, the variation of the results between the meshes with 26980 cells
and with 13350 cells were 1.84% and 1.08% for the maximum and the bulk temperatures
respectively. Therefore, the meshes with 19250 cells (SimplifiedModel) and 13350 (Complex
Model) were selected for the rest of the results of the manuscript as a compromise between
accuracy and computational cost. The mesh selected for the Simplified Model, shown in
Figure 2.4 (a), has 140 elements in the circumferential direction, 50 elements in the tube
thickness concentrated around tube inner and outer surfaces, a minimum orthogonal quality
of 0.719, and a maximum ortho skew of 0.281. Figure 2.4 (b) shows the mesh selected for
the Complex Model, which has 180 elements in the tube perimeter, 25 elements located in the
tube thickness, minimum orthogonal quality of 0.382, and a maximum ortho skew of 0.618.

2.3.4 Material properties

The thermal properties used for the substances in the models are listed in Table 2.2. For
simplicity, the properties of the air are modeled as a non-temperature dependent. As
discussed before, the air’s thermal conductivity outside the tube in the Complex Model is
artificially decreased to a nearly null value because the convective losses are computed at
the tube surface with empirical correlations. The reradiating wall in the Complex Model is
made of calcium silicate. The variation of its thermal properties with temperature is also
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neglected, excepting the thermal conductivity, which is taken from Promat (2020). The
tube is made of Haynes 230, which is a nickel-chromium-tungsten-molybdenum alloy that
combines excellent high-temperature strength, long-term thermal stability, and excellent low
cycle fatigue properties at elevated temperature. Since the present study focuses on tube
behavior, the properties of the Haynes 230 are considered temperature dependence with the
exception of its density, whose variation with temperature is comparatively much smaller than
the rest of properties, Haynes (2020). The refractive index and scattering coefficient of the air
are set to 1 and 0 <−1, respectively. The absorption coefficient is 0 <−1 for the tube material
and the surrounding air since both are non-participate media for the radiation heat transfer,
while for the fouling resistance and the air in the tubes is 001B = 0.01 <−1, Churchill et al.
(1966).

Table 2.2: Material properties

Zone Material Density Specific heat Thermal conductivity Viscosity

d (:6/<3) �? (�/:6 ·  ) : (,/< ·  ) ` (%0 · B)
Reradiating wall Calcium silicate 285.0 1030.0 −0.006435 + 0.00017 · ) ( ) -

Tube Haynes 230 8970.0 308.8 + 0.247 · ) ( ) 2.937 + 0.02 · ) ( ) -
Interior tube Air 1.225 1006.43 0.0242 1.7894 · 10−5

Surrounding air Air modified 1.225 1006.43 0 1.7894 · 10−5

2.3.5 Boundary and initial conditions

In the Simplified Model, the inner surface of the tube is thermally coupled with the air in the
tube through the fouling resistance. The emissivity of the inner surface and the value of the
fouling resistance of molten salt is shown in Table 2.1. Symmetry conditions are imposed
in the tube walls and the inner air at \ = 0> and \ = 180>. As mentioned in Section 2.3.1,
an adiabatic condition is defined at the rear side (|\ | > 90>) of the outer surface of the tube,
while at the front side (|\ | ≤ 90>) distribution of the net heat flux absorbed by the tube is
imposed as follows:

@” (\, C) = @”
B>;0A (\, C) + @

”
2 (\, C) + @”

A (\, C) + @”
0,C (\, C) + @”

0,B (\) (2.3)

In Equation 2.3, the net heat flux distribution absorbed by the tube at the front size is
composed of the solar heat flux reflected by the heliostats field and absorbed by the tube in
the visible spectrum (@”

B>;0A
), the convection (@”

2) and radiation (@”
A ) losses, the radiation heat

absorbed from adjacent tubes (@”
0,C ) and the radiation heat absorbed from the surroundings

(sky and ground) in the infrared spectrum (@”
0,B).

The solar heat flux absorbed by the tube is modelled with a cosine distribution:

@”
B>;0A (\, C) = UB@

”
+ � (C)2>B(\) (2.4)

Where @”
+ �
(C) is the radiation flux incident to the absorber tube, which is obtained from
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the Vant Hull algorithm, and UB is the solar radiation absorptivity (i.e., in the visible spectrum)
of the black Pyromark coating.

The convective loss, @”
2 , shown is based on a local heat transfer coefficient, ℎ(\), and

the local temperature difference between the outer surface of the tube and the free stream
temperature of the air, )F − )0<1:

@”
2 (\, C) = −ℎ(\) ()F (\, C) − )0<1) = −ℎ(2>B(\) + 1) ()F (\, C) − )0<1) (2.5)

As shown in Equation 2.5, a new modelling of ℎ(\) is proposed, which uses a cosine
function that is maximum at the front side of the tube (\ = 0>) and softly decreases with \ to
approximate the expected reduction of convection on the rear face of the tube. This angular
distribution is multiplied by the average value of ℎ(\) over the tube surface, ℎ, which is a
function of the wind velocity, EF8=3 . In the Simplified Model, Equation 2.5 is applied for
|\ | < c/2 (since the rear side of the tube is considered adiabatic). Thus, ℎ = ℎB: 2c

2+c , where
ℎB: is the average convection coefficient in a cylindrical external receiver calculated according
to Siebers & Kraabel (1984), which is referred to the unit area of the whole tube. The average
convection coefficient is calculated for two different wind conditions EF8=3 = 0 m/s and
9 m/s and air properties evaluated at the local average temperature of air in the boundary
layer, ()F (C, \) + )0<1)/2. Growth of the incident heat flux during preheating causes a rise
of the wall temperature, heating the surrounding tube air and augmenting the convective
coefficient associated with the natural convection. For the forced convection, the heating of
the air surrounding the tube increases its kinematic viscosity, reducing the turbulence of the
forced free-stream flow and diminishing the heat losses. For example, in the SM model ℎ
changes from null values to about 7.5 ,/<2 when only natural convection is considered
(EF8=3 = 0 </B) and from 36,/<2 to 29,/<2 approximately when EF8=3 = 9 </B.

The flux of emitted radiation in Equation 2.3, @”
A , is calculated with the tube emissivity,

YC , the Stefan-Boltzmann constant, f, and the local temperature at the outer surface of the
tube, )F :

@”
A (\, C) = −YCf)4

F (\, C) (2.6)

The radiation flux from the neighbour tubes that is absorbed by a tube is calculated with

@”
0,C (\, C) = UCf)4

= (\, C)�CC (\) (2.7)

Where the absortivity of the tube surface is considered equal to the tube emissivity,
UC = YC , under the assumption of grey diffuse surface, and )4

= (\, C) is the spatial average
temperature of the neighbour tube seen by the analyzed tube at the angular point \ and time
instant C. This average temperature, as a first approximation, is considered to be equal the
local temperature of the tube due to the symmetry of the temperatures in the adjacent surfaces
of two consecutive tubes, i.e. )4

= (\, C) ≈ )4
F (\, C). Also in Equation 2.7, �CC is the vision
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factor from the tube at a point of angular position \ to the neighbour tube and its calculation
is summarized in the Annex 2.A.

In Equation 2.3, the flux of infrared radiation from the surroundings that is absorbed by
the tube, @”

0,B , is calculated with

@”
0,B (\) = UCf)4

>�CB (\) (2.8)

Where the view factor between tube and sky is �CB (\). In Equation 2.3 the view factor
from the tube to the reradiant surface is neglected for \ < 90>. The effective temperature of
the surroundings, )>, is estimated according to Berger et al. (1984):

)4
> =

YB:H)
4
B:H
+ Y6A)4

0<1

YB:H + Y6A
(2.9)

Concerning the Complex Model, the boundary condition applied to the inner surface of
the tube is similar to that of the Simplified Model described above. Besides, in the Complex
Model, additional boundary conditions are required to define the domain of the air outside
the tube. In particular, in the outer boundary facing the front of the absorber tube (right outer
boundary in Figure 2.2 (b)), a uniform incident solar radiation concentrated by the heliostats,
@”
+ �

, is imposed. The infrared radiation absorbed by the tubes from the surroundings is
considered through the effective temperature at the surroundings, )>. The reradiant wall
is adiabatic on its back surface (left outer boundary in Figure 2.2 (b)). The surface of the
reradiant wall facing the tubes is thermally coupled with the surrounding air. The emissivity
of this surface, which is coated with White Piromark and considered grey-diffuse, is YAF .
Periodic conditions are set for the lateral boundaries of the domain to consider the effects
of the adjacent tubes. Finally, the outer surface of the tube is also considered a grey diffuse
surface as in the Simplified Model. However, the Complex Model can now directly compute
the radiation on the tube surface with the DO radiation model, so only the convection losses
from the tube to the exterior air need to be modeled. This is done by imposing the convection
dissipation of Equation 2.5 as a superficial heat sink on all the outer surface of the tube. This
heat sink is implemented in the CFD software through a User-Defined Function (UDF). For
the Complex Model, ℎ in Equation 2.5 is equal to the average convection coefficient for the
whole tube surface of a receiver, ℎB: , which is calculated according to Siebers & Kraabel
(1984).

In both the Simplified and the Complex models, the initial temperature of the tube and the
air in the CFD simulations of preheating is the ambient temperature, )0<1 = 27 >�.

2.3.6 Numerical solution

The commercial softwareANSYSFluent v19.2 is used to solve the unsteady governing equation
described above. All equations are discretized with a pressure-based finite volume method
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and are solved using the SIMPLE algorithm, Patankar & Spalding (1972). A Second-Order
Upwind method is employed to discretize the convective and diffusive terms, Barth &
Jespersen (1989). A First-Order Upwind method is used to discretize the DO radiation
model. Besides, a Second-Order Implicit time discretization is selected to accurately solve
the governing equations as sharp variations of temperature are expected, ANSYS (2019).

A series of CFD simulations were performed to evaluate the sensitivity of the results with
the size of the time step. The receiver of Gemasolar operating with the largest net heating
rates, i.e., without wind, was selected to perform the sensitivity analysis of the time step size
for the Simplified and Complex models. This analysis is based on a series of time-step size
refinements. In these refinements, the time step size is progressively reduced while the other
parameters of the simulations are kept constant. When the time step size was ΔC = 0.01 s, the
maximum temperature discrepancies with regards to a simulation with a lower time step size
(ΔC = 0.001 s) were 0.74% and 1.13% for the Simplified and Complex models, respectively.
Similarly to the mesh sensitivity analysis, a compromise between accuracy and computational
cost led to selecting the time step size of ΔC = 0.01 s.

2.4 Mechanical characterization

2.4.1 Elastic stress calculation

2.4.1.1 Analytical stress estimation

The stress analysis was carried out using the methodology presented in Laporte-Azcué et al.
(2020). This methodology is based on an analytical method that calculates the thermal
stresses in the receiver tubes using a two-dimensional thermo-elastic model constructed under
the assumption of quasi-steady-state non-axisymmetrical temperature distribution, Bĳlaard
et al. (1968) and,Goodier (1957). As the maximum elastic stress range obtained for all
cases studied in this chapter are below twice the yield strength of Haynes 230, according to
Adibi-Asl & Reinhardt (2011), the cyclic stress regime of the receiver tubes corresponds to
elastic shakedown for which, after small plastic deformations at the initial cycles, the cyclic
stress-strain hysteresis is stabilized in purely elastic cycles.

This methodology also considers the temperature dependence of the material properties,
i.e., the modulus of elasticity and the thermal expansion. This practice is highly recommended
since the stress can be underestimated if temperature-independent material properties are
considered, Laporte-Azcué et al. (2020). The temperature field of the tube, ) (A, \), is
divided in two components according to Equation 2.10: the temperature variation in the radial
direction, )A (A), and the temperature variation in circumferential direction, )\ (A, \).

) (A, \) = )A (A) +
∞∑
==1

[(
�=A

= + �=
A=

)
2>B(=\) +

(
�=A

= + �=
A=

)
B8=(=\)

]
(2.10)
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The temperature variation in the radial direction ( )A (A)) is calculated in function of the
mean temperature of inner () 8) and outer )1 surfaces as: )A = )1 + ()0 −)1) ;=(1/A );=(1/0) . While,
the temperature variation in circumferential direction, )\ (A, \), can be described as a Fourier
series. The main coefficients of this Fourier series, i.e., �=, �=, �= and �= can be calculated
according to the procedure provided by Bĳlaard et al. (1968). Similar to the temperature field
decomposition, the thermal stress field is composed by those components generated by the
radial and circumferential temperature distributions. The thermal stresses generated by the
radial distribution of temperature are fAA and fA

\
.

fAA (A, \) =
�

1 − a

[(
1 − 0

2

A2

)
1
2
U) − 1

A2

∫ A

0

UA)A 3A

]
(2.11)

fA\ (A, \) =
�

1 − a

[(
1 + 0

2

A2

)
1
2
U) + 1

A2

∫ A

0

UA)AA 3A − UA)A
]

(2.12)

Where fAA is the radial stress component in the radial direction, fA
\
is the circumferential

stress component in the radial direction, � is Young’s modulus, a is the Poisson’s ratio,
0 is the inner radii, U) is the product between the thermal expansion coefficient and the
temperature field, which is calculated according to Equation 2.13, and UA is the thermal
expansion associated to the radial temperature )A .

U) =
2

12 − 02

∫ 1

0

U)A 3A (2.13)

The circumferential distribution of temperature contributes to the thermal stresses,
generating the radial and circumferential stress components in the circumferential direction,
f\A and f\

\
, respectively. According to Laporte-Azcué et al. (2020), both are calculated

considering the mechanical properties of the tube as a non-temperature dependent:

f\A (A, \) =
A

02 + 12 (�12>B(\) + �1B8=(\))
U�

2(1 − a)

(
1 − 0

2

A2

) (
1 − 1

2

A2

)
(2.14)

f\\ (A, \) =
A

02 + 12 (�12>B(\) + �1B8=(\))
U�

2(1 − a)

(
3 − 0

2 + 12

A2 − 0
212

A4

)
(2.15)

gA , \ (A, \) =
A

02 + 12 (�1B8=(\) − �12>B(\))
U�

2(1 − a)

(
1 − 0

2

A2

) (
1 − 1

2

A2

)
(2.16)

The superposition method has been employed to calculate the radial (fA ) and
circumferential (f\ ) stresses, Goodier (1957). Both stresses are calculated according to
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Equation 2.17 in function of their radial and circumferential components.

fA (A, \) = fAA + f\A
f\ (A, \) = fA\ + f\\ .

(2.17)

According to the results obtained in Laporte-Azcué et al. (2020), generalized plane strain
(GPS) conditions can be considered as a good approximation to obtain the stress state when
clips restrict receiver tubes displacement. Previousworks have also used theGPS hypothesis to
characterize the thermal stress in a tube under steady-state conditions, Logie et al. (2018). GPS
conditions are imposed for the receiver tubes in this chapter. Such an approach allows the free
axial expansion of the tubes resulting in zero axial force (i.e., integral of the axial stress within
a tube section) and keeping constant the total strain in the axial direction, which are conditions
that approximate those of a receiver tube as commented previously. It is important to note
that, despite the temperature gradients take place in radial and circumferential directions, the
GPS model obtains not only the radial and circumferential components of the thermal stresses
in the tube wall but also the axial component.

fI (A, \) = a(fA + f\ ) +
�

�>

%" + %)
�∗

− U�) (2.18)

Where �∗ and %) are the cross-section of the area refers to the neutral axis coordinate
system and the virtual axial force due to thermal loads. Both are calculated using the
Equation 2.19. Due to the free axial expansion hypothesis, the axial force due to mechanical
loads on receiver tubes, %" , is zero.

�∗ =

∫
�

�

�>
3�

%) =

∫
�

U�) 3�

(2.19)

Once all stress components are known, the elastic strains can be calculated. Due to the
tiny value of the shear stress component, gA , \ , compared with the normal stress components,
causes stress and strain to be translated from the cylindrical coordinates system to the principal
directions.

Y1 =
1
�
[f1 − a(f2 + f3)] + U)

Y2 =
1
�
[f2 − a(f1 + f3)] + U)

Y3 =
1
�
[f3 − a(f2 + f1)] + U)

(2.20)

The equivalent elastic stress and strain in principal directions are calculated according to
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Equations 2.21 and 2.22:

f+ " =

√
(f1 − f2)2 + (f2 − f3)2 + (f3 − f1)2

2
(2.21)

Y+ " =

√
2

3
√
(Y1 − Y2)2 + (Y2 − Y3)2 + (Y3 − Y1)2 (2.22)

2.4.1.2 FEM model

The analytical stress results will be compared with FEM simulations of the thermal stress to
verify the accuracy of the analytical stress estimation, described in Section 2.4.1.1, when the
temperature distribution in the tubes comes from a transient simulation. The FEM simulations
were carried out by a static analysis using the software Abaqus/Standard. The FEM used in
the present chapter consists of 4-node linear-type elements in 2-D. As in the analytical stress
estimation, the temperature field was obtained through the CFD simulations described in
Section 2.3, and it is imposed as a thermal load in the FEM simulations. Also, similarly to the
analytical stress estimation, the FEM model considers GPS conditions. A sensitivity mesh
analysis was performed, changing the number of elements in the FEM simulations along with
the tube thickness from 8 to 16 while keeping the aspect ratio equal to 1 on the elements
(square shape). Finally, 12 elements along the tube thickness were selected since this number
of elements led to a vonMises stress field that differed less than 1% compared to that obtained
with the largest number of elements.

2.4.2 Fatigue estimation methodology

The fatigue damage, � 5 , is calculated according to Fahrmann & Srivastava (2014) as the
sum of the ratio between the weighting cycle factor, #F, 9 , and the security allowable cycles
number, #B, 9 :

� 5 =

"∑
9=1

#F, 9

#B, 9
(2.23)

Where 9 is the cycle number index, " is the total number of cycles of maximum stress
range during the expected lifetime of the receiver. In the present chapter, for each start-up,
the cycles are obtained through a rainflow counting method, Amzallag et al. (1994). Many
start-up operations with preheating occur during the useful life of a receiver. Considering a
daily receiver start-up during 30 years, " is 10950.

The number of allowable cycles, #0, 9 , is calculated according Equation 2.24 as a function
of the the fatigue properties of the material and the security equivalent strain range ΔY4@, 9 ,
which is the difference between the maximum and minimum equivalent strain (calculated
according to the ASME III code, ASME (2013)) weighted with a security coefficient within
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a given cycle 9 . According to Radke et al. (2014) and Tilley et al. (2014) this coefficient is
set as 2. Therefore the security equivalent strain range for the fatigue damage estimation is
calculated as: ΔYB, 9 = 2 ·ΔY4@, 9 . As is proposed in Radke et al. (2014), the security allowable
cycles is calculated as: #B, 9 = #0, 9/4.

ΔYB, 9 = 2

[
f
′

5

�
′

(
#0, 9

4

)−21

+ Y′5
(
#0, 9

4

)−22
]

(2.24)

where � ′ is the dynamic elastic modulus, f′
5
is the fatigue strength coefficient, Y′

5
is the

fatigue ductility, 21 and 22 are constants. The values of the fatigue parameters for nickel-alloy
Haynes 230 are summarized in Table 2.3. The properties of Table 2.3 are evaluated at
)4E0; = 0.5 · )<0G, 9 + 0.5 · )<8=, 9 , where )<0G, 9 and )<8=, 9 are the maximum and minimum
temperature of each cycle. For a given cycle, the fatigue properties are obtained through a
linear interpolation with the data of Table 2.3.

Table 2.3: Fatigue parameters for Haynes 230, Fahrmann& Srivastava (2014) and Barrett et al. (2016).
Temperature (>�) 24 204 427 538

f
′

5
/� ′ (%) 0.17 0.15 0.2 0.2
Y
′

5
(%) 66.5 130 18 45

21 (−) 0.014 0.011 0.01 0.0005
22 (−) 0.54 0.60 0.45 0.60

2.5 Studied cases

The thermal models described in Section 2.3.1 were solved with CFD simulations to
characterize the temperature distribution of the absorber tube during the receiver preheating.
These models were evaluated for two ambient conditions: without wind and horizontal wind
velocity, EF8=3 . Table 2.4 summarizes the cases studied in this chapter. In some cases, the
resulting tube temperature was not high enough to fill the receiver with molten salt without the
risk of crystallization of this fluid (i.e: Simplified and Complex models with EF8=3 = 9 </B,
as will be shown later). Thus, additional cases were analyzed to understand if it is possible to
start-up the receiver under windy conditions. In these additional cases, the flux density of the
Vant-Hull algorithm was incremented a 20% in all the stages of the algorithm. This is referred
in Table 2.4 as modified Vant-Hull algorithm. As the highest von Mises stress was obtained in
the Simplified Model without wind, this case was used to validate the methodology proposed
by Laporte-Azcué et al. (2020) for transient problems. Even validated the methodology for
transient problems, the stress distribution is obtained with the methodology proposed by
Laporte-Azcué et al. (2020) and its values have been used to calculate the fatigue damage
associated with the receiver’s preheating.
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Table 2.4: List of cases solved to analyze the fatigue damage and thermo-mechanical behavior during
the receiver preheating.

Model Receiver
Wind velocity

EF8=3 (m/s)
Vant-Hull algorithm Mechanical calculation Case

Simplified Model

Gemasolar
0 Standard FEM & Analytical A
9 Standard Analytical B
9 Modified No C

Dunhuang
0 Standard FEM & Analytical D
9 Standard Analytical E
9 Modified No F

Complex Model

Gemasolar
0 Standard Analytical G
9 Standard Analytical H
9 Modified No I

Dunhuang
0 Standard Analytical J
9 Standard Analytical K
9 Modified No L

2.6 Results and discussion

In this section, the thermo-mechanical evolution and the fatigue damage associated with the
tubes preheat are shown for the receivers of Gemasolar and Dunhuang solar plants. As was
commented above, the preheating of the receiver concludes when the minimum temperature
of the tube is above 340 >� to avoid the freezing of the molten salt during the pipe filling
Mehos et al. (2020). According to Vant-Hull (2002), under ideal conditions, the receiver
preheat is easy to achieve under 15 min. As this chapter studies the receivers under different
ambient conditions, i.e., with and without wind, 20 min has been selected as the temporal
range to analyze the receiver preheating.

2.6.1 Temperature evolution

The circumferential distribution of tube temperature obtainedwith the Simplified andComplex
models is shown in Figure 2.5 for different time instants and for the two receivers studied in
this chapter under ideal conditions (no wind) and a less ideal situation, i.e: wind velocity
of EF8=3 = 9 </B in the North-South direction conditions. In all the cases, the absorber
tube is at the surrounding temperature when the preheat begins, C = 0 s. Due to the receiver
configuration, one part of the tube faces the heliostats field while the other one is facing
the reradiant wall. For this reason, as Figure 2.5 shows, the maximum temperature of the
tube is located at the front side of the outer surface (A = A4, \ = 0>), while the minimum
temperature is located at the rear side (\ = 180>). Progressively the front side of the tube,
|\ | ≤ 90>, is heated thanks to the incident heat flux reflected by the heliostats field, while
the rear side (|\ | > 90>) is principally heated by heat transfer through the tube. This fact
produces a non-uniform temperature distribution inside the tube, accentuated during the first
moments of the preheat operation. This non-homogeneous distribution of the temperature
generates that the beginning of the preheating is one of the most critical periods from a
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mechanical point of view. The progressive heating of the rear side of the tube causes that
the non-uniform distribution of temperature is gradually reduced. With regards to the tube
of the Gemasolar receiver, Figure 2.5 (a) shows the circumferential distribution of the outer
surface temperature of the tube for three-time instants. They represent an early instant of the
preheating (C = 10 s), the instant for maximum temperature difference (C = 80 s), and the
instant at the end of the receiver preheating for the case without wind (C = 450 s) which is
the earliest case to reach 340 >� at the tube back (\ = 180>). At C = 10 s, the difference
between the maximum and minimum temperatures in the tube is 43.3 >� for the Simplified
Model under ideal conditions (EF8=3 = 0 </B), while for the Complex Model it is 40.4>�.
This difference is slightly reduced when the wind velocity is considered. At C = 80 s, the
highest temperature difference in the tube section is reached in both models, independently
of the ambient conditions. The maximum temperature is reached for the Simplified Model,
which also has the maximum temperature difference (137.1 >�). In the Complex Model, the
maximum temperature difference is 130.1 >�. When thewind is considered, these temperature
differences are reduced by 13.3% and 11.6%, respectively. In general, the Simplified Model
is conducive to higher temperatures than the Complex Model on account of the adiabatic
condition at the back facing surface of the tube in the Simplified Model. Finally, at C = 450 s,
the Simplified Model reaches enough temperature, above 340 >�, to end the preheating and
allow the filling of the tube with molten salt without freezing threat.

In both models, the non-uniformity of temperature is progressively reduced with time for
C > 80 s in all the studied cases. As some cases do not reach enough temperature to fill the tube
with molten salt, i.e. Simplified and Complex models for wind velocities of EF8=3 = 9 </B,
additional cases with EF8=3 = 9 </B have been simulated where the flux density of Vant-Hull
algorithm has been increased by 20% in all the preheat stages. These cases denoted as
modified Vant-Hull algorithm and are represented with dotted lines in Figure 2.5 (a). At the
first instant of the preheating, the modified Vant-Hull algorithm produces a higher temperature
than the standard Vant-Hull algorithm without wind since the former has a higher specific
flux. As time increases, the extra heat flux provided by the modified Vant-Hull algorithm does
not compensate the convection losses due to wind, leading to an outer temperature of the tube
that is smaller than that of the standard algorithm without wind but higher than the one of the
standard algorithm with the wind.

The circumferential distribution of the outer surface temperature obtained for the
Dunhuang receiver through the Simplified and the Complex models is shown in Figure 2.5 (b).
As in the case of Gemasolar receiver, three different time instants have been studied: an
earlier time instant (C = 10 s), the time instant for maximum temperature difference in a tube
of Dunhuang receiver (C = 120 s), and the time instant at the end of the receiver preheating
without wind (C = 550 s). From a qualitative point of view, the non-uniform temperature
distribution observed in a tube of the Dunhuang receiver is similar to that in the Gemasolar
receiver. However, as will be shown later, after a sufficient amount of time, both the maximum
value and the circumferential variation of the tube temperature are higher for the Dunhuang
receiver than for the Gemasolar receiver because of the larger thickness and diameter of the
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Dunhuang tubes.

(a) (b)

Figure 2.5: Circumferential temperature distribution at the outer tube surface for Simplified and
Complex models under different wind conditions evaluated at different time instants for the receiver of:
(a) Gemasolar. Simulated cases: A, B, C, G, H, & I; (b) Dunhuang. Simulated cases: D, E,F, J, K, & L.
(Solid line: standard Vant-Hull algorithm, EF8=3 = 0 </B. Dashed line: standard Vant-Hull algorithm,
EF8=3 = 9 </B. Dotted line: modified Vant-Hull algorithm, EF8=3 = 9 </B).

The thermo-mechanical behavior of the absorber tube during the receiver preheat can be
known through the temporal evolution of the maximum and minimum tube temperatures,
which define the range of the thermal load driving the thermal stresses in the tube. Figure 2.6
shows the temporal evolution of themaximum (\ = 0>) andminimum (\ = 180>) temperatures
at the outer surface of the tube when applying the Vant-Hull algorithm of preheating.
These temperature are obtained with the Simplified and Complex models under different
wind conditions for the Gemasolar receiver, Figure 2.6 (a), and the Dunhuang receiver,
Figure 2.6 (b). For each studied case, the heating process is interrupted when the minimum
temperature in the tube reaches 340 >�. As commented before, this temperature is considered
enough to fill the tube with molten salt, and it is indicated with a horizontal dash line in the
figure. The results of the figure reveal that the temporal evolution of the tube temperature
has the same trend in both receivers, independently of the considered thermal model. At the
front side, the tube temperature experiences rapid heating in the early time instants, rising
about 120 >� during the first 30 s. In contrast, the temperature at the rear side of the tube
(\ = 180>) undergoes only an increment of about 30 >� in the same period. As mentioned
before, the Simplified Model leads to temperatures that are typically superior to those of the
Complex Model for a given specific flux density. Over time, the discrepancy between models
accumulates and grows. This is so unless different incident flux densities are applied to each
model at a given stage of the Vant-Hull algorithm based on the different model results of
temperature at \ = 180>. Besides, in view of Figure 2.6, both models show that there are
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temporal fluctuations of the tube temperature, specially at \ = 0>. According to the Vant-Hull
algorithm (Figure 2.1), these fluctuations of temperature are caused by sudden changes in the
incident heat flux when )C2 and C vary.

Focusing the analysis to the tube of the Gemasolar receiver, Figure 2.6 (a), the time
evolution of temperatures obtained with the Simplified and Complex models is very similar
in the cases without wind. In these cases, the convective losses outside the tube are only due
to natural convection. The maximum discrepancy between the models for the temperature at
\ = 0> withoutwind is reached at the end of the preheating, where themaximum temperature is
378.3 >� for the Complex Model, while for the Simplified Model, this maximum temperature
is 380.1 >�, i.e. only a 0.48% higher. According to the Simplified Model, the total preheat
time required before the tube filling is 690 s according to the Complex Model and 450 s (a
34.8% smaller). Therefore, the heat loss through the rear side of the tube, which is only
considered at the Complex Model, in the absence of wind causes a slight decrease of the
temperature at \ = 180> and a limited increase of the total preheat time. The duration of the
preheating time is relatively similar to that reported in Vant-Hull (2002) for the Solar-Two SPT
plant (i.e. 15 min), which has an absorber tube with an outer tube diameter of 21 mm and tube
thickness of 1.25 mm. In the cases with wind, the convective losses increase in comparison
with the cases without wind. This implies a reduction in the net heat flux absorbed by the
tube, leading to a decrease in its maximum temperature. In particular, the temperature of the
Gemasolar tube at \ = 0> in Figure 2.6 (a) for EF8=3 = 9 </B (standard Vant-Hull algorithm)
decreases up to 15.6% in the Complex Model and down to 15.4% in the Simplified Model
compared to those without wind. Therefore, as the figure shows, the wind increases the
total preheat time, being necessary more than 20 min reach the target preheating temperature
of 340 >�. Specifically, with the standard Vant-Hull algorithm and EF8=3 = 9 </B, the
target preheating temperature is not reached. Although the modified Vant-Hull algorithm
can increase the minimum tube temperature, it is far from target temperature, 71.1 >� and
60.5 >� for the Simplified and Complex models, respectively. It is interesting to note that,
despite the modified Vant-Hull algorithm augments by 20% the incident flux, the maximum
temperature of the outer surface tube at \ = 0> is only increased by 6.2% and 6.6% according
to the Simplified and Complex models, respectively.

In the cases with wind, the convective losses increase in comparison with the cases without
wind. This implies a reduction in the net heat flux absorbed by the tube, leading to a decrease
in the maximum temperature in the tubes. In particular, the temperature of the Gemasolar
tube at \ = 0> in Figure 2.6 (a) for EF8=3 = 9 </B (standard Vant-Hull algorithm) decreases
up to 15.6% in the Complex Model and down to 15.4% in the Simplified Model compared to
those without wind. In general, radiation heat losses at the outer surface of the tube during
the preheating sequence are approximately 2 or 3 times higher than the convection losses
when only natural convection is considered, i.e. EF8=3 = 0 </B. For example, at C = 80 s,
according to the case without wind velocity and solved for the Complex Model, the total
radiation losses are 15.41% of the incident radiation, the total convection losses are 6.95%,
and the rest is absorbed by the tube. However, when EF8=3 = 9 </B the total convection
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losses grow to 28.95% and radiation losses decay to 6.76% because, together with an increase
of the convection coefficient, there is a reduction of the temperature at the outer surface of
the tube that leads to a reduction of the emitted radiation from the surface. Therefore, as
Figure 2.6 (a) shows, the wind increases the total preheat time that is needed to reach the
target preheating temperature of 340 >�. Specifically, with the standard Vant-Hull algorithm
and EF8=3 = 9 </B, the target preheating temperature is not reached. Although the modified
Vant-Hull algorithm can increase the minimum tube temperature to 71.1 >� and 60.5 >� for
the Simplified and Complex models, respectively, this minimum temperature is still far from
the target temperature. It is interesting to note that, despite the modified Vant-Hull algorithm
augments by 20% the incident flux, the maximum temperature of the outer surface tube at
\ = 0> is only increased by 6.2% and 6.6% according to the Simplified and Complex models,
respectively.

Considering the tube of the Dunhuang receiver, the temperature evolution of Figure 2.6 (b)
indicates that the total preheat time is higher than that of the Gemasolar receiver. As the
Dunhuang receiver has a larger diameter and thickness than the Gemasolar receiver, the total
mass of the tube to be heated is higher. This fact implies an increment of the time necessary to
reach the target preheating temperature of 340 >� at \ = 180>. Besides, the larger thickness
of the Dunhuang receiver also leads to an increase in the tube’s thermal resistance in the
radial direction, which implies a higher temperature at the outer surface of the front side
of the tube after when the tube temperature becomes more stabilized. All these effects can
be checked in Figure 2.6 (b). For example, with no- wind, the total preheat time is 550 s
(Simplified Model) and 670 s (Complex Model). The increment of the total mass of the tube
causes that Dunhuang receiver tubes have more thermal inertia and need more time to react
to the heat flux changes than Gemasolar receiver tubes. This fact justifies the slight difference
in the total preheats time compared with the total preheat time obtained for the tube of the
Gemasolar receiver. Furthermore, as happened in the Gemasolar receiver, wind decreases
the maximum temperature of the tubes obtained at \ = 0> and decreases the total preheat
time of the Dunhuang receiver tubes. In particular, for the standard Vant-Hull algorithm and
EF8=3 = 9 </B, the target preheating temperature of 340 >� is not even reached in these
conditions according to the Simplified and Complex models.

In fact, in view of Figure 2.6 results, the effect of the wind on the temperatures of the
tube of the Dunhuang receiver seems to be more severe than in the tube of the Gemasolar
receiver. This might be due to the larger outer temperature of the tube of the Dunhuang
receiver, which makes the convective losses play a more important role compared to that of
the Gemasolar receiver. For example, for the Complex Model at C = 120 s, the convective
losses increase from 7.44% to 31.14% of the total incident radiation when passing from
no-wind conditions to EF8=3 = 9 </B. In turn, radiation losses decrease from 22.82% to
7.55% with the introduction of wind due to reducing the surface temperature. Thus, these
results indicate that heat losses in the Dunhuang receiver tend to be higher than those of the
Gemasolar receiver. A symptom of the larger convective losses in the Dunhuang receiver
is observed in Figure 2.6 (b) where the outer temperature of the tube at \ = 180> obtained
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with the Simplified and Complex models nearly stabilizes at a temperature of 239.6 >�

and 207.4 >� respectively, after 20 min of heating with the standard Vant-Hull algorithm
and EF8=3 = 9 </B. Increasing the specific heat flux by 20% with the modified Vant-Hull
algorithm makes an increment of the non-uniform distribution of temperature during the first
minutes, while the outer surface temperature of the tube at \ = 180> is far from the target
preheating temperature of 340 >�.

(a) (b)

Figure 2.6: Temporal evolution of the maximum (\ = 0>) and minimum (\ = 180>) tube temperature
for different ambient conditions obtained with Simplified (SM) and Complex (CM) models for the
receiver of: (a) Gemasolar. Simulated cases: A, B, C, G, H, & I; (b) Dunhuang. Simulated cases:
D, E, F, J, K, & L. (Solid line: standard Vant-Hull algorithm, EF8=3 = 0 </B. Dashed line: standard
Vant-Hull algorithm, EF8=3 = 9 </B. Dotted line: modified Vant-Hull algorithm, EF8=3 = 9 </B).

The Gemasolar and the Dunhuang receivers were modeled in this chapter with identical
boundary conditions, materials, and governing equations. This implies that the differences
found between both receivers concerning the tube temperature of Figures 2.5 and 2.6 must
be based on the effect of geometrical parameters, i.e. the tube diameter and thickness. To
discover the effects of these parameters on the transient evolution of the tube temperature and
the total preheat time, with implications in the fatigue damage to be analyzed later, Figure 2.7
shows the temporal evolution of the radial and circumferential components of the heat flux in
the tube, which are @′′

A03
= : m)

mA
and @′′

\
= : 1

A
m)
m\

, respectively. For simplicity, only the results
of the Simplified Model without wind are depicted, but similar results are obtained in the rest
of the cases.

As can be observed in Figure 2.7, the heat flux in the tube is purely radial at \ = 0> and
\ = 180> since these points are located in the symmetry axis. When passing from \ = 0> to
\ = 45> and \ = 90>, the radial component of the heat flux decreases while the circumferential
component rises. This occurs because a significant fraction of the heat absorbed in |\ | < 90>
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is transferred by conduction through the tube wall, contributing to @′′
\
, while the incident

heat flux decreases with |\ |. The radial heat flux at \ = 0> is given by the specific flux of
the Vant-Hull algorithm minus the heat losses and the heat accumulation. At \ = 0>, the
temporal evolution of the radial heat flux in the tube of the Gemasolar receiver is similar to
that of the Dunhuang receiver, excepting between 250 s to 320 s in the preheating sequence,
in which the Vant-Hull algorithm transitorily leads to different incident heat fluxes on the
tubes of the Gemasolar and Dunhuang receivers on account of differences in the temperature
at the rear side of their tubes. The temporal evolution of the circumferential heat flux, @′′

\
, in

the tube of the Gemasolar receiver is also very similar to that of the Dunhuang receivers. In
the tube of Gemasolar, the maximum of @′′

\
is reached earlier than in the tube of Dunhuang

since the tube diameter (and hence the conduction path from \ = 0> to \ = 180>) is smaller
in the former. All these results evidence that close to the \ = 0> (front of the tube), the tube
thickness is the dominant geometrical parameter affecting the temperature because the heat
flux within the tube is mainly radial. Thus, the larger the tube thickness, the higher the radial
thermal resistance and the maximum temperature reached in the tube during its preheating.
An exception of this is the initial seconds of the preheating, in which the rise of temperature
along the radial direction is only affecting significantly to a fraction of the tube thickness in
the front side of the tube. At angles close to \ = 180> (back of the tube), the tube diameter
is influencing the rate at which the temperature rises during the preheating because the heat
principally reaches this part of the tube by conduction through the tube perimeter. Therefore,
the larger the tube diameter, the longer times of preheating are required to reach the target
preheating temperature at \ = 180>.

(a) (b)

Figure 2.7: Temporal evolution of heat obtained with the Simplified Model without wind velocity and
evaluated at A = (1 + 0)/2 for different angular position \ for the receiver tubes of: (a) Gemasolar and
(b) Dunhuang.
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To understand the role of tube thickness in the receiver preheat, a series of additional
simulations were performed. These simulations analyzed the Gemasolar and Dunhuang
receiver with different tube thicknesses, 1.35 mm and 1.20 mm, respectively. Both receivers
were modeled with Simplified and Complex models with identical boundary conditions,
materials, and governing equations than described before, representing the receiver preheating
under ideal conditions (no wind). This implies that, for the same outer diameter of the receiver
tubes, the difference between simulations must be based on tube thickness. For simplicity,
only the Simplified Model results are shown, but analogous results are obtained with the
Complex Model. Figure 2.8 shows the radial distribution of the dimensionless temperature,
)̃ =

) (A , \)−) (A=0,\)
) (A=1,\)−) (A=0,\) , evaluated at \ = 0> and \ = 180> for different time instants. These

time instants represent the beginning of the preheating (C = 10 s), the moment with the
maximum temperature difference inside the tube (C = 80 s for Gemasolar and C = 120 s for
Dunhuang), and the time instant at the end of the preheating for the nominal cases (C = 450 s
for Gemasolar and C = 550 s for Dunhuang). At the front side, \ = 0>, the dimensionless radial
temperature of the large thickness is lower than the thinnest tube. This fact occurs because
a large thickness tube has a higher heat capacity accumulation. At the rear side, \ = 180>,
the phenomenon accentuates during the preheating. The temperature variation is maximum
at C = 80 s for Gemasolar and C = 120 s for Dunhuang receiver. In view of the results, for
the same outer diameter of the tube, when the tube thickness is increased, the tube walls’ heat
capacity accumulates. This fact causes that the temperature of the tubes with higher thickness
rises more slowly than cases with smaller tube thickness.
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Figure 2.8: Distribution of the dimensionless radial temperature evaluated at \ = 0> for different time
instants obtained with SimplifiedModel for the receiver of: (a) Gemasolar and (b) Dunhuang.(Solid line:
tube thickness of 1.2 mm. Dashed line: tube thickness of 1.35 mm)

The above justification of the tube thickness role can be more clearly appreciated through
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the temporal evolutions of the maximum and minimum temperature, which are represented
in Figure 2.9 (a). These temperatures are obtained through the Simplified Model for the
Gemasolar andDunhuang receiver tubes under themost favorable ambient conditions (without
wind). Independently of the outer tube diameter, the cases with higher thickness have a lower
temperature than thinner tubes since the thermal resistance of the tube walls increases with the
tube thickness. This implies that tubes with large thicknesses have sizeable thermal inertia,
leading to thermal delay in the presence of changes into the incident heat flux. The temporal
evolution of the temperature difference between original and modified tube thickness is
shown in the upper part of Figure 2.9 (b). Besides, to complete the information, the maximum
absorbed heat flux is represented in the bottom part of Figure 2.9 (b). Independently of the
outer tube diameter, in the presence of absorbed heat flux changes, the thinner tubes need
less time than large thickness tubes to show the change in their temperatures since their
thermal inertia is lower than the former. When the incident heat flux, defined by the Vant
Hull algorithm, is modified, the absorbed heat flux changes, leading to an alteration in the
temperature distribution of the tube. This justifies that the temperature difference between
cases with different thicknesses increases when the heat flux rises with time and decreases
when it is reduced. Figure 2.9 (b) also serves to see the evolution of the heatwave inside
the tube walls, which propagates through the tube when the absorbed heat flux changes. As
previously mentioned, for larger tube diameters, the arrival of heat to the rear area is delayed.

(a) (b)

Figure 2.9: Temporal evolution obtained, for ambient condition without wind, and Simplified Model
for Gemasolar and Dunhuang receivers with different tube thickness: (a) Maximum (\ = 0>) and
minimum (\ = 180>) tube temperature; (b top) Temperature difference between original case (Cℎ1) and
new thickness tube (Cℎ2); (b bottom) Maximum (\ = 0>) heat flux absorbed by the tube.(Solid line: tube
thickness of 1.2 mm. Dashed line: tube thickness of 1.35 mm)
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2.6.2 Thermal stresses

Figure 2.10 shows the temporal evolution of the thermal stress components, evaluated at \ = 0>

for the outer surface of the tube of the Gemasolar and Dunhuang receiver obtained with the
Simplified Model. Independently of the thermal model analyzed, the stress distribution is
the same. The axial stress, fI , is the largest component of the thermal stress in a tube with
non-uniform temperature distribution. According to Laporte-Azcué et al. (2020), and Logie
et al. (2018), the axial thermal stress is mainly proportional to the maximum temperature
difference between the front side of the tube (\ = 0>) and the average temperature over the
tube cross-section. Thus the von Mises stress, f+ " , mainly depends on fI and is also
predominant during the tube preheating. The circumferential stress, f\ , is the second-largest
component, but its magnitude is one order of magnitude lower than fI , which is 6.7% and
4.0% of the von Mises stress of the Gemasolar and Dunhuang receiver respectively. To
consider the effect of all the stress components, the von Mises stress has been selected in
the present chapter to characterize the mechanical behavior of the receiver tubes during the
preheating. Despite the peak of axial stress component is of compression nature, which
according to the signs criteria, is a negative value of the stress, it is represented in Figure 2.10
as a positive value to demonstrate that it is the principal component of the equivalent stress
during the preheating process.

(a) (b)

Figure 2.10: Temporal evolution of stress components obtained with the Simplified Model without
wind velocity and evaluated at outer surface of the tube (A = 1 and \ = 0>) for the plant of (a) Gemasolar
and (b) Dunhuang. (Simulated cases: A & D)

Figure 2.11 (a) shows the temporal evolution of the von Mises stress in the tubes of
Gemasolar and Dunhuang receivers during their preheating with the standard Vant-Hull
algorithm. In the figure, f+ " is evaluated at the outer surface of each tube (A = A4) for
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\ = 0>, which is the location where the thermal stress is more severe during the preheating.
The results of the figure are obtained analytically (Section 2.4.1) using the temperature field
calculated with the Simplified and Complex models for the tubes under ambient conditions
with and without wind. Figure 2.11 (a) reveals that the peaks in the von Mises stress are
reached at 80 s and 120 s in the tubes of the Gemasolar and Dunhuang receivers, respectively.
The temporal location of the f+ " peak is independent of the model used to calculate the
tube temperature and is weakly influenced by the presence of wind. The Simplified Model
yields a peak of f+ " higher than the Complex Model. Usually, during the design of the
receiver, a safety factor is considered in the mechanical calculations. In this sense, the use of
the Simplified Model to predict f+ " is advantageous since it is simpler and overestimates the
thermal stresses leading to conservative results compared to the ComplexModel. As expected,
the magnitude of the f+ " peak with wind velocity EF8=3 = 9 </B is smaller than without
wind because the wind decreases the difference between the front and rear temperatures of
the tube, as shown in Figure 2.5. At the peak of f+ " , the maximum difference between the
analytical results calculated with the Simplified and Complex models is 8.2% (Gemasolar)
and 4.4% (Dunhuang).

In addition, FEM results are included for validation purposes in Figure 2.11. The FEM
simulations presented in the figure are obtained with the temperature field calculated with the
Simplified Model with EF8=3 = 0 </B, which is the case leading to the most severe thermal
stress. As Figure 2.11 (a) demonstrates, the von Mises stress obtained from the FEM and
the analytical method are in excellent agreement during the whole preheating period. The
maximum discrepancy between the analytical and FEM results is obtained at the peak of
f+ " , reaching 1.73% and 1.14% in the tube the Gemasolar and Dunhuang, respectively. The
results of Figure 2.11 (b) demonstrate that the FEM and the analytical calculation of f+ "
lead to similar circumferential profiles of the thermal stress. Therefore, it can be concluded
that the analytical calculation of f+ " proposed in Laporte-Azcué et al. (2020) can be used to
estimate the transient stress on the receiver tubes under thermal transient conditions. The use
of this analytical calculation, which is an uncoupled quasi-static approximation, is supported
theoretically by Boley & Weiner (2011) when the deformation by the thermal stress barely
affects the temperature and the inertia terms in the equation of motion are negligible. Then,
for the conditions studied in the present chapter, both the mechanical coupling and the inertia
can be disregarded in the analysis of the thermal stress of the receiver tubes during preheating.

2.6.3 Fatigue damage

The von Mises stress obtained in the previous subsection was used to perform fatigue analysis
of the receiver tubes. The results of this fatigue analysis are summarized in Table 2.5. The
procedure described in Section 2.4.2 was employed to estimate the fatigue damage of the
tube produced by all the preheating cycles within the estimated lifetime of a receiver. To
be conservative, each cycle obtained through a rainflow counting method Amzallag et al.
(1994) is considered for the fatigue damage calculation, and the maximum stress range of
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(a) (b)

Figure 2.11: von Mises stress in the tubes of Gemasolar and Dunhuang receivers during preheating
with the standard Vant-Hull algorithm: a) Temporal evolution at the tube front where the stress is more
severe (Simulated cases: A, B, D, E ,G ,H, J & K); b) Instantaneous circumferential distribution when
the stress reaches a peak at the tube front (Simulated cases: A & D). Results are calculated analytically
using the temperature obtained with the Simplified and Complex models. FEM results are included for
validation purposes. Solid line: EF8=3 = 0 </B. Dashed line: EF8=3 = 9 </B.

Figure 2.11 (a) is computed for each cycle. The maximum stress range, Δf+ " in the figure
takes place from C = 0 s to the time at which the peak of the von Mises stress occurs. The
resulting estimation of the fatigue damage, � 5 , is shown in Table 2.5 for the tubes of the
Gemasolar and Dunhuang receivers. The fatigue damage of the pipe of the Dunhuang receiver
is larger than that of the Gemasolar receiver owing to the higher stress range experienced by
the former. In particular, the fatigue damage estimated with the Simplified Model without
wind is 0.019% for the tube of the Gemasolar receiver and 2.2% for the tube of the Dunhuang
receiver. When using the Complex Model, these figures are slightly lower, i.e. � 5 equal
to 0.024% (Gemasolar) and 1.213% (Dunhuang). As commented in previous sections, the
maximum temperature in the tube increases with the tube thickness, while the temperature at
the back of the tube requires more time to rise when the tube diameter is augmented. These
two effects elevate the von Misses stress and hence Δf+ " . In all the cases, a wind velocity
of EF8=3 = 9 </B reduces the fatigue damage an absolute percentage between 9.733 · 10−3%
to 0.015% due to the decrease of the maximum temperature at the front of the tube.

Therefore, the results of Table 2.5 reveals that the fatigue damage is almost negligible in the
tubes of both theGemasolar andDunhuang receivers due to the extraordinary fatigue resistance
of the Haynes 230 alloy considered in this chapter. Besides, in both cases, the tubes are far
enough of the 5% upper limit of fatigue damage to avoid significant creep-fatigue interaction
Branch (2003). Hence, the procedure proposed in Vant-Hull (2002) can be considered safe
for preheating the receiver tubes. However, careful attention should be paid when considering
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Table 2.5: Fatigue damage along the receiver lifetime and maximum von Mises stress associated to
the preheating process. Simulated cases: A, B, D, E ,G ,H, J & K.

Model Δf+ " (A = 1, \ = 0>) ("%0) Fatigue damage, � 5 (%)
Gemasolar Dunhuang Gemasolar Dunhuang

EF8=3 (</B) 0 9 0 9 0 9 0 9
Simplified Model 215.8 144.8 341.7 210.4 0.055 0.052 0.072 0.061
Complex Model 203.0 143.6 327.5 201.4 0.054 0.051 0.069 0.060

other materials with worse fatigue behavior or tubes with larger thickness and diameters than
those analyzed here.

2.7 Conclusions

In this paper, the thermal stress and the fatigue damage associated with the receiver preheating
were characterized. During the receiver preheat, the well-known Vant-Hull algorithm
was employed. This algorithm defines the flux density without considering the receiver
geometry, ambient conditions, or fatigue damage. These variables are implicitly assumed
in the algorithm through their dependence on the temperature at the rear side of the tube.
To understand the preheating operation of current SPT plants, the temporal evolution of
temperatures and stresses in the pipe during the preheating and the resulting fatigue damage
were obtained for two different SPT receivers. Both receivers were similar to those of
Gemasolar and Dunhuang SPT plants, and the Haynes 230 alloy was selected as the material
of the tubes. To characterize the transient thermal behavior of the receiver tube during its
preheating, a Simplified andComplexModel were proposed and solvedwith CFD simulations.
No-wind andwindy ambient conditionswere considered to understand the influence ofwind on
the receiver preheat. The preheat was considered completed when the minimum temperature
of the tube reached 340 >�, a target temperature that was set to avoid the risk of crystallization
of themolten salt during the tube filling. The temperature field obtained with CFD simulations
was used as a thermal load to determine the stress distribution of the tube under Generalized
Plane Strain (GPS) conditions. In particular, the transient stress distribution in the tubes was
calculated through a quasi-static analytical method and validated with FEM simulations.

The results of this chapter showed that the front side of the tube is rapidly heated at the
beginning of the preheating process. Both the Simplified and the Complex models revealed
that the rate of heating of the tube front at this phase of the process is mildly sensitive to the
tube thickness and diameter. However, the temperature at the rear side of the tube increases
at a much lower rate, especially when the diameter of the tube rises. This is so because
the rear side of the tube is principally heated by circumferential conduction from the front
side of the tube. This explains why in the simulations, the tube of the Dunhuang receiver
required more time to complete the preheat operation compared to the Gemasolar receiver.
Besides, the results indicated that the temperature at the front and the rear sides of the tube
decreases appreciably with wind velocity EF8=3 = 9 </B, especially for the tubes of the
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Dunhuang receiver. This decrease of the rear side temperature occurred to such an extend
in the Simplified and Complex models that the preheating process could not be achieved in
the studied period of 20 min. An increase by 20% of the specific heat flux of the Vant-Hull
algorithm was sufficient for the temperature at the rear side of the tube to reach or closely
approach the target to complete the preheating. In general, the Simplified Model led to higher
temperatures than the Complex Model because of the adiabatic assumption of the former
model. Nevertheless, despite the fact the Simplified and Complex models were based on
different levels of simplifications, both models corroborated all the above-described effects.

Both the analytically calculated thermal stress and the FEM results showed that the peak
of von Mises stress, f+ " , is reached in the front side of the tube during the first 2 minutes of
preheating with the Vant-Hull algorithm. The value of the peak of f+ " is higher in the tubes
of the Dunhuang receiver than the tubes of the Gemasolar receiver because the temperature
difference between the front and the rear side of the tube increases appreciably with the
tube diameter. In both receivers, the wind tends to decrease the thermal stresses, especially
at the time instant when f+ " reaches its peak. The Simplified Model yielded a ∼ 10%
higher von Mises stress than the Complex Model, making the Simplified Model advantageous
because of its simplicity and conservative results. Finally, the fatigue damage of the tubes
of both receivers, which was estimated for 1.095 · 104 preheating cycles within the lifetime
of the receiver, is much lower than the 5% upper limit of fatigue damage to avoid significant
creep-fatigue interaction. Therefore, all these results seem to indicate that the preheating
procedure proposed by Vant-Hull does not compromise the structural integrity of the studied
rece

Appendix 2.A Calculation of view factors

The view factor, �8, 9 represents the proportion of the radiation which leaves surface 8 and
strakes surface 9 . If differential areas are taken, the general expression of the view factor of
two differential surface of areas 3�8 and 3� 9 at a distance A is given by:

�8, 9 =
1
�8Π

∫
�8 ,� 9

2>Bi8 · 2>Bi 9
A2 3�8 3� 9 =

1
�8Π

∫
�8 ,Ω 9

2>Bi8 3�8 3Ω 9 (2.25)

Where i8 and i 9 are the angle between the surface normals and a ray between the two
differential areas.

If the Equation 2.25 is applied, in two dimensions, to an half sphere which represent the
absorber tube, named as 8, and is facing to a plane surface with represent the sky, named as
9 , some simplification can be done: (i) the term Π is calculated as:

∫ c/2
−c/2 2>Bi8 3i8 = 2,

(ii) 3Ω 9 → 3� 9 . From these simplifications, the view factor is defined per unit of surface
(�8�8, 9 → �8, 9 ) for a generic point as:
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�8, 9 =
1
2

∫ i>

i8

2>Bi8 3i8 (2.26)

In function of the angular position analyzed, \, the proportion of the radiation which leaves
surface 8 might strike more than one surface. The outer tube surface involves its radiation heat
transfer to the adjacent tubes, the reradiating wall, and the sky. The critical angle, \2A , limits
the surfaces seen for the outer tube surface at the angular position \ and can be calculated in
function of the pitch between consecutive tubes, � and the outer diameter of the pipe, 34.

\2A = 0B8=

(
34

34 + �

)
(2.27)

Only the adjacent tubes and the sky is observed for the outer tube surface at \ < \2A ,
while for \2A < c/2 < \ the observed surface are the reradiating wall, the adjacent tubes and
the sky. As the view factor are employed in SImplidied Model, where the rear side of the tube
is modeled as adiabatic wall, only the view factor of the outer tube surface ranging between
0 ≤ |\ | ≤ c/2 has been calculated.

The view factors between tube and sky (�CB), between tubes (�CC ) and between tubes and
between tube and reradiating wall (�CAF ) have been obtained using the nomenclature of the
sketch shown in Figure 2.12 (a) and their expressions are summarized on Equations 2.28, 2.29
and 2.30.

�CB (\) =
1
2

∫ c/2−V−Z

−c/2
2>Bi8 3i8 =

B8=
(
c
2 − V − Z

)
+ 1

2
(2.28)

�CC (\) =
1
2

∫ c/2

c/2−V−Z
2>Bi8 3i8 +

1
2

∫ c/2+V−Z

c/2−V−Z
2>Bi8 3i8 =

B8=
(
c
2 − d

)
− B8=

(
c
2 − V − Z

)
2

(2.29)

�CAF (\) =
1
2

∫ i>

i8

2>Bi8 3i8 =
B8=( c2 ) − B8=

(
c
2 + V − Z

)
2

(2.30)

Where V, Z and d can be obtained from the geometric parameters of the sketch shown in
Figure 2.12 (a):

V = 0B8=

(
'

!2

)
= 0B8=

(
34/2√

(34 + �)2 + (34/2)2 − 34 (34 + �)B8=(\)

)
(2.31)

Z = \ − 02>B
(
!2

1 + !
2
2 − '

2

2!1!2

)
= \ − 02>B

(
(34 + �)2 + !2

2 − (34/2)
2

2(34 + �)!2

)
(2.32)
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d =

{
0, if \ < \2A
Z − V, if \2A < \ < c/2

(2.33)

The expressions of the view factors commented above are simplified if the view factor
between tube and reradiating wall is neglected for |\ | < 90>. In Equations 2.34 and 2.35, the
approximation of the view factor from the tube at angular position \ to the neighbour tube
(�CC ,0?A>G), and the view factor between tube and the sky (�CB,0?A>G). Since the tubes are
very close to each other, this view factor is estimated with the view angles in two dimensions
as shown in Figure 2.12 (b).

�CC ,0?A>G (\) =
iCC

c
= 0B8=

(
34/2
!2

)
+ 02>B

(
(34/2)2 + !2

2 − (34 + �)
2

34!2

)
− c

2
(2.34)

�CB,0?A>G (\) = 1 − �CC ,0?A>G (\) (2.35)

(a) (b)

Figure 2.12: Definition of the main dimensions of the view factor calculation: (a) Accuracy, (b)
Approximation.

In Figure 2.13 the circumferential evolution of the outer tube view factors are shown. As
the Simplified Model is defined as adiabatic in the rear side, only the view factor content in
|\ | < 90> calculated for the Gemasolar receiver is represented in Figure 2.13. The view factor
between tube and sky is progressively reduced when the angular position is moving to the rear
side, while the view factor between adjacent tubes is rising. At the front side, \ = 0> both
methods provide the same value. After this point, the discrepancy between both is increased.

The influence of the view factor calculation on the temperature distribution of the tube
has been analyzed through an additional series of simulations performed in the Simplified
Model for a non-wind velocity condition. Figure 2.14 (a) shows the temporal evolution of
the maximum (\ = 0>) and minimum (\ = 180>) temperatures at the outer surface of the
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Figure 2.13: Comparison of the view factors obtained through different methods.

tube when the Vant-Hull algorithm is used to preheat the receiver. These temperatures are
obtained with the Simplified Models under the most favorable conditions, i.e: EF8=3 = 0, and
both methods to calculate the view factors for the Gemasolar (upper) and Dunhuang (bottom)
receivers, Figure 2.14 (a).

As was previously commented, the heating process is interrupted when the minimum
temperature in the tube reaches 340 >�, which is represented as a dashed line in the figure.
The evolution maximum and minimum temperatures follow an identical pattern for both
receivers. For the Gemasolar receiver, the discrepancy in the maximum and minimum
temperatures between both view factor calculations is negligible until 420 s. From this
moment on, a change in the incident heat flux is produced because the minimum temperature
of the SimplifiedModel, using the precise methodology to calculate the vision factors, exceeds
one of the temperature limits of the Vant-Hull algorithm, making a reduction in incident heat
flux and leading to a decrease in temperature at the front of the tube. The same situation is
observed in the Dunhuang receiver at 520 s.

More information about temperature discrepancies can be obtained from the
circumferential distribution of tube temperature, which is shown in Figure 2.14 (b). The
curves of the figure are obtained with Simplified Model and both methodologies to calculate
the view factors. These temperatures are obtained for different time instants, and the two
receivers are studied in this chapter under ideal conditions (no wind). As happened in the
maximum and minimum temperatures’ temporal evolution, overlapping in the temperature
profiles is obtained during the first moments. The difference is noticeable at the end of
preheating. As the Simplified Model with approximate view factor predicts accuracy, the
temperature evolution during the receiver preheat with lower computational cost was selected
to develop this chapter’s Simplified Model simulations.
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Figure 2.14: For different methods to calculate the view factors: (a) Temporal evolution of the
maximum (\ = 0>) and minimum (\ = 180>) tube temperature for Gemasolar and Dunhuang
receiver under most favorable ambient conditions (without wind) obtained with Simplified Models;
(b) Circumferential temperature distribution at the outer tube surface for Simplified Model at different
time instants.
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Chapter 3
Receiver preheat: application to

high-temperature molten salt
receivers†

Enhancement of solar-to-electric efficiency in future Solar Power Tower plants (SPT) will
require an improvement of the power cycle performance. An attractive option is the use of
a supercritical �$2 Brayton cycle, which needs a Heat Transfer Fluid (HTF) temperature of
around 700 >� to be competitive. However, the current HTF employed in SPT plants, i.e.
nitrates salt, can not reach this temperature target. For this reason, new HTFs with a large
temperature operation range have been investigated recently, but usually their crystallization
temperature is comparatively high, which complicates the preheating of the tubes during
the receiver start-up. In the preheating operation, the heliostat field concentrates the solar
irradiation onto the receiver tubes to elevate their temperature above a minimum value, while
they are still empty, to avoid the risk of crystallization of the incoming flow of HTF. This is a
very critical operation, as too much incident heat flux in the preheating leads to extremely high
thermal-stresses, causing the creep-fatigue damage of the receiver tubes. The present chapter
numerically characterizes the temporal evolution of the temperature and thermal-stresses
during the preheating of a typical configuration of a receiver tube made of Haynes 230 alloy.
The aim is to check whether it is possible to preheat the receiver tubes above the crystallization
temperature of two alternatives of high-temperature HTF: carbonate and chloride salts. The
results indicate that, although the original Vant-Hull algorithm of tube preheating is suitable
for the nitrates salt, it is not adequate for the carbonates salt nor the chlorides salt. Therefore,
a series of modifications of the Vant-Hull algorithm are proposed to meet the requirements of
the high-temperature HTFs. In the modified Vant-Hull algorithm, the resulting peak values
of the temperature gradient and the von Mises stress are reached within the first 1.2 minute
of preheating. Besides, in almost all the cases analyzed, the estimated creep-fatigue damage
of the tube produced with the modified algorithm is much lower than an allowable limit set
to protect the structural integrity of the receiver. However, in the case of the tube preheating
for carbonates salt, this limit is surpassed when the preheating damage is combined with the
damage caused by the normal operation of the receiver tubes. Furthermore, the modified

2This work was reported in a section of Pérez-Álvarez, R., González-Gómez, P.A., Santana, D., Acosta-Iborra,
A. 2021 Preheating of solar power tower receiver tubes for a high-temperature molten salt. Submitted for publication.
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Vant-Hull algorithm requires longer preheating times, which delays the start-up of the SPT
plant and reduces its available hours of operation per day. It is shown that the efficiency of
a B�$2 Brayton cycle in the SPT with carbonates or chlorides salts must be above 50% to
compensate for the reduction of hours of operation and be able to produce more energy per
day than a Rankine cycle in a conventional SPT plant with nitrates salt.

3.1 Introduction

The growing concern about ClimateChange and the exhaustion of fossil resourceswill provoke
a substantial increment of the electricity production with renewable energy in the forthcoming
years. For example, the European Union, the United States, and China have developed a
roadmap to reach by 2050 a renewable electricity share of 100%, 80% and 80% respectively
Zappa et al. (2019) Hand et al. (2012) and Wang et al. (2017). Solar energy is acknowledged
as one of the most promising, clean, and abundant renewable energies and can play a key role
to reach this goal. However, the intermittent availability of the solar resource causes that not
all the technologies are suitable to adapt its energy production to the electric market demand.
Concentrating Solar Plants (CSP) with thermal storage are one of the most efficient and
cost-competitive solar technologies capable of solving the problem of the intermittent solar
availability IRENA (2019). Despite the growth of CSP technologies during the recent years,
they are still involved in a maturing process to reduce their cost and to assure a suitable level
of reliability. One of these CSP technologies are Solar Power Tower (SPT) plants. According
to IRENA (2012) SPT plants operating with molten nitrate salts as heat transfer fluid (HTF)
and a subcritical Rankine power cycle, are the dominant CSP technology since they reach a
balance between high thermal efficiency and hours of operation with the direct storage of the
HTF.

Despite its advantages, the improvement of SPT technology must continue. Currently,
these developments are focused on the enhancement of solar-electric efficiency through the
increment of power cycle efficiency. In thisway, the use of Supercritical carbon dioxide (B�$2)
Brayton-cycles is acknowledged to be one of the best ways of produce the thermo-electrical
conversion of next generation of CSP plants, Mehos et al. (2017). The efficiency of B�$2
Brayton cycles is expected to be larger than 50% and the size of costly components like
the cycle turbine is reduced, but turbine inlet temperatures above 700 >� are required.
According to Mehos et al. (2017) these cycles support direct and indirect integration with
the solar field, although nowadays B�$2 receivers are not yet developed. For this reason,
an indirect integration of a B�$2 Brayton cycle with a molten salt receiver and a thermal
storage system is an attractive option. However, with such a high temperatures requirement of
B�$2 Brayton cycles, HTFs other than nitrate salts are needed. This is so because operation
with nitrate molten salts is limited to temperatures below 600 >� to preserve their chemical
stability whereas the B�$2 cycles require much greater temperatures to be efficient. Different
configurations of B�$2 power cycles for CSP with have been studied in the open literature.
In its simplest configuration, the B�$2 is heated by the molten salt in a heat exchanger prior
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being expanded in a turbine where mechanical energy from the B�$2 is extracted. To close the
cycle, the �$2 leaving the turbine is cooled in a heat exchanger and then compressed to reach
again the heat exchanger pressure. In a recompression configuration of a B�$2 cycle there
are two groups of compressors: the auxiliary (AC) and the main compressors (C). The main
compressor adds to the low-temperature recuperator (LTR) a pressurized stream of�$2 while
the auxiliary compressor feeds the high-temperature recuperator (HTR). In the intercooling
and partial-cooling configurations of a B�$2 cycle, the main compressor is divided in two,
with an intercooler between them. Both differ in the conditions of the auxiliary compressor
inlet, which leads to a larger temperature increase of the B�$2 in the heat exchanger of the
partial-cooling cycle, implying a reduction of the required molten salt volume. An example
of a B�$2 cycle is shown in Figure 3.1.

Figure 3.1: Schematic example of a SPT plant operating with high temperature molten salt and indirect
integration of a supercritical partial-cooling cycle.

Many studies are focused on the characterization and optimization of the different
configurations of the B�$2 Brayton cycles applied to CSP plants. For example, in Turchi et al.
(2013) the authors proposed several layouts of the B�$2 Brayton cycle to achieve theoretical
efficiencies above a target efficiency of 50%. Different configurations of the power cycle
were studied to find the optimum layout from the perspective of a CSP application. They
found that the partial cooling cycles and recompression with main-compression intercooling
together with reheat were able to achieve the target efficiency. The response of the Brayton
turbomachinery until fluctuating input was analyzed in Iverson et al. (2013). Despite input
fluctuations of 50%, the Brayton cycle was found to run for short periods without a thermal
input thanks to the thermal storage, which mitigates the fluctuation of solar resources. The
authors developed a benchmarked model to identify the impact on the cycle performance of
specific improvements layout. In Le Moullec et al. (2019) a B�$2 power cycle was developed
for a industrial scale. The HTF employed was nitrate salt, which has a typical working
temperature of 565 >� to avoid its degradation. To investigate the operation of the B�$2
turbine under high-temperature conditions a heating block was added after the heat exchanger
between nitrate molten salt and �$2 to increase the �$2 temperature up to a desired value.



74 Receiver preheat: High-temperature molten salts

This extra heating was only for research purposes since its use for long-term operation will be
expensive. A B�$2 heat exchanger was designed and optimized in Montes et al. (2020) for a
solar thermal the power cycle and the global performance of the plant was analyzed for three
configuration layouts (recompression, intercooling, and partial-cooling cycles), obtaining
efficiencies above 48.41% in the power cycle. In Wang et al. (2021) the authors proposed an
integrated model for STP plants with a recompression B�$2 Brayton cycle. They analyzed
the plant performances with the nitrate solar salt and a chloride salt, "6�;2 −  �;, as HTF
in the receiver. They observed that the receiver efficiency was slightly higher when using
the chloride salt instead of the nitrate salt. Besides, the authors provided the evolution of the
efficiencies of the power cycle as a function of the molten salt temperature at the receiver
outlet. They pointed out the need of reaching temperatures surpassing 650 >� to achieve
efficiencies above 50% in the power cycle and to exceed the overall efficiency of STP systems
with nitrate solar salt. In addition, they indicated that reheating in the B�$2 power cycle was
not recommended if "6�;2 −  �; is employed as HTF for thermal storage.

However, some fundamental aspects of SPT plants with high temperature HTF are not
considered in these works. The large corrosion produced by the "6�;2 −  �; salt needs
be compensated by a thicker tube wall compared to that of the receiver tubes designed for
nitrate salts. Moreover, the start-up of a chloride salt receiver requires higher preheating
temperature on account of its elevated molten point, which can penalty the start-up capacity
and operating hours of these plants in comparison with those with nitrate salts and subcritical
Rankine cycles.

According to He et al. (2020), the three most promising receivers in the third-generation
CSP plant are high temperature molten salt, particle and gas receivers, which are expected to
yield temperatures higher than 700 >�. However, they pointed out that these technologies are
still immature to work under such a high temperatures. Due to the accumulated commercial
experience of the CSP industry, molten salt receivers can be advantageous over the other
options. However, the conventional solar salt commonly employed, which is a mixture of
sodium nitrate and potassium nitrate, decomposes above 600 >�. Thus, alternative molten
salts like carbonates, fluorides and chlorides salts, capable of reaching higher temperatures,
have been proposed in the literature. Their operating temperatures are summarized in Table 3.1
These alternative molten salts meet the target of 700 >� without severely decomposing, but
they introduce new challenges. According with Mohan et al. (2019), the principal advantage
of the fluorides salts is their elevated thermal conductivity, but their toxicity is high. Moreover,
they are more corrosive than carbonate and chlorides salts. In contrast, the density and heat
capacity of carbonate salts are relatively high, but they are expensive because they contain
!82�$3. Concerning chloride salts, they are the cheapest high-temperature HTF and kept an
adequate thermal performance, but they are corrosive at high temperature.

Studies about the use of B�$2 Brayton cycles in CPS plants with high-temperature HTFs
in the receiver are relatively abundant. However, works characterising the receivers designed
to operate with high-temperature molten salts are scarce in the open literature. Furthermore,
despite these works show the theoretical benefits of the high-temperature molten salts from the
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Table 3.1: Melting and stablility temperatures for different molten salts as heat transfer media, Mohan
et al. (2019).

HTF Melting point
(>�)

Stability limit
(>�)

Nitrate salt #0#$3 −  #$3 221 600
Fluorides salt !8� − #0� −  � 454 ∼ 800

Carbonates salt
!82�$3 − #02�$3 −  2�$3 397 ∼ 900

!82�$3 − #02�$3 496 ∼ 900
!82�$3 −  2�$3 488 ∼ 900

Chlorides salt

#0�; − "6�;2 − �0�;2 424 ∼ 700
"6�;2 −  �; 435 ∼ 900

#0�; −  �; − "6�;2 − �0�;2 385 ∼ 700
!8�; − #0�; −  �; − �B�; − (A�;2 257 751

#0�; −  �; − /=�;2 200 800

point of view of the nominal operation of the CSP plant, they do not consider other conditions
such as the start-up of the receiver, which is crucial for the feasibility of the plant. For this
reason, the present study analyzes the viability of the start-up of the receiver of a CSP plant
that works with high-temperature molten salt.

As commented in Chapter 2, the start-up of a CSP plant that works with a molten salt
involves the filling of the receiver tubes with molten salt at least once every day. This is so
because the receiver is drained after completing its daily operation to prevent the freezing of
the molten salt during the night. During the start-up operation, the receiver tubes are initially
preheated while they are still empty. This preheating is produced by a controlled amount
of solar irradiation, which is concentrated on the receiver by the heliostats field through a
heating sequence like the one proposed by Vant-Hull in Vant-Hull (2002). In Chapter 2 and
in Pérez-Álvarez et al. (2022) the preheating of two examples of absorber tubes working with
nitrate molten salt as a heat transfer fluid was studied through numerical CFD simulations.
The principal conclusion of this work was that the Vant-Hull preheating algorithm does not
compromise the structural integrity of the Ni-based alloy 230 tubes in a nitrate salt receiver
since the resulting fatigue damage is lower than 5%. They found that the peak of thermal
stresses occurs during the first 80 s of preheating, when the non-uniformity of the temperature
field is maximum, and there are unfavorable ambient conditions for which the receiver preheat
can not be completed. In the present chapter, alternative high temperature molten salts are
evaluated and a more conservative methodology is used to characterize the fatigue damage of
the receiver tubes during preheating.

As mentioned before, preheating of the receiver tubes in a CSP plant has to deal with
the problem of the molten salt crystallization. The melting temperature of the conventional
nitrate salt (60% #0#$3 and 40%  #$3) is ranged between 221 >� and 238 >�, Zavoico
(2001). Typically, a security range is considered in SPT operation and the nitrate molten
salt is commonly stored at 290 >�. Concerning the preheating operation, a tube temperature
between 340 >� and 380 >� when the tubes are filled by the nitrate salt is enough to avoid
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its crystallization according to Mehos et al. (2020). In the present chapter, the carbonate salt
!82�$3 − #02�$3 and the chloride salt #0�; −  �; − "6�;2 −�0�;2 are selected as the
receiver HTF since both molten salts can work with chemical stability at 700 >�, which is the
temperature necessary to couple the receiver system with a B�$2 power cycle. Moreover, by
considering these salts, the effect of the crystallization temperature on the preheating can be
assessed, since they have different melting temperatures. To be best of the authors’ knowledge,
due to the novelty of this topic, no study has been published devoted to the preheating operation
of these salts and their recommended preheating temperature. For this reason, a preheating
temperature exceeding in 120 >� the melting temperature of each molten salt is chosen in
this chapter. Thus, the target preheating temperatures of the receiver tubes that are set for
carbonate and chlorides salts are 616 >� and 505 >�, respectively. The algorithm proposed
by Vant-Hull in Vant-Hull (2002) is used for the preheating of the receiver tubes. In this
algorithm the solar radiation to be concentrated on the receiver (i.e. incident heat flux) for
a controlled preheating is provided as a function of the minimum temperature of the tube,
)C2 , and the time spent in the preheating, C. For a cylindrical external receiver, the minimum
temperature is located at the rear side of the absorber tube.

To illustrate the Vant-Hull algorithm for preheating, Figure 2.1 was used to show the
map of the algorithm versus the time and minimum tube temperature. Every 5 min during
the preheating, a new assignment of heliostats is made and kept active to prevent chaotic
arrangements from developing with time. Within each 5 min interval, )C2 is checked every
30 s and the value of the incident heat flux is set according to Figure 2.1. The threshold
temperatures of )C2 that lead to a change of the incident heat flux are preserved within a 5
min interval and are indicated in the figure excepting for the transition from 28 :,/<2 to
24 :,/<2 between C = 5 <8= to C = 10 <8= in which the threshold temperature is )' − 10,
where )' is ()' (>�) = 5

9 ·
[(

100 +
(
800 ·

(
1 − 4

−C (<8=)
10

)))
− 32

]
). The preheating ends

when )C2 reaches the target preheating temperature. For a nitrate salt receiver, under ideal
windless conditions, the end of the preheating can be achieved in less than 15 min, Vant-Hull
(2002). The convection losses could prevent or delay the tube filling with molten salt since
they tend to decrease the tube temperature as shown in Pérez-Álvarez et al. (2022). The
Vant-Hull algorithm is devised for conventional nitrate salts and does not directly consider
the tube geometry (i.e. tube diameter and thickness), material properties, thermal stress nor
creep-fatigue damage limits, which are vital for the correct receiver management.

In view of the above introduction, there is lack of studies concerning the start-up of tubes
with high temperature (i.e. 700 >�) molten salts required for the forthcoming generation
of CSP plants. The start-up of a STP plant is a crucial operation performed daily with
implications in the receiver integrity and the plant dispatchability. Therefore, as a novelty,
the main goal of the present chapter is to analyze the viability of the preheating operation of
the receiver tubes during the start-up of a SPT plant designed to work with high-temperature
carbonate or chloride molten salts. In this analysis the Vant-Hull algorithm is used as the basic
preheating strategy to determine the incident heat flux on the receiver tubes before they are
filled with the molten salt. In particular, this chapter assesses the transient thermal and stress
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behavior of the receiver tube during its preheating for high temperature molten salts by means
of a thermal model, which is solved through CFD simulations, as well as a thermo-elastic
model, which is proposed in Laporte-Azcué et al. (2020). This is the first time such an analysis
of receiver preheat for high-temperature molten salts is presented in the open literature and
it can be relevant to further understand the preheating operation of current and future SPT
plants. Results of this chapter indicate that the SPT plant can not start its operation when
the high-temperature receiver is preheated with the Vant-Hull algorithm. For this reason, we
subsequently propose and evaluate a set of original adaptations of the Vant-Hull algorithm to
allow the start-up of high-temperature receivers. The temporal evolution and distribution of
the tube temperature during preheating, the start-up hour, and the electric energy generation
by the SPT plant are provided for the adaptated Vant-Hull algorithm. Moreover, the fatigue
and creep damage associated with the receiver preheat are calculated using the methodology
proposed in González-Gómez et al. (2019). This chapter is organized as follows. Section
3.2 describes the geometry and the principal characteristics of the studied receiver tubes of
a STP plant that works high a temperature molten salt. In Section 3.3 the numerical model
employed for the thermal characterization of the receiver preheat is presented. Section 3.4
describes the analytical methodology employed to characterize mechanically the receiver
tubes. This section also explains the methods used to estimate the fatigue and creep damages.
In Section 3.5, results are presented concerning the temporal evolution of temperatures and
thermal stresses in the tubes during preheating and the proposed adaptation of the Vant-Hull
algorithm is assessed. Also, the resulting the creep and the fatigue damages are characterized
and discussed. Finally, Section 3.6 contains the main conclusions arising from this chapter.

3.2 System description

To prevent the freezing of the HTF during the filling process in the receiver start-up, the
absorber tubes must be heated until they have enough temperature to fill them without the risk
of crystallization. In the present chapter, the viability of starting up a SPT receiver working
with different high temperature molten salts has been carried out for the Gemasolar SPT
plant, which has a typical external receiver configuration with the absorber tubes arranged
vertically along the 360> of a cylinder. A thermo-mechanical analysis of the receiver preheat
has been performed since knowledge of the thermal stresses in the tubes during the receiver
start-up is crucial to avoid their damage. The Gemasolar receiver, which has a height of
10.5 m and a diameter of 8.5 m, is formed by 18 panels, each panel being composed by 56
absorber tubes with an outer diameter of 25 mm, a tube thickness of 1.2 mm and a separation
of 2 mm between consecutive tubes. The tubes of each panel are individually supported at
the top, which permits unrestricted downward thermal expansion. Moreover, each absorber
tube is periodically guided over its length by clips, which are welded to the rear side of
tube, Falcone (1986). In the present chapter, the material selected for the absorber tubes is
Haynes 230 alloy because of its excellent properties at high temperature (section 3.3.4). More
information concerning the tube and reradiant surface coating and their properties can be
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found in Section 2.2. Table 3.2 summarizes the main parameters of the Gemasolar receiver,
as well as the ambient, the sky and the ground conditions.

As was commented previously, the typical HTF flowing inside the absorber tubes is nitrate
salt commonly known as solar salt, i.e. 60% wt #0#$3 and 40% wt  #$3. In this chapter,
as a novelty, the preheat of the receiver is assessed for a carbonate salt, !82�$3 − #02�$3,
and chloride salt, #0�; −  �; − "6�;2 − �0�;2, both of which being capable of reaching
substantially higher temperatures than the solar salt. However, because of their higher melting
points, these molten salts require a greater preheating temperature of the absorber tubes before
the salt is pumped into the receiver. A preheating temperature of 616 >� and 505 >� at the
rear side of the tubes is set in this study for the carbonate and the chloride salts, respectively.

Table 3.2: Geometric parameters of the Gemasolar receiver and the surrounding conditions.

Element Parameter Symbol Plant
Gemasolar

Receiver

Height �A (m) 10.5
Diameter �A (m) 8.5

Number of panels #? 18
Panel width ,? (m) 1.4988

Number of tubes #C 56

Tube

Outer diameter 34 (mm) 25
Thickness Cℎ (mm) 1.2
Pitch � (mm) 2

Emissivity Y 0.87
Visible absorptivity U 0.93
Fouling resistance ' 5 >D; (K <2/W) 8.810−5

Tube sourrondings

Ambient Temperature )0<1 (K) 300

Sky )B:H (K) 286.3

Emissivity
YB:H 0.85

Ground Y6A 0.955
Refractory wall YAF 0.2

Heliostats field Number of heliostats #ℎ4;8>BC0CB 2650
Mirror area �<8AA>A (<2) 115.7

3.3 Thermal characterization

3.3.1 Numerical model

The thermal behavior of the absorber tubes during the receiver preheat is described in this
chapter by means of a numerical simulation model, which is a two-dimensional transient
model developed for a cross-section of a generic tube. Only one tube is required to be
evaluated since the receiver preheat is identical in all the panels of the receiver. Besides,
the incident radiation during preheating is uniform along the tube axial length, heat losses
through the tube ends to the collectors can be neglected and the tubes are empty, which means
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that temperatures in the tube wall only vary in radial can circumferential direction but not in
axial direction. Moreover, the air inside the tube, the reradiating wall and the air surrounding
the tube are considered in the numerical model. The reradiating wall has a thickness of
',! = 15 cm, which is sufficiently large to produce results weakly affected by the value of
',!. The separation between the reradiating wall and the closest point at rear side of the
tube is '( = 5 cm. The domain extends laterally to half the pitch between consecutive tubes,
�/2. The separation between the tube and the front boundary of the domain, �(, is equal to
the tube diameter to get a negligible interference of this boundary on the tube temperature.
A schematic representation of the domain is shown in Figure 3.2. It corresponds to the
Complex Model developed in Chapter 2 and a summarize of its main features is provided in
the following lines.

Figure 3.2: Simulation domain and main dimensions.

As was commented in Section 3.1, the receiver preheating starts with the empty tubes
(i.e. only air in the tubes) at ambient temperature, )0<1 . The heliostats are gradually oriented
towards the tower to progressively increase the flux of concentrated radiation on the receiver
surface. The resulting irradiation flux, per frontal area of the receiver, to be concentrated
during the preheating is spatially uniform, to ensure that all the tube sections are heated
simultaneously, but can vary with time according to a preheating algorithm, as will be shown
later. This irradiation flux on the receiver is imposed at the front boundary of the model
domain (right side of the domain in Figure 3.2). The heat flux actually absorbed by the tube
section is obtained as a result of the model solution, which calculates the heat losses of the
tube and the radiation exchange between adjacent tubes. During the preheating the receiver
valves are closed, so that air inside the absorber tubes cannot move freely. This fact, combined
with the small Rayleigh number of the trapped air, does that the free convection motion of
the air in the tubes can be neglected. For this reason, the air in the tubes is assumed to
be stagnant. Radiation heat transfer is considered in the domain, where the tube walls are
opaque to radiation and the air in the tubes is modeled as transparent to the radiation. The
air outside the tube allows the radiation transmission but it is modelled as a non-participating
medium at rest and with null thermal conductivity. This is so because the convective losses
of the tube to the outside air are calculated with the empirical correlation proposed by Siebers
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and Kraabel in Siebers & Kraabel (1984). In particular, as this chapter studies the receiver
start-up under the most favorable ambient conditions, only natural convection is taken into
account to calculate the receiver convective heat losses, which are incorporated in the model
through a sink of heat at the outer surface of the tube. Fouling inside the tubes, as a result of
corrosion produced by the HTF during the previous operation of the receiver, is also included
in the numerical model. As information about fouling of high-temperature HTF is scarce in
the open literature, a common value of 8.8 × 10−5  <2/, is employed at first approach.

3.3.2 Governing equations

The governing equations to be solved in the model are the energy equation for the air and
the heat diffusion equation for the tube wall, both in unsteady formulation. As the model
described above does not consider the air movement, the continuity and momentum equations
are not required and the energy equation for the air is just analogous to the diffusion equation
used in the tube wall. All these equations were described in Section 2.3.2 of the previous
chapter.

3.3.3 Computational mesh

The model is solved in a structured computational mesh with quads cells. This mesh is similar
to the one used for the Complex Model in Chapter 2, as shown in Figure 2.3 (b). It has a high
cell concentration around the tube walls to correctly capture the thermal gradients during the
tube preheating. As in Chapter 2, through preliminary CFD simulations, it was checked that
a cell size in radial direction of about 50 `< at the tube surfaces was enough to capture the
thermal gradients during the preheat of the receiver. A sensitivity analysis of the numerical
model was performed to evaluate the dependence of the results on the number of cells. This
analysis was carried out for a complete preheating sequence using the standard Vant-Hull
algorithm. Further comments regarding the sensitivity analysis performed for this mesh can
be found in Section 2.3.3.

3.3.4 Material properties

The different substances considered in the model and their thermal properties are listed in
Table 2.2. As was commented in Chapter 2. The reradiating wall is made of calcium silicate.
The tube is made of Haynes 230, which is a nickel-chromium-tungsten-molybdenum alloy
that combines excellent high-temperature strength, long-term thermal stability, and excellent
low cycle fatigue properties at elevated temperature, Fahrmann & Srivastava (2014). The
material Haynes 230 alloy stands out for its excellent fatigue and creep properties at elevated
temperatures. It also has a low thermal expansion coefficient compared with that of other
high temperature alloys. As the simulated air in the model outside the tube does not play a
significant role in convection, since the convective losses are computed at the tube surface
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with empirical correlations, the thermal conductivity of the air is artificially reduced in
the simulations to a nearly null value. Besides, since the air is considered a medium not
participating in radiation, the refractive index and scattering coefficient of the air are set to 1
and 0 <−1, respectively as in the Complex Model of Chapter 2.

3.3.5 Boundary and initial conditions

Following an analogous approach to Chapter 2, the flux of solar radiation concentrated by the
heliostat field on the receiver, @”

+ �
, during the preheat sequence is defined as a uniform map

irradiation flux per unit of the projected area of the receiver. Thus, a spatially uniform value of
@”
+ �

is set at the outer boundary facing the front of the absorber tube (right outer boundary in
Figure 3.2). The value of @”

+ �
is defined according to the Vant-Hull algorithm as a function

of the time spent in the preheat operation, C, and the minimum temperature of the tube, )C2 ,
which is located at the rear side of the tube in an external SPT receiver. The treatment of
the radiation exchange with the surroundings and the adjacent tubes is similar to that of the
Complex Model in Chapter 2. The convective loss is incorporated in the model through a
superficial heat sink and a local convective coefficient (see Section 2.3.5). The inner surface
of the tube is thermally coupled with the air in the tube and the numerical simulation directly
calculates the conduction and radiation through the air inside the tube. Further details of how
the boundary conditions are modeled can be found in Section 2.3.5. As in Chapter 2, the
initial temperature of the tube and the air in the CFD simulations of preheating is the ambient
temperature, )0<1 = 27 >�.

3.3.6 Numerical solution

The commercial software ANSYS Fluent v19.2ANSYS (2019), was used to solve the unsteady
governing equation described above. Similarly to the procedure described in Section 2.3.6
for the Complex Model, all equations were discretized with a pressure-based finite volume
method, and were solved using the SIMPLE algorithm Patankar & Spalding (1972). A
Second-Order Upwind method was used to discretize the convective and diffusive terms,
Barth & Jespersen (1989). A First-Order Upwind method was used to discretize the DO
radiation equations. Besides, a Second-Order Implicit time discretization was selected to
accurately solve the governing equations, which is the best option recommended when there
are sharp spatial and temporal variations of temperature, ANSYS (2019).

A series of CFD simulations were performed to evaluate the sensitivity of the results
with the size of the time step, similarly to Section 2.3.6. As a compromise solution between
accuracy and computational cost, the selected time step size was ΔC = 0.01 s.
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3.4 Mechanical characterization

3.4.1 Elastic stress calculation

Using the transient temperature field of the tube obtained from the CFD simulations as
input data, the mechanical characterization of the receiver preheat in this chapter is done
through the analytical methodology presented by Laporte-Azcué et al. (2020). This analytical
methodologywas developed to calculate the elastic thermal stresses of the receiver tubes under
a two-dimensional and non-axisymmetrical temperature distribution as well as Generalized
plane strain (GPS) and quasi steady-state conditions. The use of this methodology for transient
temperatures was described and validated in Pérez-Álvarez et al. (2022) and Chapter 2, where
the analytical results were compared with those of a transient finite element model (FEM).
The maximum discrepancy between the analytical methodology of Laporte-Azcué et al.
(2020) and FEM results was found to be 1.73%. This reduced discrepancy between the FEM
results and the quasi steady-state analytical methodology in a transient heating is supported
theoretically by Boley &Weiner (2011) on the basis that the tube deformation produced by the
thermal stress barely affects the temperature, and the inertia terms in the equation of motion
of the wall are negligible. It should be noted that the GPS conditions allow the free axial
expansion of the tubes and are a good approach of the receiver tubes displacement when it is
restricted by clips. As in Chapter 2, the mechanical properties of the material are modeled as
temperature-dependent because, according to Laporte-Azcué et al. (2020), the thermal stress
is underestimated when the material properties are considered as non-temperature dependent.

3.4.2 Creep estimation methodology

The methodology proposed in González-Gómez et al. (2019) and applied to a solar receiver
in González-Gómez et al. (2021) is used to characterize the creep damage associated to
the receiver preheat. This methodology is based on the temporal fraction model of ASME
Section III of Mechanical Engineers. Boiler & Committee (2014). The creep damage (�2) is
calculated using Equation 3.1.

�2 =

∫ C3

0

3C

C' (f2A44?4 5 5
, ))

(3.1)

Where C3 is the hold time and C' is the time to rupture. In this chapter, the hold time is
set as the duration of the receiver preheat, while the time to rupture, which depends on the
temperature ) in Kelvin and the effective creep stress f2A44?

4 5 5
in MPa, is calculated from:

;>610 (C') = −26.27 + 44158
)
+ 4.72 ;>610 (f2A44?4 5 5

) − 11337
)

;>610 (f2A44?4 5 5
) (3.2)
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The coefficients of this equation was obtained by Eno et al. (2009) for Haynes 230.
According to Stoppato et al. (2012); Mirandola et al. (2010) the equivalent stress, f+ " , is
used to consider the multiaxial stress-state of the tube in the creep analysis. The effect of
the stress relaxation is not considered, doing that the effective creep stress is equal to the
equivalent von Mises elastic-plastic stress (f2A44?

4 5 5
= f+ " ) in Equation 3.1 and 3.2.

3.4.3 Fatigue estimation methodology

Following Fahrmann & Srivastava (2014) and analogously to Chapter 2, the fatigue damage
(� 5 ) produced by the receiver preheat is calculated as the sum of the ratio between the
weighting cycle factor, #F, 9 , and the number of security allowable cycles, #B, 9 , for the total
number of cycles of maximum stress range during the expected lifetime of the receiver, " .
Section 2.4.2 describes in detail the fatigue estimation methodology used in this chapter.

3.5 Results and discussion

As mentioned in the introduction, the Vant-Hull preheat algorithm is employed in this chapter
to analyze the start-up viability of a receiver which is working with a high-temperature HTF. In
particular, the analyses shown here are developed for a carbonate salt, !82�$3−#02�$3, and
chloride salt, #0�; −  �; −"6�;2 −�0�;2. To prevent the freezing of the HTF during the
receiver’s filling, the absorber tubes must be heated until they have enough temperature to fill
themwithout the risk of crystallization. In this chapter, this target preheating temperature is set
at 616 >� for the carbonate salt and 505 >� for the chloride salt. Since the Vant-Hull algorithm
was originally developed for a nitrate salt receiver, this chapter proposes a modification of the
Vant-Hull algorithm by adapting its values of the heat flux @”

+ �
and the threshold temperatures

)', to ensure that the target preheating temperature needed for the high temperature molten
salts is reached. Moreover, the creep-fatigue damages associated to receiver’s preheat are
analyzed to verify the security of the start-up process with the new preheat algorithm. The
maximum duration of the receiver preheat is set at 60 min.

3.5.1 Temperature evolution

3.5.1.1 Effect of modifying the preheating heat flux

Firstly, the influence of increasing the incident heat flux of preheating,@”
+ �

, on the tube
temperature distribution is analyzed. For that, the values of the original Vant-Hull algorithm
described in section 3.1 are multiplied by a factor ?. The threshold temperatures )' and time
interval of 5 min of constant @”

+ �
are kept similar to those of the original Vant-Hull algorithm.

To illustrate how the Vant-Hull algorithm relates, along the preheating, the minimum tube
temperature with the incident heat flux in Figure 3.3 (a) has been represented the temporal
evolution of the minimum tube temperature on the Vant-Hull algorithm map for different
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values of ?. The Vant-Hull algorithm map provides the scaled incident heat flux, @”
+ �
· ?,

in function of the time spent in the preheat operation, (ordinate axis), and the minimum
temperature of the tube (abscissa axis). From a qualitative point of view, the tube temperature
at the rear side of the tube (A = A4 and \ = 180>) is rapidly increased. The increase of the
minimum temperature is above 240 >� during the first 5 min and it grows with the weighted
coefficient ?. After this point, the tube temperature causes that the absorbed heat is reduced
since the heat losses are directly proportional to the tube temperature. This fact causes that
during the next 5 min of the preheating, (5 < C (<8=) < 10), the minimum tube temperature
does not undergo a high change as the previous 5 min. When the preheating time is ranging
between 10 and 60 min, the heat absorbed by the tube is drastically reduced due to the growth
of the heat losses, making that the temperature does not significantly change in this time range
and a quasi-steady state is observed due to the tube temperature is quasi-stabilized, reaching
during the last 50 min of the preheat a maximum variation of the rear side temperature lower
than 3.2%, which represents a variation of 20 >� in the tube temperature. For the case
where the incident heat flux is provided by the standard Vant-Hull algorithm (? = 1), the
evolution of the minimum tube temperature (solid black line of Figure 3.3 (a)) reaches a
value of 340 >� in 11.6 min. This means that the receiver preheat would be interrupted
if the HTF were nitrate salt. For carbonate and chloride salts the heating process is not
interrupted since the tube temperature is not enough to fill it with high-temperature HTF
without crystallization risk. This is due to the fact that Vant-Hull algorithm was developed
to preheat a nitrate salt receiver, Vant-Hull (2002). For any of the values of the coefficient
? shown in Figure 3.3 (a), it is not possible reach enough temperature in the tube to start-up
the carbonate or chloride salt receivers. For simplicity, only coefficients ? ≤ 2 are shown
in Figure 3.3 (a). Keeping by default the temperature limits of the Vant-Hull algorithm,
it is possible to achieve temperatures above 505 >� or 616 >� through larges values of ?.
Nevertheless, the thermal stresses generated in these cases would lead to high creep and
fatigue damages, reducing drastically the receiver lifespan.

The temporal evolution of the maximum absorbed heat flux, which is located in the outer
surface of the tube at the angular position \ = 0>, is shown in Figure 3.3 (b) for different
values of ?. Despite the incident heat flux at the beginning of the preheat is 20 · ?, only a
fraction of this heat is absorbed for the tube. Progressively, the tube is accumulating heat and
increasing its temperature. This fact implies an augment of the convection and radiation heat
losses, which is accentuated during the first 5 min of the preheating. For large values of ?, the
heating of the tube is faster leading to higher heat losses, and the consequent reduction of the
absorbed heat. Between 2.3 and 4.5 min, the tube temperature surpasses the first temperature
reference of the Vant-Hull algorithm, 249 >�, and the value of the incident heat flux is reduced
to 16 · ? for all the cases studied in this chapter. This reduction implies a diminution of the net
heat absorbed by the tube and justifies the attenuation of the tube heating which was shown in
Figure 3.3 (a). Each modification of the incident heat flux can be observed through a sudden
change of the absorbed heat. In some cases, the minimum temperature is stabilized around the
reference temperature of the Vant-Hull algorithm. This fact causes that slight modification
into the minimum tube temperature, consequence of the heat dissipation at the rear side,
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changes the value of the incident heat flux. This situation produces that the temperature field
and the heat flux have an oscillating behavior, as can be observed in Figure 3.3 (b) for ? = 1.0,
? = 1.1 and ? = 1.5. The oscillations of the cases ? = 1.1 cease after 20 min. For the others
coefficients ?, after 10 min, the heat dissipated by the rear side is balanced out by the absorbed
heat flux, which is stabilized around 3 :,/<2. Large values of ? cause a higher minimum
tube temperature, implying a growth in the dissipated heat at the rear side.
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Figure 3.3: (a) Weighted incident heat flux in :,/<2 provided by the Vant-Hull preheat algorithm.
(b) Temporal evolution of the weighted heat flux absorbed by the outer surface of the tube evaluated at
\ = 0>.

At the beginning of the preheat (C = 0 min) the absorber tube is at the ambient temperature.
Progressively the front side of the tube, |\ | ≤ 90>, is heated thanks to the incident heat flux
reflected by the heliostat field, while the rear side (|\ | > 90>) is principally heated by heat
transfer through the tube walls, Pérez-Álvarez et al. (2022). Figure 3.4 shows the temporal
evolution of the maximum and minimum temperatures at the outer surface of the tube. The
results of the figure reveal that the temporal evolution of the tube temperature has the same
trend, independently of the weighting of Vant-Hull algorithm. At the front side, the tube
temperature experiences a rapid heating in the early time instants, during the first 60 s the
maximum temperature is rising about 152 >� and 275 >� for the original Vant-Hull algorithm
(? = 1.0) and for the Vant-Hull algorithm weighting with ? = 2.0 respectively. In contrast,
the temperature at the rear side undergoes an increase of about 26 and 58 >� respectively
at the same time period. For the cases studied in this chapter, this non-uniform temperature
distribution inside the tube is maximum at C = 1.2 min and generates the most critical time
interval from a mechanical perspective. After this moment, the progressive heating of the rear
side of the tube causes that the non-uniform distribution of temperature is gradually reduced.
None of all the cases reached the target temperature necessary to fill the absorber tubes with
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high-temperature HTF.
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Figure 3.4: Temporal evolution of the outer surface temperature of the for Gemasolar receiver tubes
and evaluated at \ = 0> and \ = 180>.

3.5.1.2 Effect of modifying the threshold temperatures

Having analyzed the effect of rising the incident heat flux, the influence of Vant-Hull’s
threshold temperature is studied. As was commented before, the preheat algorithm was
developed for a nitrate salt receiver. To adapt it to the new high-temperature HTF, the threshold
temperature of the algorithm can be weighted with )</)>, where )< is the target temperature
of the new fluid (i.e: 616 >� and 505 >� for the carbonate and chloride salt respectively)
and )> is the target temperature of the nitrate salt (i.e: 340 >�). Figures 3.5 (a) and 3.5 (b)
show the evolution of the minimum tube temperature obtained for different values of ? on the
Vant-Hull algorithm map, which provides the incident heat flux, @′′

+ �
· ?, as a function of the

preheating time and the weighted threshold temperature, )' = [) (A = A4, \ = 180>) · )> ( )
)< ( ) ]

for carbonate and chloride salts respectively. In this modification of)', the target temperature
()<) is included in Kelvin. The evolution of the minimum tube temperature obtained with the
original Vant-Hull algorithm (named as Original and plotted as a solid black line in Figure 3.5)
is represented to analyze the effect of modifying the threshold temperature. For the nitrate salt
receiver (Original case), their threshold temperatures are defined according to the standard
Vant-Hull algorithm which implies: )< = )> = 340 >�. In Figure 3.3 (b), the cases with
1.0 ≤ ? ≤ 1.5 tend to be stabilized around @′′

+ �
= 16·? (:,/<2) while the case with ? = 2.0

the flux after 5 min from the preheating begins is stabilized in @′′
+ �

= 12 · ? (:,/<2). Only
with the adaptation of the threshold temperature to the high-temperature HTF requirements,
the incident heat flux is considerably increased. For the carbonate and chloride salts, in the
cases with 1.0 ≤ ? ≤ 1.5, the incident flux ranges from 36 · ? (:,/<2) to 24 · ? (:,/<2).
This fact means a growth of the incident heat flux by a factor between 1.5 and 2.25 due to
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the adaptation of the threshold temperature. The case with ? = 2.0 duplicates its incident
heat flux (i.e: 24 · ? (:,/<2)) compared with the value provided by the Vant-Hull algorithm
with the standard threshold temperatures. The heat losses associated with the tube heating
are increased during the first minutes of the preheating (C < 5 min). After 20 min, a thermal
balance between absorbed heat at the front side of the tube and the heat dissipated at the rear
side is reached. Some cases (i.e: ? = 1.0, ? = 1.1 and ? = 1.5) reach a minimum temperature
equal to the reference temperature. This situation makes that the small perturbations into the
tube temperature at the rear side, caused by the heat dissipation of the rear side of the tube,
are translated into a fluctuation of the incident heat flux around 3.3 :,/<2 for the carbonate
salt and 4.3 :,/<2 for the chloride salt. The rise of the incident heat flux leads to rapid
heating of the tube, reaching a higher temperature than the cases where only the incident heat
flux was modified. For this reason, when the target temperature is increased, the net heat flux
is decreased due to the augment of the heat losses.
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Figure 3.5: Weighted incident heat flux in :,/<2 provided by the modified Vant-Hull preheat
algorithm with new threshold temperature for: (a) Carbonate salt, (b) Chloride salt.

The above comments can be observed through the evolution of themaximumandminimum
tube temperature for the preheating of carbonate salt (Figure 3.6 (a)) and chloride salt
(Figure 3.6 (b)) receivers. The behavior of the temperature evolution is similar to that
commented for Figure 3.4. The effect of the threshold temperature modification is observed
in the maximum temperature at the end of the preheating (C = 60 min), which reached,
for carbonate salt receiver, an increase of 145.9 >� and 169.1 >� for ? = 1.0 and ? = 2.0
respectively compared with those cases without modification in the threshold temperatures. A
similar increase is observed at the rear side of the tube, where the minimum temperature grows
138 >� and 168.6 >� for ? = 1.0 and ? = 2.0 respectively. For the chloride salt receiver,
only with an adaptation of the threshold temperature, the tube suffered a rise of 112.4 >�
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and 106.2 >� in the maximum and minimum temperatures. Although the adaptation of the
threshold temperature of the Vant-Hull algorithm shown exciting results, the target preheating
temperature (represented with a black dotted line in Figure 3.6) is not reached in almost all
cases, because the heat flux is insufficient.
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Figure 3.6: Temporal evolution of the outer surface temperature obtained with the modified Vant-Hull
algorithm with weighted threshold temperature for: (a) Carbonate salt, (b) Chloride salt. Both are
evaluated at: \ = 0> (upper), and \ = 180> (bottom).

3.5.1.3 Progressive adaptation of the heat flux multiplying factor

As the weighted heat flux is insufficient to start-up the receiver with high-temperature HTF,
is necessary to reach the weighted coefficient of the heat flux which allows filling the receiver
with carbonate and chloride salts without high creep and fatigue damages. To avoid the
selection of unjustified larges values of ?, which allows start-up the receiver operation for
high-temperature HTF, the algorithm proposed in Vant-Hull (2002) is dissected in detail.
Vant-Hull developed the algorithm to compensate the heat dissipation of the tube for large
tubes temperatures of the nitrate salt receiver. For this reason, the minimum heat flux of
the Vant-Hull algorithm, 12 :,/<2, was set to balance out the incident heat flux with the
heat losses of the tube at )A4 5 = 380 >�, which was the maximum temperature proposed by
Vant-Hull to fill a nitrate salt receiver, Vant-Hull (2002). This fact implies that the minimum
value of the incident heat flux provided by the preheating algorithm must compensate the
heat loss of the tube at the filling temperature. The minimum weighing to start-up the
high-temperature salt receiver, ?;8<8C , can be calculated through the comparison between the
convective and radiative heat losses at the target preheating temperature of high-temperature
HTF (i.e: )< = 616 >� and )< = 505 >� for carbonate and chloride salts, respectively) and



3.5. Results and discussion 89

the heat losses of a nitrate salt receiver at)A4 5 = 380 >�, which is the largest target preheating
temperature provided in Vant-Hull (2002) for a nitrate salt receiver.

?;8<8C =
fYC ()4

< − )4
0<1
) + ℎ()< − )0<1)

fYC ()4
A4 5
− )4

0<1
) + ℎ()A4 5 − )0<1)

(3.3)

Where f is the Stefan-Boltzmann constant, YC is the tube emissivity, ℎ is the average
convection coefficient in a cylindrical external receiver proposed by Siebers & Kraabel (1984)
for a day without wind (EF8=3 = 0) and )0<1 is the free stream temperature of the air.

Several CFD simulations have been carried out to provide additional characterization of
?;8<8C . Thanks to these simulations, the relation between incident heat flux and minimum tube
temperature at the end of the preheating has been revealed. These simulations use the same
boundary conditions as those described in previous sections (see Section 3.3.5), except that
the model is developed for a steady-state. In this analysis, the incident heat flux is modified
simulation per simulation to discover its influence on the minimum tube temperature. In
Figure 3.7 the evolution of the target preheating temperature is represented in the function of
the weighted coefficient which theoretically allows the start-up of the high-temperature HTF
receiver (?;8<8C ). The temperature of the outer surface of the tube at the \ = 180>, where a
minimum value is reached, is obtained through CFD simulations and it is represented as a blue
solid line in Figure 3.7, while the values obtained with the Equation 3.3 are represented as a
red dashed line. For the same value of target preheating temperature, the steady numerical
simulations reached a higher value of the ?;8<8C than the value obtained with the Equation 3.3
since CFD simulations contemplated the heat dissipation of the whole tube and the heat
accumulation of the tube. Moreover, the CFD simulations consider the effect of the adjacent
tubes and the complex interaction between tubes and the reradiating wall which is not reflected
in the Equation 3.3.

To verify if with the heat flux weighting with ?;8<8C its possible to start-up the
high-temperature salt receiver, a series of simulations have been developed, where the incident
heat flux is weighted with the coefficients obtained in Figure 3.7 to reach the target preheating
temperature. To avoid excessive thermal stresses of the tubes for C < 5 min, explain in
detail in Section 3.5.2, a more gradual weighing of the incident heat flux is proposed. In
this new weighting, the coefficient ? is linearly progressed from 1.0, during the first 5 min,
to ? = ?;8<8C at C = 15 min. The reason of develop a new progressive preheat is to reduce
the maximum stress, which appears during the first minutes of the preheating, and reach the
necessary heat flux to preheat the receiver tubes. The expression of this linear progression of
? can be defined as: ? = 1

3 (4 + = · (?;8<8C − 1) − ?;8<8C ) where = represents the current stage
of the preheating algorithm, and its value depends of the preheating state, i.e: = = 1.0 for the
first 5 min, 2.0 for 5 < C (<8=) < 10, 3.0 for 10 < C (<8=) < 15 and 4.0 for C (<8=) > 15. After
15 min, the value of = is kept constant until the end of the preheating.

Figure 3.8 shows the temporal evolution of the minimum tube temperature which is
represented on the Vant-Hull algorithm map, where the incident heat flux, @′′

+ �
· ?, is
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Figure 3.7: Evolution of the minimum tube temperature as a function of the minimum weighting
(?;8<8C ) obtained through CFD simulations (blue solid line) and approximate method (red dashed line).

provided in function of the preheating time (C) and the weighted temperature threshold,
)' ( ) = [) (A = A4, \ = 180>) · )>

)<
]. In Figure 3.8 (a) the map of the heat flux necessary to

preheat the carbonate salt receiver is shown, while the analogous map for the chloride salt is
shown in Figure 3.8 (b). The preheating ends when the tube reaches the target temperature,
i.e. 616 >� for carbonate salt and 505 >� for chloride salt. As reference, the temperature
evolution of the nitrate salt receiver (solid black line) is also represented too in Figure 3.8.
The curves weighted with ? = 3.3 and 3.8 are represented as pink and green solid lines,
respectively. In these cases, the minimum tube temperature increases rapidly and modifies
the incident heat flux from 20 · ? :,/<2 to 16 · ? :,/<2 after 2.6 and 2.2 min respectively,
from the preheating beginning. After this point until the end of the preheating, the value of
incident heat flux for these cases is kept. For the chloride salt, the curves are weighted with
? = 2.0 and ? = 2.4. Both are represented as brown and orange solid lines in Figure 3.8 (b)
and have a similar evolution than the analogous cases of carbonate salt. Chloride salt receiver
concludes the receiver preheating in less than 12 minutes. For both molten salts, carbonate
and chloride, the progressive weighted preheat is represented as dotted lines in Figure 3.8.
The cases with a progressive weighted preheat shares the temperature evolution during the
first 5 min. After this point, the weighted value of ? is increased although the rear side of
the tube needs around 0.8 min to perceive a modification into its temperature. Gradually,
the coefficient ? is grown until it reaches the value of ? = ?;8<8C at C = 10 min. Table 3.3
summarizes the maximum and minimum values of the incident heat flux necessary to preheat
the receiver with carbonate and chloride salts with the different preheat strategies.

Figure 3.9 shows the temporal evolution of the maximum (\ = 0>) and minimum (\ =
180>) temperatures at the outer surface of the tube. The Vant-Hull algorithm, which weighted
heat flux and new threshold temperature, is used to preheat the carbonate salt (Figure 3.9 (a))
and chloride salt (Figure 3.9 (b)) receivers. For each studied case, the heating process is
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Figure 3.8: Map of the heat flux in :,/<2 provided by the Vant-Hull preheat algorithm weighting
with ? = ?;8<8C and with temperature reference adapted to high-temperature HTF for: (a) Carbonate
salt, (b) Chloride salt.

interrupted when the minimum temperature in the tube reaches the target temperature, i.e:
616 >� for the carbonate salt or 505 >� for the chloride salt. As commented before, these
target temperatures are considered enough to fill safely the tube with these high-temperature
salts. Target temperature is indicated with a horizontal dash line in both figures. When all the
stages of the algorithm are weighted with the same constant value, ? = ?;8<8C , the same trend
is observed. These cases have rapid heating of the rear side of the tube, where their minimum
temperature is increased during the first minute of the preheating , i.e., for the carbonate salt
receiver is around 123.9 >� and 153.8 >� for ? = 3.3 and 3.8, respectively. In contrast, the
cases with a progressive weighted preheat display a growth of the minimum carbonate salt
temperature of 26.8 >� in the same time. The heating is accentuated at the front side, where
the temperature grows 493.6 >� and 439.1 >� for ? = 3.3 and 3.8, respectively, while this
increase is 152.8 >� for the progressive preheating. The maximum temperature is 668.5 >�

for ? = 3.8, while for ? = 3.3 this value is slightly lower, 645.2 >�. Both values are similar
to those reached in the progressive heat, 672.5 >� and 658.1 >�, for ? = 0.933 · =+0.067 and
? = 0.767 · = + 0.233 respectively. The progression of the weighting of the heat flux gets a
similar temperature distribution than a whole weighting of the Vant-Hull algorithm, although
the former needs more time to reach the target temperatures. For the chloride molten salt, the
cases which weighted the incident heat flux with ? = 2.0 and ? = 2.4 reached an increase,
compared with the nitrate salt receiver, of 280 >� and 325.3 >� in the temperature at the front
side, while a softly rise is obtained with the staggering preheating. This behavior influences
the thermal stresses as will be shown later. At the rear side of the tube, the heating is slower
than that of the preheat of the carbonate salt receiver. As was commented in the previous
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section, the non-uniformity of the temperature distribution, principal reason of the thermal
stresses, is maximum at 1.2 min.
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Figure 3.9: Temporal evolution of the outer surface temperature evaluated at: \ = 0> (upper), \ = 180>
(bottom) for (a) Carbonate salt, (b) Chloride salt.

Aswas commented, the adaptation of the threshold temperature of theVant-Hull algorithm
without weighting of the incident flux, the dashed red line of the Figure 3.5 and 3.6, causes
an insufficient tube temperature to fill the receiver with high-temperature salts. For carbonate
and chloride salts, the weighted of the incident heat flux with ? = ?;8<8C makes viable the
start-up of the receiver operation. For the carbonate salt, ? = 3.3 does that the tube reaches
the target preheating temperature of 616 >� in 9.7 min, while for ? = 3.8 the receiver is filled
with carbonate molten salt 4.1 min after its preheating begins. The cases with progressive
weighted preheat are able to reach the target temperatures, although more time is required for
that. Specifically, for the analogous cases the preheating is delayed until 16 and 13.6 min,
respectively. For the chloride salt, the duration of the preheating is slightly higher than those
of carbonate salt receiver. The faster preheat of chloride salt is obtained with a weighting of
? = 2.4 and it is 6.5 min, while the preheating with ? = 0.333 · = + 0.067 reaches a slower
but successful preheating. The nitrate salt receiver, represented as black solid line in both
figures, needs 11.7 min to reach enough temperature to fill it with nitrate molten salt, 340 >�.
In Table 3.3 the principal characteristics of the preheating process are summarized for the
different HTF.

3.5.1.4 Required efficiency of the power plant

Based on the results of the Figure 3.9 and Table 3.3, the duration of the preheating process
for the carbonate salt receivers is lower than that for the nitrate or the chloride salt receivers.
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Table 3.3: Maximum tube temperature, duration, minimum and maximum incident heat flux of the
preheating process for different HTF.

HTF ?
Progressive weighted C?A4ℎ40C8=6 )<0G Heat flux requirements

Preheat (min) (>�) @
′′
<0G @

′′
<8=

Nitrate Salt 1.0 No 11.7 388.2 24 16

Carbonate salt

3.3 No 9.7 645.2 66 53
0.767 · = + 0.233 Yes 16.0 658.1 79 20

3.8 No 4.1 668.5 76 61
0.933 · = + 0.067 Yes 13.6 672.5 91 20

Chloride salt

2.0 No 11.5 555.4 48 32
0.333 · = + 0.067 Yes 16.2 550.4 48 20

2.4 No 6.5 567.8 58 38
0.477 · = + 0.523 Yes 13.8 552.0 47 20

However, the large values of incident heat flux necessary to preheat the carbonate salt receiver
can delay the start-up of the SPT plant since the available DNI would be insufficient. For
this reason, the early start-up of Gemasolar SPT is theoretically studied. The solar noon of
the spring equinox is selected as the representative day for the analysis. The real heat flux
distribution of the receiver is considered by using the SPTFlux software, which is presented
in Sánchez-González et al. (2018), for the heliostat field of the Gemasolar SPT. As first
approach, to characterize the DNI evolution during the design day a clear sky model is
used. In Stein et al. (2012) an overview of a number of global horizontal irradiance (GHI)
clear sky models from very simple to complex ones is provided. For simplicity, a clear
sky model is selected to characterize DNI for Gemasolar SPT. The selected models is the
Daneshyar–Paltridge–Proctor (DPP) Model Daneshyar (1978); Paltridge & Proctor (1976),
which provides the DNI in function of the zenit angle. From the hour-evolution of the DNI
and knowing the incident heat flux necessary to preheat the receiver, summarized in Table 3.4,
it is possible to characterize the time where enough DNI is available in the heliostat field to
preheat the receiver. An aiming factor of : = 3 is selected for the heliostat field, which is the
most aggressive aiming mode and then yields the highest possible heat flux on the receiver
surface with the available DNI. The panels of the receiver located at South direction are
specially sensible to the preheat since in these panels the minimum value of the incident heat
flux is located, Sánchez-González (2019). As a conservative criterion, the minimum value of
receiver heat flux is considered to calculate the hour to start-up the SPT plant. For this reason,
the results of Table 3.4 are conservative and the real start-up could be done before the time
summarized in Table 3.4.

In the light of the results of Table 3.4, the receiver with nitrate salt completes its preheating
operation in around 1 hour earlier than the faster preheating of carbonatemolten salt and 30min
earlier than chloride salt receiver. This is because both cases need a high incident heat flux
to preheat their tubes. Although the use of high-temperature HTF allows the employment
of supercritical power cycles, with high power block efficiencies, the start-up delay and the
high heat losses on the receiver may lead to lower annual energy and/or global efficiencies
compared to the conventional STP plants. In this chapter, such effects will be analyzed using
the considerations described in the following lines. The electrical energy produced (EEP) by
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STP plant is calculated for a receiver which works with carbonate, chloride and nitrate salts
as HTF. The EEP is calculated according to Equation 3.4:

��% = @ℎ4;8>B [A4248E4A [?>F4A 2H2;4 (3.4)

Where @ℎ4;8>B =
∫
�
@
′′

ℎ4;8>B
3� = [>?C�#��ℎ4;8>B is the concentrated radiation heat rate

on the receiver, [A4248E4A is the thermal efficiency of the receiver, and [?>F4A2H2;4 is the
efficiency of the power block. The heat reflected by the heliostat field is obtained through
the SPTFlux software, Sánchez-González et al. (2018), with the DNI evolution of the DPP
Model. Although the performance of the receiver changes during the day, for this chapter the
efficiency is set as a constant value. As first approach, the tube temperature is assumed to be
independent of the incident power. The efficiency of the receiver working with nitrate salt as
HTF is defined as 0.87, according to Rodríguez-Sánchez et al. (2015). For the carbonate and
chloride salt receivers the efficiency is calculated according to Equation 3.5 as a function of
the solar radiation absorptivity (i.e. in the visible spectrum) of the black Pyromark coating,
(UB), the emissivity of the tube surface, (YC ), the average temperature of the tube () CD14) which
depends of the HTF, the free stream temperature of the air ()0<1), the optical efficiency of the
heliostat field ([>?C ), the area of the heliostat field (�ℎ4;8>B) and the frontal area of the receiver
defined in function of the receiver height (�A ) and diameter (�A ) as � 5 A>=C0; = c�A�A . The
average temperature of the tube can be estimated from the maximum and minimum molten
salt operating temperatures.

[A4248E4A =
@ℎ4;8>B − @;>BB4B

@ℎ4;8>B
= UB −

YCf� 5 A>=C0; ()
4
CD14 − )4

0<1
)

[>?C �#� �ℎ4;8>B
(3.5)

As consequence of the high tube temperature of carbonate and chloride salt receivers, the
resulting thermal efficiency of the receiver is lower than that of a nitrate salt receiver for the
same area of the receiver. Both efficiencies, calculated using the thermodynamic properties
of the state points of supercritical cycles proposed by Montes et al. (2020), are 0.803 for
the carbonate salt receiver employing a recompression cycle and 0.817 for the chloride salt
receiver with a partial-cooling cycle. The subcritical Rankine is currently the most common
technology to produce electrical energy in the CSP plants. The global efficiency of Rankine
power cycle thermal is ranging between 35% and 45%. For this chapter, an efficiency of 40%
is chosen for the power cycle of the SPT plant with a nitrate salt receiver. The high-temperature
HTF (i.e: carbonate molten salt) is used for B�$2 Brayton cycle. In Iverson et al. (2013)
the efficiencies of this kind of technology were improved around 5%-15% in laboratory-scale
although the efficiency has not reached yet the theoretical value of 50%. In Turchi et al.
(2013) a maximum cycle efficiency of 52.6% was theoretically obtained for a cycle operating
under optimum conditions for a 700 >� turbine inlet temperature. As the efficiency of B�$2
Brayton cycle is improved day per day, a range of efficiency between 45% and 60% has been
considered.

In Figure 3.10 the electric energy generation of a representative day is described in function
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of the B�$2 Brayton cycle efficiency. The energy produced for a SPT plant with a nitrate
salt receiver and subcritical Rankine power cycle (black solid line) is represented in same
figure. Efficiencies of B�$2 Brayton cycle lower than 50% caused that the energy generated
with carbonate salt (Figure 3.10 (a)) is smaller than conventional nitrate salt receivers with
Rankine power cycle (i.e. conventional SPT plants). To produce the same electric energy as
the Rankine cycle, the B�$2 Brayton cycle needs a minimum efficiency of 47.5% for ? = 3.3.
The efficiency required by B�$2 Brayton to produce same energy than a conventional SPT
plant grows with the delay in the preheating. For the chlorides salt, Figure 3.10 (b), which
has a target preheating temperature between nitrate and carbonate salt, the efficiency required
into the power cycle to produce more electric energy than conventional SPT plants is above
44%.
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Figure 3.10: Evolution of the electric energy generation in function of the B�$2 Brayton cycle
efficiency for different preheating strategies for: (a) Carbonate salt, (b) Chloride salt.

The values of the minimum efficiency are summarized in Table 3.4 for the different
HTF. According to Montes et al. (2020), the carbonate molten salt should be used on a
recompression cycle whose efficiencies and temperatures are adequate for this salt, while the
chloride salts have advantages for supercritical cycles with an intercooling or partial-cooling.
The use of high-temperature HTF receivers to produce energy with B�$2 is viable, although
a deeper analysis must be undertaken since carbonate and chloride salts are more corrosive
at higher temperatures than nitrate salts. This fact implies that the absorber tubes working
with chloride salts need a large thickness in the tube, which leads to a delay in the receiver
preheating, higher thermal stresses, and a more severe creep and fatigue damages.
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Table 3.4: Comparison of DNI necessary to begin the receiver preheating and efficiency necessary in
B�$2 Brayton cycle to generate the same electric energy than nitrate salt receiver for different HTF.

HTF ?
Progressive weighted DPP Model Minimum required

efficiency of the cycle

Preheat Start-up hour DNI
(,/<2) [?>F4A2H2;4

Nitrate salt 1.0 No 6:30 AM 342 -

Carbonate salt

3.3 No 7:30 AM 699 50.0%
0.767 · = + 0.233 Yes 8:06 AM 799 55.3%

3.8 No 7:54 AM 772 53.5%
0.933 · = + 0.067 Yes 11:18 AM 930 -

Chloride salt

2.0 No 7:00 AM 560 43.5%
0.333 · = + 0.067 Yes 7:00 AM 560 43.5%

2.4 No 7:18 AM 650 45.0%
0.477 · = + 0.523 Yes 7:00 AM 560 43.5%

3.5.2 Stress evolution

Once the receiver start-up is thermally characterized, the mechanical behavior and the fatigue
and creep damage associated with the receiver preheating are studied in this section. As
was commented in Section 3.4.1, the mechanical characterization of the receiver tubes is
done through the methodology proposed in Laporte-Azcué et al. (2020) using the temperature
distribution obtained in CFD transient simulations. The stress field of the tube for GPS
conditions is composed, in cylindrical coordinates, by axial (fI), radial (fA ), circumferential
(f\ ) and tangential (gA , \ ) components. To consider the effect of all these components into
the mechanical analysis the von Mises equivalent stress has been selected. For the conditions
studied in this chapter, the location where the thermal stress is more demanding during the
preheating is at the outer surface of the tube (A = A4) for \ = 0>. Thus, the von Mises
stress is evaluated at this point. Figure 3.11 shows the temporal evolution of the von Mises
stress in the tubes of the Gemasolar receiver during the preheating. The nitrate salt receiver
preheated through the original Vant-Hull algorithm (solid black line) obtains a peak in the
von Mises stress of 203 MPa and it is reached at 1.2 min from preheating begins. When the
Vant-Hull algorithm is modified to preheat a high-temperature HTF receiver the peak of the
thermal stresses rises. If the thermal stress of nitrate salt receiver is compared with those
obtained in the carbonate salt receiver, Figure 3.11 (a), an increase of 185% and 155% is
reached when the whole algorithm is weighted with ? = 3.8 and 3.3 respectively. As was
mentioned, for the cases with the progressive preheat the larges peaks of von Mises stress
are delayed until 6.2 min and are 264.5 MPa and 238.3 MPa for ? = 0.933 · = + 0.067 and
? = 0.767 · = + 0.233 respectively. Due to the lower non-uniformity of temperatures in the
chloride salt receiver, its thermal stresses are lower than the carbonate receiver. The peak of
von Mises stress is located at the same point and it is achieved at same time than nitrate and
carbonate salt receivers, 1.2 min, for those cases whose preheating is doing with the whole
preheat algorithm. Each change of the temperature distribution, produced by change into the
incident heat flux provided by the preheating algorithm, is observed in Figure 3.11 with an
abrupt change in the von Mises stress evolution.
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Figure 3.11: von Mises stress in the receiver tubes of Gemasolar SPT during their preheating for: (a)
Carbonate salt, (b) Chloride salt.

3.5.3 Fatigue and creep damage

The von Mises stress obtained in the Section 3.5.2 is used to perform the fatigue and creep
analysis of the preheating process. The peak of the elastic stress f+ " , and its temperature,
)+ " , are summarized in Table 3.5. To be conservative in the calculation, each cycle accounted
for the maximum stress range in Figure 3.11. The maximum stress range, Δf+ " in the figure
takes place from C = 0 s to the time at which the peak of the von Mises stress occurs. The
lifetime assessment of the SPT receiver combines creep and fatigue damage mechanisms. To
avoid the failure of the receiver, the sum of creep and fatigue damages during receiver lifetime
must be lower than the maximum allowable limit of damage, �! . According to Goodall &
Ainsworth (1991), �! is set as 1.0.

� 5 + �2 ≤ �! = 1 (3.6)

A SPT plant of 20 ",4, similar to Gemasolar, operates during the high solar radiation
months at full-load while it operates at partial load during winter, Mehos et al. (2017). Based
on this information, a daily receiver start-up is assumed for the analysis. As mentioned before,
a lifetime condition of 30 years is imposed on the receiver. The number of receiver start-up
operations along the receiver lifetime is 10950 at minimum (i.e. start-up due to cloud passafe
not considered). The results of creep and fatigue analysis are summarized in Table 3.5. The
procedures described in Sections 3.4.2 and 3.4.3 were employed to estimate the fatigue and
creep damage of the tube produced by all the preheating cycles within the estimated lifetime
of a receiver. For nitrate salt receiver using the original Vant-Hull algorithm to obtain the
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incident heat flux, the fatigue and creep damage associated with the preheating during the
entire receiver lifetime is 5.04 · 10−03, which is far enough from the maximum allowable limit
of damage. Moreover, its fatigue damage is more severe than creep damage. This fact implies
that nitrate salt receivers can operate safely with a daily start-up per year for 30 years using the
Vant-Hull algorithm to preheat the receiver. For the fatigue, the key factor into the receiver
tube damage is the equivalent stress range, for this reason, those cases where the preheating
algorithm is completelyweighted have higher fatigue damage. For the cases with a progressive
weighted preheat, the equivalent stress range is reduced but the evaluation temperature grows,
leading to a rise in the creep damage. For the chloride salt, the evaluation temperature is lower
than the carbonate salt cases, doing that fatigue damage is bigger than creep damage. The
results summarized in the Table 3.5 implies that the receiver damage grows with the incident
heat flux during the receiver preheat. Although the progressive weighted of the preheat
algorithm reduced the creep-fatigue damage, both damages are increased in comparison with
the damage of nitrate salt receiver. The attenuation of the heat flux introduced in some stages
of the preheating algorithm generates a reduction of the receiver damage between 86.2% and
98.6%. The same phenomena is observed in chloride salt receiver. The receivers that works
with carbonate and chlorides salts suffer higher damage than nitrate salt receivers during the
preheating. Nevertheless, these damage are lower than the allowable limit. In the light of
these results, during the receiver design is necessary to consider the damage associated to the
receiver operation and those associated with the receiver start-up.

Table 3.5: Fatigue and creep damage along the receiver lifetime and maximum von Mises stress and
temperatures associated with the preheating process.

HTF ?
Progressive f+ " )+ " Start-up damage Damage at useful life ends
Preheat (MPa) (>�) � 5 �2 � 5 �2 �BC0AC

Nitrate salt 1.0 No 203.0 205 4.00 · 10−07 7.03 · 10−14 0.0029 5.13 · 10−10 0.0029

Carbonate salt

3.3 No 517.5 436 3.80 · 10−05 9.43 · 10−07 0.2778 0.0069 0.2846
0.767 · = + 0.233 Yes 238.7 464 4.00 · 10−07 2.77 · 10−07 0.0029 0.0020 0.0049

3.8 No 577.8 449 5.57 · 10−05 9.23 · 10−06 0.4065 0.0674 0.4740
0.933 · = + 0.067 Yes 264.6 486 6.98 · 10−07 6.64 · 10−06 0.0050 0.0485 0.0535

Chloride salt

2.0 No 339.4 302.9 4.38 · 10−06 8.605 · 10−11 0.0319 6.28 · 10−07 0.0319
0.333 · = + 0.667 Yes 203.0 204.9 4.00 · 10−07 3.071 · 10−11 0.0029 2.24 · 10−07 0.0029

2.4 No 389.8 348.8 1.19 · 10−05 8.550 · 10−10 0.0867 6.24 · 10−06 0.0867
0.477 · = + 0.523 Yes 203.0 204.9 4.00 · 10−07 1.456 · 10−10 0.0029 1.06 · 10−06 0.0029

3.6 Conclusions

In this chapter, the start-up of a receiver which works with high-temperature HTF is studied.
The receiver layout was similar to Gemasolar SPT plants, the Haynes 230 alloy was selected as
the material of the tubes and carbonate and chloride salts were analyzed as high-temperature
HTF. To characterize the transient thermal behavior of the receiver tube during its preheating,
a numerical thermal model, solved with CFD simulations, was developed for a cross-section
of a generic tube. The Vant-Hull algorithm was employed to provide the value of the flux
density without taking direct consideration of the receiver geometry, HTF, or creep-fatigue
damage. To study the viability of preheating a high-temperature HTF receiver with the
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Vant-Hull algorithm, the temporal evolution of maximum and minimum tube temperature
was studied. The preheat was considered completed when the target preheating temperature
of the tube reached 616 >� for carbonate salt or 505 >� for chloride salt. These target
temperatures were set to avoid the risk of crystallization of the HTF during the tube filling.
Due to the impossibility of using the original Vant-Hull algorithm to reach these temperatures.
The heat flux provided by the Vant-Hull algorithm was weighted to compensate the heat loss
of the tube at the filling temperature with the minimum value of the incident heat flux.
Moreover, a series of steady-state CFD simulations were performed to study the incident
heat flux necessary to reach at the rear side of the tube the target preheating temperature.
Both modifications allowed the start-up of the high-temperature HTF receiver analyzed in this
work. Based on the mechanical results, a progressive weighted of the incident heat flux was
proposed to start-up the receiver and reduce the damage associated with the receiver preheat.
Although the modifications introduced in the Vant-Hull algorithm allowed the preheating of
the high-temperature HTF, the high value of the heat flux necessary to do it delayed the SPT
plant start-up. To analyze the impact of this delay on the SPT plant performance, a simple
clear sky model was used to obtain the hour-evolution of the DNI. The daily-evolution of
the incident heat flux of the heliostats field was provided by the SPTFlux software for the
Gemasolar SPT plant. These two inputs were used to obtain the time where enough heat flux
was reached to preheat the receiver. Based on these results, conventional nitrate salt receiver
started its preheating at 6 : 30 h while the most favorable cases of carbonate and chloride salt
receivers started at 7 : 30ℎ and 7 : 00ℎ. The change of the traditional nitrate salt as HTF
in the receiver of the SPT plant implies a postponement of the receiver start-up which leads
to an energy loss. This fact causes that the efficiency of the power block employed by the
high-temperature HTF receivers needs to be higher than that of conventional Rankine cycles.

Additionally, the temperature field obtained with CFD simulations was used as a thermal
load to determine the stress distribution of the tube under Generalized Plane Strain (GPS)
conditions. The peak of von Mises stress, was reached in the front side of the tube during
the first 2 minutes of preheating for the cases with constant weighting of the heat flux in
the whole Vant-Hull algorithm. The value of the peak of f+ " grows with the value of the
weighting. However, the algorithm with progressive weighted preheat reduced the peak of
f+ " and it was delayed 6.2 min, since the tube heating is more gradual. For the cases studied
in this chapter, the fatigue damage due to preheating of the tubes along the receiver lifespan
was not a threat to its structural integrity. Moreover, its value was much lower than the 5%
upper limit of fatigue damage, avoiding the damaging creep-fatigue interaction. The creep
damage was considerably higher than fatigue damage, increasing its value with the value of
the incident heat flux. Despite the damage suffered in the preheating of high-temperature HTF
receivers, compared with the traditional nitrate salt receiver, their values are lower than the
allowable limit of damage. Therefore, all these results seems to indicate that the preheating
of carbonate and chloride molten salt receiver does not compromise the structural integrity
of the studied receiver tubes when they are made of Haynes 230 alloy, except for carbonate
salt receiver with the whole weighting of the preheat algorithm due to the damage associated
to the receiver operation do not guarantee the safety of the receiver. In addition, the viability
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of the high-temperature HTF receiver made of other materials with worse fatigue behavior or
having tubes with much larger dimensions might not be guarantee as well.
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Chapter 4
Thermo-mechanical accuracy of
simplified models for the receiver

tubes of solar power towers

The use of solar renewable energy to produce electricity is head by concentrating solar power
(CSP) plants. Of all of these CSP technologies, the solar power tower (SPT) plant is one
of the most promising due to its high thermal efficiency and the extension of its operating
hours thanks to thermal storage. One of the most critical components of SPT plants is the
receiver, whose design is based on thermal models, which usually employed some hypotheses
to simplify the complex heat transfer phenomena involved in the receiver operation. Two
of these hypotheses are the assumption of one-dimensional (1D) heat transfer conduction in
the receiver tube walls and axially- and circumferentially-invariable convective coefficient to
represent the heat transfer of the fluid that flows inside the tubes. In the present chapter,
receiver tube models with different complexity grades have been developed for receiver tubes
under the most unfavorable conditions to analyze the truthfulness of both hypotheses.

Firstly, the heat transfer of receiver tubes has been studied through numerical CFDmodels.
Besides, the effect of non-uniform heating of the absorber tube has been characterized by
different operation modes. When the heat transfer coefficient is calculated through Newton’s
cooling law and the temperature obtained from CFD simulations, a discontinuity is observed
in its circumferential distribution. This fact is caused since the molten salt temperature
at the tube wall achieves a similar value to bulk temperature. Comparing the convective
coefficient obtained from experimental measurements, which is traditionally defined as a
uniformly-circumferential distribution, with the distribution obtained in CFD simulations, a
good agreement is only obtained at the front side of the tube for |\ | < 75>. When the tube is
uniformly heated, the convective coefficient changes its value around 2.0% − 3.7% after the
entry region. Moreover, different experimental correlations have been analyzed to find those
that best represented the convection heat transfer inside the receiver tubes. Thus, a comparison
of the convective coefficient obtained in CFD simulations with the value provided with the
correlations has been developed. The discrepancies between both CFD and correlations are
ranging in the uncertainty of the experimental correlation, although the best agreement with
CFD simulation is reached for the Sieder-Tate correlation. Finally, the effect of the convective
coefficient variation on the tube temperature field has been analyzed through the comparison
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of the simplified numerical CFD model, where the convection is calculated through RANS
equations, with an analytical model which employs constant-coefficient to characterize the
molten salt convection. In both, the tube walls are not considered, doing that the difference
of the molten salt temperature at the wall surface between both is generated by the treatment
of the convection inside the tube. For the same conditions, the maximum discrepancy in tube
temperatures between both models is lower than 1.2%.

The accuracy of the 1D heat conduction hypothesis in tube walls has been verified
through the temperature comparison between the simple analytical model and the numerical
simulation. For '4 > 2.0 · 104 the maximum temperature difference between both models
is lower than 7.0%. Nevertheless, the error associated with 1D heat conduction is increased
when the thermal stresses are calculated from temperature distribution obtainedwith analytical
models, reaching an error up to 11.1% in the peak stress for '4 = 2.0 · 104. Finally, the
importance of temperature-dependent properties has been studied, striking the necessity of
model the mechanical properties as temperature-dependent due to the large error associated
with a mechanical analysis with constant mechanical properties.

4.1 Introduction

In the last decades, energy generation is focusing onmore sustainable production, replacing the
conventional technologieswith others based on renewable energies. Concentrating solar power
(CSP) technologies are the most efficient and cost-competitive solar technology regarding
energy storage for electricity production with solar energy IRENA (2019). This technology
is based on the concentration of solar radiation into an absorber element, inside which a heat
transfer fluid (HTF) flows, which is used to translate the heat from the collection system to
the power block where the electricity is produced.

As mentioned in the previous chapters, one of the most promising CSP technologies is
the Solar Power Tower (SPT) plants due to their high thermal efficiency and the possibility to
extend the operation hour thanks to thermal storage. SPT plants are composed of a field of
heliostats, a receiver composed of panels of vertical pipes and located on top of a tower, the
storage tanks, and the power block. One of the most critical elements of the SPT plants is
the receiver due to its demanding working conditions: high thermal gradients, and the tube’s
corrosion caused by the HTF. Both effects can cause the rupture of the receiver tubes and
limit the operation of the plant.

Many works have been devoted to receiver optimization or new receiver designs that
support extreme working conditions in recent years. In Xu et al. (2011), they analyzed
theoretically through energy and exergy balances, the losses for each component of the
SPT plant, localizing that the maximum exergy loss occurred in the receiver system. The
authors proposed that the energy and exergy efficiencies could be increased by augmenting
the DNI and the concentration ratios. The exergy and heat transfer performance of receiver
tubes under non-uniform solar energy flux was analyzed too by Lu et al. (2010a), wherefrom a
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theoretical analysis, they discussed the effect of tube radius reductions or a rise of flow velocity
into the exergy efficiency and the heat transfer. The same authors analyzed the absorption
characteristics of external receiver tubes under circumferentially-variable concentrated solar
radiation in Lu et al. (2010b). The principal conclusion of this work was that the absorption
efficiency of the tube was increased at high flow velocity and small pipe length. A numerical
analysis of a single receiver tube was done in Yang et al. (2012) through computational fluid
dynamics (CFD) simulations. In this work, the molten salt heat transfer was studied for a tube
length of 1 m, which was heated on one side by a cosine function while the other side was
completely insulated. They compared the heat transfer coefficient provides by the Sieder-Tate
correlation with the coefficient obtained from the CFD simulation calculated through an
average temperature of the whole tube, it must be noticed that the empirical correlation
was obtained for a fully developed fluid while the convective coefficient obtained by CFD
simulation, calculated from average temperatures of the whole tube, included zones where
the fluid was still developing, and therefore the discrepancies were important.

In Liao et al. (2014) the allowable flux density of a receiver similar to the Solar Two SPT
plant was studied through an analytical model. This model was used to show its sensibility
to the thickness and diameter of the tube and the fluid velocity. In Rodríguez-Sánchez
et al. (2014b) a thermo-mechanical and hydrodynamic analysis of SPT receiver was carried
out. Their thermal model assumed a representative tube per panel, an axially- and
circumferentially-variation of the temperature. The effect of adjacent tubes, reradiating wall,
and the surrounding air was also taken into account. The convection heat transfer ofmolten salt
was represented by a uniform global heat transfer coefficient. One of the principal conclusions
of this work was standing out the relevance of the film temperature, which is related to the salt
decomposition and tube corrosion. They highlighted the necessity of an adequate selection
of the tube material since its related to the corrosion of the molten salt. They concluded this
work by commenting that the receiver design needs to balance film temperature and pressure
drop to optimize its costs. In Rodríguez-Sánchez et al. (2014a) the methodology proposed
in Rodríguez-Sánchez et al. (2014b) was compared with CFD simulations. They reported
a difference between analytical and numerical models lower than 6%, although they did not
analyze if this discrepancy between models is kept for different operations modes of the
receiver. The model was improved in Rodríguez-Sánchez et al. (2018) where a complete tube
panel was considered. Besides obtaining a higher accurate tube wall temperature compared
with the older model, the thermal stress of a complete receiver was analyzed. In Fritsch et al.
(2017) a comparison between CFD and finite element model (FEM) simulations was made for
receiver tubes that worked with molten salt and liquid sodium. Both simulations defined the
same absorber tube, which was uniformly heated at the front, which considered the convection
and radiation losses, while the rear side was modeled as adiabatic. The CFD model solved
mass, continuity, and energy equations with the turbulent model : − l SST, while the FEM
model employed 1D fluid elements and constant convection coefficients to characterize the
temperature distribution of the tube walls. A good agreement was observed between both
models, although the simplifications introduced in the FEMmodel had some deviations in the
prediction of tube temperatures and radiation losses.



110 Receiver model verification

These works share the use of models to characterize the receiver behavior during its
operation. Due to the different scales and the numerous physical processes involves in the
operation of external tubular receivers, the use of CFD models is the most accurate option
to characterize the thermal performance of the tubes. Nevertheless, these models have an
excessive computational cost, doing inviable a detailed simulation of the whole SPT receiver.
The simplified models discard a detailed and exhaustive characterization of the receiver and
try to represent the macroscopic operation of the SPT receiver with a low computational
cost. These models use some hypotheses to recreate the heat transfer of the SPT receiver and
calculate its thermo-mechanical behavior through integral balances of mass and energy and
empirical correlations.

The main goals of the present chapter are: (i) analyze the accuracy of two hypotheses
usually employed in thermal receivers models: radial 1D conduction heat transfer in the
receiver tubes walls and the use of uniform convective coefficient to represent the convection
heat transfer of the molten salt and (ii) characterize the influence of the material properties
modeling into the tube performance. The two hypotheses above mentioned are plenty used
in the analytical thermal models of the SPT receivers but their applicability is not deeply
corroborated. In this chapter, both assumptions have been studied through numerical and
analytical tube models with different grades of complexity. One of the disadvantages
of the analytical models is the modeling of the convection process through empirical
correlations developed for uniform boundary conditions. Therefore, firstly, the convection
heat transfer of the absorber tube under non-uniform heating has been analyzed through
complex and simplified CFD simulations for different operation modes of the receiver tubes,
described in function of the Reynolds number. Due to the traditional definition of the
convective coefficient for circumferentially-variable heating, an asymptote is reached in the
circumferential distribution of the convective coefficient when the local temperature equals
the bulk molten salt temperature. The relation between the non-uniformity of the heat flux and
the discontinuity of the convective coefficient has been discussed in this chapter. Secondly,
the temperature distribution of the tube walls obtained through simplified CFD models and
analytical models has been compared to analyze the truthfulness of a convection heat transfer
defined by a uniform convection coefficient. Another disadvantage is the assumption of
1D radial conduction on tube walls which can be wrong in function of the Biot number
characteristic of the tube walls. In fact, for different Biot numbers, through the heat flux
lines and the comparison of temperature distribution provides by complex CFD models,
which solve the diffusion equation inside the tube walls, and analytical models, that use the
assumption of 1D radial conduction. Finally, the influence of material properties modeling in
the thermo-mechanical tube performance has been analyzed.

This chapter is organized as follows: in Section 4.2 the principal characteristics of the
analyzed receiver tubes are depicted. In Section 4.3 the models proposed in this chapter
to thermal characterize the absorber tube are described, while the mechanical modeling
of the tubes, FEM and analytical methodology, is presented in Section 4.4. Section 4.5
summarizes the principal conditions of the studied cases. In Section 4.6 the results of the
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thermo-mechanical behavior of the tubes for the different models are shown and discussed.
Finally, Section 4.7 contains the main conclusions arising from this chapter.

4.2 System Description

The external tubular receiver analyzed in this chapter is similar to the one studied in
Rodríguez-Sánchez et al. (2014a), which is configured as a 360> cylinder and is formed
by panels of cylindrical tubes. This is a typical receiver configuration in SPT plants. The
solar radiation reflected by the heliostat field is focused on the outer surface of the receiver
tubes, creating an incident radiation flux of high intensity at the front side of the tube. A
fraction of the incident radiation is absorbed by the HTF, which flows inside each tube,
while the rest of which is lost to the exterior by radiation emission and reflection as well as by
convection. The studied receiver, which has a height of 7.4 m and a diameter of 6 m, is formed
of 18 panels, each panel being composed of 24 absorber tubes. The receiver has two flow
paths with North-East-South and North-West-South orientations. The absorber tube, made
with Nickel Alloy 800H, is geometrically defined by outer and inner diameters of 42.2 mm
and 38.9 mm, respectively. The separation between adjacent tubes is 2 mm. The absorptivity
of the solar radiation is increased through the coating of the outer tube surface with Black
Pyromark, Persky & Szczesniak (2008). For simplicity, it will be assumed that the tubes have
an effective length for heat absorption equal to receiver height, ! = 7.4 m. The HTF flowing
inside the absorber tubes is molten nitrate salt, commonly named solar salt, whose chemical
composition is 60% wt #0#$3 and 40% wt  #$3. The properties of the nitrate salt and
the Nickel Alloy 800H are modeled as temperature-dependent and are obtained from Special
Metals (2021) and Zavoico (2001), respectively. The values of the absorptivity and emissivity
coefficients of the Pyromark materials have been obtained from Zavoico (2001) and Slemp &
Wade (1963).

Themap of incident radiation on the receiver, @′′
ℎ
, is adapted fromRodríguez-Sánchez et al.

(2014a) and it is shown in Figure 4.1 (a), and it was obtained from a heliostat field similar to that
of Gemasolar SPT plant (Lata et al., 2010) for the solar noon of the spring equinox. For a given
panel, all the tubes have a similar spatial distribution of incident radiation on their surface, with
only slight differences between a tube and its neighbor tubes, since the simulation of a whole
receiver panel has a high computational cost, only a representative tube per panel is studied.
The first panel of the North direction is subjected to the highest radiation flux, as shown in
Figure 4.1 (a), while the maximum value of the tube temperature is reached at the fourth
north panel, Rodríguez-Sánchez et al. (2014a). As was mentioned above, analytical models
traditionally use radial 1D heat conduction and uniform heat transfer coefficient to characterize
the heat transfer in the receiver tubes. As one of the goals of this chapter is to analyze the
accuracy of both hypotheses through a results comparison between analytical and numerical
models, the most demanded conditions of the absorber tube, proposed in Rodríguez-Sánchez
et al. (2014a), have been analyzed. A simulated scenario is generated from the combination of
the most demanding conditions achieved in the receiver in Rodríguez-Sánchez et al. (2014a).
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Therefore, the incident heat flux of the first north panel and the HTF conditions at the inlet
have been set as the boundary conditions of the studied tube. Thanks to these demanding
conditions, the variation between models will be accentuated, obtaining differences higher
than those would achieve under normal operating conditions of the receiver tubes.

The longitudinal distribution of the radiation along the tube is represented in Figure 4.1 (b).
The heat flux of incident radiation represented in the figure corresponds to the maximum
circumferential value, which is located on the outer surface of the tube (A = A4) at \ = 0>, and
coincides with the value provided by the radiation map of Figure 4.1 (a), @′′

ℎ
.
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Figure 4.1: Selected heat flux of incident radiation flux on the receiver: (a) radiation flux map
for North-West-South panels, (b) Peak of heat flux along the length of a tube evaluated at \ = 0>,
@
′′ (\ = 0>, I).

4.3 Thermal models

In this chapter, three different models are developed to describe the thermal behavior of the
receiver tubes: Full Simulation (FS) model, Reduced Simulation (RS) model and Analytical
(A) model. These models analyze an absorber tube with different levels of complexity.

Firstly, the FS model is the most complex model considered in this chapter, which
consists of a detailed numerical simulation that closely represents a real configuration of
the absorber tube, avoiding simplifications as much as possible. The FS model aims to
thermo-mechanically characterize the absorber tube under real operation conditions. This
model includes the HTF inside the tube, the absorber tube, the reradiant wall behind the tube,
and the surrounding air outside the tube. Moreover, the FS model calculates the heat absorbed
by the tube by simulating with CFD techniques that coupled heat transfer between the tube,
the HTF, the adjacent tubes, the air of the surroundings for a given distribution of incident
radiation. Therefore, the FS model simulates the HTF, the tube wall, and the external air
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through convective, conductive, and radiative heat transfer mechanisms. A scheme of FS
model is shown in Figure 4.2 (a). The incident radiation flux is directly introduced in the FS
model through the front side of the domain.

Secondly, the RSmodel is a numerical simulationwith an intermediate level of complexity.
In the RS model, only the flow of the HTF inside the tube is simulated with CFD. A scheme of
RS model is shown in Figure 4.2 (b). One of the advantages of the RS model is the possibility
of introducing a customized shape of the heat flux absorbed by the fluid as a boundary
condition at the inner surface of the tube, i.e., fluid-wall boundary. This is so because, in
the RS model, the tube wall temperatures are not numerically simulated, which significantly
saves computation time. In this chapter, following similar simplified approaches applied in
the literature: the heat flux absorbed by the tube in the RS model is a cosine function in the
circumferential direction, \ and is uniform along the tube length (I). The magnitude of the
heat flux in the RS model is set in such a way that its integral over the fluid-wall boundary
leads to a total heat rate absorbed by the HTF equal to that obtained in the FS model.

Thirdly, the A model is a quasi 1D model devoted to thermally characterize the absorber
tube in a relatively simple way without resorting to CFD numerical simulations. The aim of
this model is to understand the influence of the analytical simplifications on the thermal and
mechanical results of an absorber tube. The A model analyses the tube wall and the HTF
in zones or discretized sections. This model uses an overall heat transfer coefficient, which
includes 1D conduction in the tube wall and a uniform coefficient of heat convection in the
HTF. Similar to the RS model, the absorbed heat flux is imposed in the A model to get the
same total heat rate as the FS model.

In the following subsections, the CFD and analytical approaches employed in these models
will be further described.

4.3.1 CFD simulation

Both the FS and the RS models require the CFD simulation of the system within a
three-dimensional (3D) computational domain. The computational domain of the FSmodel is
a rectangular prism of dimensions ! G ,3><08= G �! = 7.4< G 0.0442< G 0.5232<, which
are similar to the receiver analyzed in Rodríguez-Sánchez et al. (2014a). These dimensions
have been represented in Figure 4.2. The gap between consecutive tubes in the panel and
between the tubes and the refractory wall is defined by a distance of 5% and 15% of the outer
diameter of the tube, 42.2 mm, respectively. The computational domain of the RS model,
shown in Figure 4.2 (b), is a cylinder with a diameter equal to the inner diameter of the
absorber tube, 38.9 mm, and length of 7.4 m similar to that of the FS model. The cylinder
only represents the molten salt since, as mentioned, in the RS model the tube wall is analyzed
separately from the CFD simulation.
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(a)

(b)

Figure 4.2: Scheme of the differentmodels analyzedwith theirmain boundary conditions and reference
dimensions: (a) FS model, (b) RS model.

4.3.1.1 Governing equations

The continuity, momentum, and energy equations (Equations 5.8, 5.9 and 5.10, respectively)
are solved in the FS and RS models to describe the 3D flows of air and molten salt using
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the Reynolds Average Navier-Stokes (RANS) equations expressed in steady-state formulation
and without viscous dissipation heating, ANSYS (2019):

∇ · (dEEE) = 0 (4.1)

∇ · (dEEEEEE) = −∇? + ∇ · g4 5 5 + d666 (4.2)

∇ · (EEE(d� + ?)) = ∇ ·
(
:4 5 5 ∇)

)
+ ∇ · (geff · EEE) + d666 · EEE (4.3)

Where d is the fluid density, EEE is the fluid velocity vector, ? is the static pressure, � is
the specific energy (� = ℎ − ?

d
+ E2

2 defined as a function of enthalpy, ℎ), :eff = : + :C is the
effective thermal conductivity, : is the fluid thermal conductivity, :C is the apparent turbulent
thermal conductivity, geff = g + gC is the effective stress tensor of the fluid, gC is the turbulent
stress tensor and g is the stress tensor for a Newtonian fluid, which is expressed as:

g = `

[
(∇EEE + ∇EEE) ) − 2

3
∇ · EEE�

]
(4.4)

Where ` is the dynamic viscosity of the fluid and � is the unit tensor.

Besides, temperature of the tubewall in the FSmodel is obtained using the energy equation
presented above with EEE = 0, :C = 0, and gC , together with boundary conditions at the inner and
outer surfaces of the tube wall coupled with the molten salt and air temperatures, respectively.

To obtain a closure of themomentum and energyRANS equations of the flow, theReynolds
Stress Model (RSM) is chosen, which involves the solution of the transport equations for all
the Reynolds stresses in 3D and for the turbulent kinetic energy and its dissipation rate, see
Gibson & Launder (1978), Launder (1989), Launder et al. (1975), and Cokljat et al. (2000).
In the model, gC , :C and other closure terms in the RSM equations are calculated as a function
of the Reynolds stresses and the turbulent dissipation rate. Characterization of the viscous
sublayer in the equations is performed with the scalable wall function, based on Launder &
Spalding (1974).

Additionally, radiation heat transfer in the FSmodel is simulated with a Discrete Ordinates
(DO) model, Chui & Raithby (1993) and Raithby & Chui (1990). The DO model solves the
radiative transfer equation (RTE), Equation 4.5, for a finite number of discrete solid angles,
each one associated with a vector direction BBB fixed in the global Cartesian system (G, H, I).
The DO model solves for as many transfer equations as there are directions, ANSYS (2019):

(001B + fB)�A03 (AAA, BBB) = 001B=2f)
4

c
+ fB

4c

∫ 4c

0
�A03 (AAA, BBB ′)Φ(BBB · BBB ′) 3Ω′ (4.5)

Where 001B is the absorption coefficient, = is the refractive index, fB is the scattering
coefficient, �A03 is the radiation intensity which depends on the position (AAA) and the radiation
direction (BBB), f is the Stefan-Boltzmann constant, ) is the temperature at AAA, Φ is the phase
function and Ω′ is the solid angle.
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Solution of the DO model equations are coupled with the energy equation through the
temperature field. Participation of the air and the molten salt in the radiation heat transfer can
be neglected due to their relatively low absorption, emission and scattering of radiation for
the conditions analyzed here.

4.3.1.2 Computational mesh

The FS and RS models are solved in a structured 3D computational mesh with hexahedrical
cells. The FS model computational mesh is a rectangular prism in which the biggest cell size,
named asΔ(, is located in the perimeter zones of the domain, and its size is up toΔ( ≈ 50<<.
The RS model computational mesh is a cylinder. In both models, the cell size is progressively
reduced towards the tube wall. A cross-section of the computational meshes of the FS and
RS models is included in Figures 4.3 (a) and 4.3 (b), respectively. The computational cells
are concentrated more intensely around the inner surface of the tube wall to better capture the
molten salt boundary layer. The minimum cell is set to guarantee the scalable wall function
requirements, i.e. H+ > 11.225 according to ANSYS (2019), which led to a cell size of
Δ( ≈ 0.14<< at the contact surface between molten salt and the tube wall.

Figure 4.3: Cross-section of the CFD numerical mesh: (a) FS model, (b) RS model.

4.3.1.3 Boundary conditions

In Figure 4.2 (a), the main boundary conditions applied to the computational domain of the
FS model are shown. The values of the velocity and the temperature of the molten salt
characteristic of the fourth north panel, obtained from Rodríguez-Sánchez et al. (2014a), are
imposed at the tube inlet through a velocity-inlet condition. The molten salt temperature is
set at 402.2 >� at the tube inlet, while the velocity of the fluid is ranging between 0.49 </B
to 2.67 </B to represent different operating conditions. At the tube outlet, pressure-outlet
conditions are selected. At the inner and outer tube wall surfaces, the non-slip condition is
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imposed for the velocity of the air and the molten salt, and thermally coupled conditions are
imposed for the temperature of the wall and these fluids. For simplicity, the top and bottom
cross-sections of the tube are considered adiabatic surfaces. The surface of the reradiant wall
facing the tubes is modeled as an adiabatic grey-diffuse surface with an emissivity YAF = 0.2,
which is a typical value if it will be assumed that this material is coated with high reflectivity
White Pyromark, Zavoico (2001). A no-slip condition is also imposed on this surface. Fully
periodic conditions are set at the two lateral sides of the domain (Lateral Zones) to reflect
the effect of the adjacent tubes in the FS model. The bottom and the top of the domain in
contact with the air are modeled as pressure-inlet and pressure-outlet, respectively, with an
external blackbody temperature of 27 >�. Besides, the incident solar radiation is introduced
in the system through the vertical boundary of the FS domain, named Front sun zone in
Figure 4.2 (a). At this boundary, pressure inlet conditions are imposed, which allow the free
movement of the air by natural convection, together with an equivalent radiation temperature
and emissivity, which were fitted to reproduce the radiation heat flux shown in Figure 4.1.
In particular, a variation with the axial coordinate, I, of the equivalent emissivity, YA03 (I)
is implemented in the simulation code through a user-defined function, UDF, for a constant
equivalent radiation temperature.

The boundary conditions for the RS model are schematised in Figure 4.2 (b). At the
molten salt inlet and outlet, the boundary conditions are made equal to those of the FS model.
However, since the RS model does not comprise the tube wall nor the surrounding air, the
heat flux absorbed by the molten salt, @′′

01B
, is directly imposed at the inner surface of the tube

in the RS model, which is the outer boundary of this model. As commonly done in simplified
models of the receiver tubes, the absorbed heat flux in the RS model is defined according to
Equation 4.6 as a cosine function along the circumferential direction, \, facing the heliostat
field (|\ | ≤ 90>). Along the vertical direction (tube length, I) the imposed heat flux is uniform
to analyze the effect of this simplification on the results.

@
′′

01B (\) =


((
@
′′
<0G − @

′′

A4A03

)
· 2>B(\) + @′′

A4A03

)
· 5I 8 5 |\ | ≤ 90>

@
′′

A4A03
· 5I 8 5 |\ | > 90>

(4.6)

Where @′′
A4A03

is the reradiant heat flux absorbed by the molten salt at rear side of the tube
(|\ | > 90>), 5I = 1

!

∫ !
0 YA03 (I)3I = 0.883 is the correction factor which compensate the

height variation of the heat flux, defined by the height variation of the emissivity and shown
in Figure 4.1 (b), and @′′<0G is the maximum heat flux of RS model, found at \ = 0>. The
value of @′′<0G can be determined by integrating Equation 4.6 along all the inner surface of the
tube, and equating this integral to the total heat rate absorbed by the molten salt in the tube,
@01B:

@
′′
<0G =

@01B

38!
[
1 + 0Aℎ 5 (c − 1)

]
5I

(4.7)
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Where 38 is the inner diameter of the tube, ! is the tube length, 0Aℎ 5 is the reradiant
heat fraction, defined as 0Aℎ 5 = @

′′

A4A03
/@′′<0G . It is important to notice that the total heat

absorbed, @01B , is obtained from the results of the FS model and set into RS model to make
both models comparable.

As can be seen in Equation 4.6, on the rear side of the tube, i.e. facing the re-radiating
wall (|\ | > 90>), a constant, and not necessarily null, heat flux (@′′

A4A03
) has been included

in the RS model to study the possibility of heat flux being absorbed (@′′
01B

> 0) or dissipated
(@′′
01B

< 0) at this side of the tube. Besides, Equation 4.7 reveals that the total heat absorbed
by the molten salt, @01B , does not depend on the value of @

′′

A4A03
in the RS model. This means

that @′′
A4A03

can be freely chosen in the RS model. By this way, @′′
A4A03

can be set to a value
approximately similar to the heat flux of the FS model at the rear side of the tube for different
operating conditions.

Figure 4.4 shows an example of the heat flux absorbed by the molten salt in the FS
model for an operating condition defined by a Reynolds number of 1.0 · 105. The figure also
contains two different fittings of the heat flux cosine function employed in the RS model,
Equations 4.6 and 4.7, for the same operating condition. The FS model yields a non-uniform
heat flux absorbed by the molten salt at \ = 0>, especially near the inlet (I = 0) and the outlet
(I = !) of the tube, as shown Figure 4.4 (a). As expected, this heat flux is smaller too and
more uniform than the incident radiation profile previously shown in Figure 4.1 (b). This is
due to the heat losses by radiation and convection on the outer surface of the tube and the
homogenization effect of the molten salt flow in the tube. In Figure 4.4 (b), the circumferential
profile of the absorbed heat flux is maximum at \ = 0> since, at that angular position, the
tube surface is heated more intensely because it is normal to the incident flux radiation. The
absorbed heat flux resulting from the FS model for |\ | ≥ 90> is almost uniform and negative
(@′′
A4A03

= −6.73 :,/<2), which means that the molten salt is actually releasing heat at the
rear side of the tube at I = 3.5 m in the example of the figure. Nevertheless, the FS model
suggests that @′′

A4A03
can be neglected in most of the rear side of the tube compared to that at

the tube front.

Concerning the absorbed heat flux imposed in the RS model, it is uniform along the axial
direction, as shown in Figure 4.4 (a), and this leads to a @′′

01B
larger than the FS model close

to the inlet (I = 0) and the outlet (I = !). Hence, at the middle of the tube length @′′
01B

in the RS model is generally smaller than that of the FS model in order to have the same
@01B in both models, see Figure 4.4 (b). This effect occurs for both the negative and positive
values of @′′

A4A03
selected in the cases of the RS model shown in Figure 4.4. Interestingly,

Figure 4.4 (b) indicates that the bell shape of the circumferential profile of the absorbed heat
flux in the FS model is wider (|\ | ≤ 118> than that of the RS model (|\ | ≤ 90>). This is due
to the reradiating effect of the neighbour tubes, which is not reproduced by a simple cosine
function.
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Figure 4.4: Examples of the distribution of heat flux absorbed by the molten salt: (a) profile along
the tube length at \ = 0>, (b) circumferential profile at I = 3.5 m. Results correspond to the FS model
(Simulated case: HCM1) and the RS model (Simulated cases: HSM1 & HSM5).

4.3.1.4 Numerical solution

The commercial softwareANSYS Fluent v19.2ANSYS (2019), is used to solve the steady-state
governing equation described previously. Equations are discretized with a pressure-based
finite volume method (Versteeg & Malalasekera, 2007), and are solved using the SIMPLE
algorithm (Patankar & Spalding, 1972). A Second-Order Upwind method is used to discretize
the convective and diffusive terms, (Barth & Jespersen, 1989). Solution iterations are stopped
when all the equations residuals reached a value below 10−6. Moreover, the molten salt
temperature at the outlet is monitored to confirm the stabilization of the solution.

4.3.1.5 Processing of numerical results

The CFD results of the FS and RS models are processed with an in-house code written
in MATLAB R19a software. Processing of results comprised the calculation of averaged
quantities and the determination of heat rates and the molten salt convective coefficient. In
particular, the bulk temperature of the molten salt, ) B0;C , is determined by averaging the
molten salt temperature ()B0;C ) within a given cross section in the pipe, �, according with
Equation 4.8. The average is weighted with the local density (dB0;C ), specific heat (�?B0;C )
and axial velocity of the molten salt (EI).

) B0;C =

∫
�
dB0;C �?B0;C EI )B0;C 3�∫
�
dB0;C �?B0;C EI 3�

(4.8)
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The above equation gives a bulk temperature that, when multiplied by the mass flow
rate and specific heat of the molten salt, yields the thermal energy transported by the flow
(Incropera et al., 2011).

The convective coefficient of the molten salt, ℎB , is calculated locally at each point of the
inner surface of the tube according with Equation 4.9. For that, the heat flux absorbed by the
molten salt @′′

01B
is divided by the difference between the temperature at the inner surface of

the tube, )8B (\, I) = )B0;C (A = A8 , \, I) and the bulk temperature of the molten salt. Moreover,
the dimensionless Nusselt number is defined, according Equation 4.10, in function of the
convective coefficient, inner tube diameter and the thermal conductivity of the molten salt
evaluated at bulk salt temperature, :B0;C .

ℎB (\, I) =
@
′′

01B
(\, I)

)8B (\, I) − ) B0;C (I)
(4.9)

#D(\, I) = 38ℎB (\, I)
:B0;C (I)

(4.10)

Besides, for the specific case of the RS model, since its CFD simulation does not include
the solid wall, the tube temperature, )CD14 is estimated by assuming pure 1D conduction along
the radial coordinate, A, within the tube wall:

)CD14 (A, \, I) = )8B (\, I) +
38 ;=

(
2 A
38

)
2:CD14

@
′′

01B (\, I) (4.11)

4.3.1.6 Mesh sensitivity analysis

A series of refinements of the computational mesh in the FS and RS models were performed
to verify the dependence of results on the number of mesh cells. The refinements were
performed through the introduction of cells close to tube walls, ensuring the H+ requirement
imposed by the wall functions used in the description of the turbulent boundary layers. In the
FS model, cells were progressively introduced to refine the mesh at the inner surface of the
tube. This was done for a representative operation condition, i.e. '4 = 1.0 ·105. Four meshes
of 1.90 · 105, 3.15 · 105, 4.06 · 105 and 2.29 · 106 cells were studied. The film temperature,
the temperature of the molten salt at the tube surface, evaluated where the largest gradients
occur (\ = 0>) and the bulk temperature of the molten salt, at I = 3.5 m from tube inlet, was
obtained as a function of the number of elements of the mesh. The results are presented in
Table 4.1. The most refined case (2.29 · 106 cells) gave the best accuracy attainable with the
computing resources of this chapter. The bulk and film molten salt temperatures obtained in
the FS model with 2.29 · 106 cells differ about 0.06% and 9.7%, respectively, with regards
to the results with the mesh of 1.90 · 105 cells (the coarser mesh) and only 0.13% and 0.3%,
respectively, with regards the results with the intermediate mesh of 4.06 · 105 cells. The
latter variation was considered small enough for the aim of the present chapter. Therefore,
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considering a compromise solution between accuracy and computational cost, the grid of
4.06 · 105 cells was selected to obtain the results of the FS model henceforth.

Similarly to the mesh sensitivity analysis of the FS model, and for the same Reynolds
number ('4), four different meshes were studied in the RS model by increasing the number of
cells at the inner surface of the tube while preserving the H+ requirement. Due to the smaller
computational cost of the RSmodel, the number of cells in the mesh was comparatively larger:
2.11 · 105, 3.50 · 105, 6.87 · 105, and 3.57 · 106. Table 4.1 shows the impact of the mesh
refinement on the bulk and film temperatures of molten salt in the RS model at I = 3.5 m. A
variation of 0.11% for the bulk temperature and 0.39% for the maximum film temperature was
obtained when passing from 6.87 · 105 cells to 3.57 · 106 cells. Thus, the mesh with 6.87 · 105

cells was considered to have a fine compromise between accuracy and computational cost,
and it was selected for the RS model results shown afterward in this chapter.

Table 4.1: Mesh sensitivity results: bulk and film molten salt temperature evaluated at I = 3.5 m for
an operating condition of '4 = 1.0 · 105.

FS model RS model
Number of cells 1.90 · 105 3.15 · 105 4.06 · 105 2.29 · 106 2.11 · 105 3.50 · 105 6.87 · 105 3.57 · 106

) B0;C (I = 3.5 <) ( ) 685.9 686.2 686.3 685.5 684.3 685.7 686.2 685.4
)8B (A = A8\ = 0>, I = 3.5 <) ( ) 714.6 794.2 792.0 790.97 735.2 795.2 791.9 788.8

4.3.2 Analytical model

The A model obtains the temperature distribution in the tube walls from the absorbed heat
flux and the average temperature of the molten salt. Here, to perform a comparison of the
models under the same conditions, the A model takes both from the CFD models. The
temperature profiles at the inner and outer walls of the tube are obtained through a resistance
network, applied to a cross-section of the tube. This resistance network considers 1D radial
conduction inside the tube walls and fully developed internal convection in the molten salt.
The Equations 4.12, 4.13 and 4.14 are employed in the A model to obtain the radial and
circumferential distribution of temperature at the inner surface of the tube ()8 C,�), at the outer
surface ()4 C,�) and for an arbitrary radial position ()A C,�), respectively.

)8 C,� (\, I) = ) B0;C (I) +
@
′′

01B
(\, I) · 38

#D · :B0;C (I)
(4.12)

)4 C,� (\, I) = )8 C,� (\, I) + @
′′

01B (\, I) ·
38
2 · ;=(

34
38
)

:CD14 (\, I)
(4.13)

)A C,� (\, A, I) = )8 C,� (\, I) +
)4 C,� (\, I) − )8 C,� (\, I)

;=( 34
38
)

· ;=( 2 · A
38
) (4.14)

Where the bulk temperature, ) B0;C , and the heat absorbed by the molten salt, @′′
01B

, are
obtained from the CFD models, :B0;C is the thermal conductivity of the molten salt evaluated
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at the bulk temperature, :CD14 is the local tube conductivity which is evaluated for each angular
position at average temperature between tube surfaces, and #D is the Nusselt number of the
molten salt flow. In the A model, #D is determined with a general empirical correlation for
turbulent internal flows as a function of the Reynolds number ('4) and the Prandtl number (%A)
of the molten salt. Therefore, #D is assumed invariable in the circumferential (\) and axial
(I) directions. Different experimental correlations, obtained for turbulent and fully-develop
fluids, have been analyzed in this chapter. These correlations are: Dittus & Boelter (1985),
Sieder & Tate (1936) and Gnielinski (1975).

Comparison of the results from this simple analytical thermal model and those from
the more detailed FS model can be used to analyze the accuracy of two hypotheses usually
employed in thermal receiversmodels: radial 1D heat transfer in the receiver tubes and axially-
and circumferentially-invariable #D.

4.4 Mechanical models

Traditionally, the tubes of each panel are individually supported at the top, which permits
unrestricted downward thermal expansion. Moreover, the absorber tube is periodically guided
over its length by clips, which are welded to the rear side of the tube, Falcone (1986). The
use of simplified models to characterize the thermo-mechanical behavior of SPT receivers
is extending in the literature. These models employ simplified hypotheses to predict the
conditions under which the tubes will fail. The advantage of these models is that they
can provide reasonable and good estimations of the tube’s thermal stresses and deflections
compared to other time-consuming techniques: such as detailed numerical simulations or
expensive experiments. To understand the effects of the simplifications on the mechanical
characterization of the tube, a comparison between analytical and numerical models is
developed in this chapter. Generalized Plane Strain (GPS) conditions are considered in
the stress analysis since these conditions allow the free axial expansion of the tubes and are
a good approach to the receiver tube’s displacement when it is restricted by clips. Moreover,
these GPS conditions are plenty studied in the literature, Logie et al. (2018), Jones (1979) and
Laporte-Azcué et al. (2020). On one side, the analytical characterization of the mechanical
behavior of the tube is done through the methodology proposed in Laporte-Azcué et al. (2020)
and the temperature distribution obtained with the A thermal model. On the other side, the
numerical characterization is calculated through a Finite Element Model (FEM), which is fed
with the temperature field of the FS thermal model. Both stress characterizations have been
compared for different operations regimes of the receiver, defined in function of Reynolds’s
number at the tube inlet. Besides, the influence of temperature-dependence modeling of the
mechanical properties of the tube material into the stress distribution is analyzed through a
series of simulations where the temperature is obtained from the FS thermal model and used
as a thermal load in FEM under GPS condition.
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4.4.1 FEM model

To characterize the mechanical behavior of SPT receiver with FEM simulations, the module
Static Structural of the software ANSYS Workbench v19.2 is used. In the present chapter,
the FEM structural analysis is carried out, in steady-state, only for the absorber tube without
headers, since the tubes experience the largest thermal gradients. As this chapter is developed
for comparative purposes (characterize the difference between analytical and numerical elastic
stress and understand the influence of the temperature-dependence properties), the tube has
been simulated in a linear elastic regime, despite some cases could suffer plastic deformation
under the present working conditions. The tube is made of Nickel Alloy 800H, Special Metals
(2021). The temperature field is obtained in the CFD analysis with the FS model and it is
imposed in the structural analysis as thermal load. The mechanical constrains employed to
perform the GPS in FEM are: i) in the tube inlet only the radial displacement is allowed to
represent the thermal dilatation of the tube, whereas at the outlet the axial displacement is
fixed as the axial tube deformation, and ii) tube deflection was null along the length of the
tube, so at |\ | = 180> tube bending is prevented. GPS conditions are verified in the FEM
model through a null axial force reaction at the inlet and a constant axial deformation at the
inlet cross-section.

A mesh sensitivity analysis was carried out to check the independence of the results with
the grid size. This analysis was performed through the increment of the thickness element
number in the FEM mesh. The number of elements in the tube thickness was risen, keeping
the square shape (aspect ratio equal to 1) on the elements, from 4 to 20. Finally, 10 elements
along the tube thickness were selected since they led to a von Mises stress field that differed
less than 1.75% compared to that obtained with the largest number of elements.

4.4.2 Analytical stress estimation

The analytical mechanical characterization of the tube is done through the temperature field
obtained in the thermal A model and the methodology presented by Laporte-Azcué et al.
(2020) and explain in detail in Chapter 2. This methodology was developed to calculate
the elastic thermal stresses of two-dimensional receiver tubes under non-axisymmetrical
temperature distribution and quasi-steady-state conditions. As was commented above, for the
stress analysis the GPS conditions are considered, which resulting in zero axial section force
and keeping constant the total strain in the axial direction. For the analytical stress estimation,
the mechanical properties of the material are modeled as temperature-dependent.

4.5 Studied cases

In this section, the different cases analyzed in this chapter are listed. First, a series of CFD
simulations have been developed for FS and RS models to test the accuracy of the uniform
heat transfer coefficient hypothesis. This set of simulations is applied to an absorber tube,
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which is geometrically defined by a length of 7.4 m and outer and inner diameters of 42.2 mm
and 38.9 mm, respectively. The total heat rate absorbed by the HTF is equal in both models,
although the heat flux distribution along the tube surface differs. For the FS model, the peak
of incident heat flux is 0.8 ",/<2 while the magnitude of the heat flux in the RS model is
set in such a way that its integral over the fluid-wall boundary leads to the same heat absorbed
by the HTF. Moreover, different operation modes of the receiver tubes, represented through
different HTF velocities at the tube inlet, have been studied to analyze their effect on the
convection heat transfer of molten salt under non-uniform heating. The entrance of molten
salt in the absorber tube is done with a temperature of 675.3 K and an axial velocity which
is ranging between 0.49 </B to 2.67 </B. These cases, named ��"8 and �("8 for FS and
RS models, are listed in Table 4.2.

Table 4.2: Cases developed to study through CFD simulations the convection heat transfer in absorber
tube under different operating conditions defined by the Reynolds number at the tube inlet.

Model Case
Fluid inlet Heat flux Heat transfer

mechanism'4
EI @

′′
<0G 0Aℎ 5 (|\ | > 90>)

(</B) (:,/<2) (%)

Full Simulation
(FS)

HCM1 1.0 · 105 2.67

800 -
Radiation
Convection
Conduction

HCM2 7.5 · 104 1.85
HCM3 5.0 · 104 1.24
HCM4 2.0 · 104 0.49

Reduced Simulation
(RS)

HSM1 1.0 · 105 2.67 778.4 0.939

ConvectionHSM2 7.5 · 104 1.85 769.2 1.043
HSM3 5.0 · 104 1.24 759.7 1.234
HSM4 2.0 · 104 0.49 699.3 1.502
HSM5 1.0 · 105 2.67 810.4 -0.939

ConvectionHSM6 7.5 · 104 1.85 804.4 -1.043
HSM7 5.0 · 104 1.24 800.9 -1.234
HSM8 2.0 · 104 0.49 745.8 -1.502

For the cases listed in Table 4.2, a non-axisymmetrical temperature is obtained in the
absorber tube and molten salt. As consequence, a discontinuity in the heat transfer coefficient,
calculated according to Equation 4.9, is generating due to the local film temperature reaches
a similar value than the bulk temperature of the molten salt, ) B0;C . New cases have been
developed to determine the relationship between the no-uniformity of the heat flux and the
discontinuity of the heat transfer coefficient. In addition, different values of '4 are analyzed
to complete the analysis. Due to easy modification of the heat flux, the RS is selected as the
studied model. For each '4 the maximum (@′′<0G − @

′′

A4A03
) and minimum (@′′

A4A03
) values

of the absorbed heat flux, described in Equation 4.6, are progressively modified but keeping
the heat absorbed by the HTF. In this way, the shape of the heat flux progressively changes
from totally non-uniform distribution (0Aℎ 5 << 1) until it has a uniform distribution along
the outer tube surface (0Aℎ 5 = 1). In Table 4.3 the principal cases are summarized.

As mentioned above, analytical thermal models use experimental correlations to consider
the convection heat transfer of the HTF. This heat transfer coefficient, which is obtained
through experimental measures, is considered uniform in the circumferential direction,
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Table 4.3: List of cases and their boundary conditions developed in RS model to study the relationship
between the no-uniformity of the heat flux and the discontinuity of heat transfer coefficient for different
values of '4, which is evaluated at tube inlet.

@
′′
<0G 0Aℎ 5 Reynolds number

[:,/<2] [%] 1.0 · 105 7.5 · 104 5.0 · 104 2.0 · 104

953.8 0.1 R1 R17 R33 R49
907.3 2.5 R2 R18 R34 R50
880.4 4 R3 R19 R35 R51
847.0 6 R4 R20 R36 R52
831.3 7 R5 R21 R37 R53
816.1 8 R6 R22 R38 R54
787.3 10 R7 R23 R39 R55
669.2 20 R8 R24 R40 R56
582.0 30 R9 R25 R41 R57
514.8 40 R10 R26 R42 R58
461.6 50 R11 R27 R43 R59
418.3 60 R12 R28 R44 R60
382.5 70 R13 R29 R45 R61
352.3 80 R14 R30 R46 R62
326.5 90 R15 R31 R47 R63
304.3 100 R16 R32 R48 R64

however, CFD simulations have revealed its non-uniformity nature under non-uniform heating.
The use of uniform heat transfer coefficients into the receiver thermal models could lead to a
wrong prediction of the temperature distribution, implying an untrue prediction of the thermal
stresses and erring the receiver design. To analyze the use of constant heat transfer coefficient
and the 1D radial conduction heat transfer in the thermal receivers models, the temperature
distribution obtained with CFD simulation will be compared with the temperature field
obtained with the analytical model. Besides, different experimental correlations are employed
to characterize the convection heat transfer in the A model. According to Marugán-Cruz et al.
(2016), the supposition of 1D radial conduction heat transfer is suitable for small values of
Biot number, since the circumferential component of the heat conduction is negligible in these
cases. The Biot number depends on the thermal conductivity of the tube, the convective heat
transfer of the molten salt, and a characteristic length. Different values of Biot number have
been studied over a modification into the heat transfer coefficient of the molten salt. These
modifications are reached through variations of axial velocity at the tube inlet. The studied
absorber tube has the same dimensions as those described above. In Table 4.4 the correlations
used to characterize the convection inside the absorber tube and the origin of the absorbed
heat flux used on the A model are summarized.

The mechanical characterization of the tube is done through an analytical methodology
proposed in Laporte-Azcué et al. (2020) and FEM, using the temperature distribution obtained
with the A and FS thermal models, respectively. Moreover, both stress characterizations have
been studied under different operations regimes, defined in function of Reynolds’s number at
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Table 4.4: List of cases with the origin of the data and the experimental heat transfer correlation
employed in A model to study the accuracy of 1D conduction and uniform heat transfer coefficient
hypothesis.
Case Data From Correlation Case Data From Correlation
P1 FS

Case: HCM1

Dittus-Boelter P10 RS
Case: HSM1

Dittus-Boelter
P2 Gnielinski P11 Gnielinski
P3 Sieder-Tate P12 Sieder-Tate
P4 FS

Case: HCM3

Dittus-Boelter P13 RS
Case: HSM5

Dittus-Boelter
P5 Gnielinski P14 Gnielinski
P6 Sieder-Tate P15 Sieder-Tate
P7 FS

Case: HCM4

Dittus-Boelter
P16 FS

Case: HCM2 Sieder-TateP8 Gnielinski
P9 Sieder-Tate

the tube inlet. Finally, the effect caused on the temperature and thermal stress distributions
by the modeling of the material properties has been analyzed through a series of CFD and
FEM simulations. The FS model has been used to characterize the temperature distribution
under different modeling of the material properties. When the material of the tube is modeled
as a non-temperature dependent, its properties, thermal and mechanical, are evaluated at
the average temperature of the tube, which is obtained from the cases of variable properties
(HCM1 & HCM4). The goal of these cases is to determine the importance of considering
the temperature-dependence into the modeling of the material properties. In Table 4.5 the
principal cases are summarized.

Table 4.5: List of cases developed in FS model to study the influence of material modeling on
temperature and stress distribution. Cases developed for a Reynolds number ranging between 1.0 · 105

and 2.0 · 104.

Case Model Properties modeling Fluid Inlet

Tube Fluid Re EI
(</B)

I1 Full Simulation
(FS)

Constant Constant
1.0 · 105 2.67I2 Variable Constant

I3 Constant Variable
I4 Full Simulation

(FS)

Constant Constant
2.0 · 104 0.49I5 Variable Constant

I6 Constant Variable
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4.6 Results

4.6.1 Characterization of the convective heat transfer through CFD
simulations

4.6.1.1 Temperature distribution

To understand the heat transfer inside receiver tubes, a series of CFD numerical simulations
have been carried out. In these simulations, developed for FS and RS models, the entrance of
the HTF into the absorber tube is defined with a temperature of 675.3 K and an axial velocity
ranging between 0.49 </B to 2.67 </B. For the FS model, the maximum circumferential
value of the incident heat flux is provided by the radiation map of Figure 4.1 (a), while for
the RS model, the value of @′′<0G is determined through the integration of Equation 4.7 along
inner tube surface, and equating this integral to the total heat rate absorbed by the molten
salt in the tube for FS model, @01B . Besides, two different fittings of the cosine heat flux
function are employed to represent a heat absorption (@′′

A4A03
> 0) or dissipation (@′′

A4A03
< 0)

at the rear side of the tube (|\ | > 90>). Before analyzing the convective heat transfer of the
molten salt, its temperature distribution is discussed. For brevity, the effect of both models is
explained for a fluid velocity of 2.67 </B at the tube inlet, which corresponds to a Reynolds
number of 1.0 · 105.

Figure 4.5 shows the distribution of temperature (solid line) and the bulk temperature
(dashed line) of the molten salt along with the transversal position. These curves are obtained
with the FS (case: ��"1) and RS (cases: �("1 & �("5) models. The results of the
figure are evaluated at I = 3.5 m from the tube inlet. Due to the non-axisymmetrical heating
of the tube, which is highest at the front side, a non-uniform distribution of temperature is
achieved in the molten salt. Based on the results, the temperature variation between values
obtained with both CFD models is negligible. For |G | ≤ 0.0187 m is lower than 0.5 >�, while
for |G | > 0.0187 m, the temperature variation rises, due to the direct influence of the heat flux,
although the difference is almost imperceptible. The low absorbed heat flux at the rear side,
|\ | > 90>, makes that temperature variation between models decreases with |\ | and its value
is directly affected by the modeling of the absorbed heat flux (absorption or dissipation heat).

The artificial function imposed in this zone to represent in the RMmodel the heat transfer
between tube, reradiating wall, surrounding air, and adjacent tubes, causes a temperature
variation around ±1.1 >� compared with the FS model. At the front side (\ = 0>), the
maximum temperature is located and its value is directly affected by the absorbed heat flux,
which changes its value along with the tube height for the FS model. For this reason, at
I = 3.5 m, the maximum temperature of the film surface reaches a similar value with FS and
RS (@′′

A4A03
< 0) models since both have the highest heat flux. The maximum difference at

this height is reached between FS and RS model with an absorption heat at the rear side, and
its value is around 0.5%. The difference between bulk temperature, obtained with FS and RS
models, is below to 0.5 >�. Due to the non-uniform distribution of the temperatures, some
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zones have a lower local temperature than bulk temperature. Fact will be important in the
characterization of the heat transfer.
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Figure 4.5: Distribution of local temperature (solid line) and the bulk temperature (dotted line) of the
molten salt along the transversal position evaluated at I = 3.5 m for '4 = 1.0 · 105. Simulated cases:
HCM1, HSM1, & HSM5.

As the temperature of the molten salt at the wall is directly affected by the axial distribution
of the heat flux, shown in Figure 4.4 (a) for FS and RS models, its axial evolution change too
with the height, affecting the convection heat transfer. Thus, is necessary to analyze the axial
evolution of the temperature to understand the convection heat transfer of the absorber tube.
Figure 4.6 (a) shows the axial evolution of bulk temperature of molten salt ()̄B0;C (I)) and film
temperature ()B0;C (A = A8 , \, I)) evaluated at \ = 0> and |\ | = 180>. These temperatures are
obtained with CFD simulations through FS and RSmodels for a Reynolds number of 1.0 ·105.
The cases simulated for this figure are:��"1, �("1 and�("5. As was commented above,
the evolution of the maximum film temperature is directly dependent on the absorbed heat
flux. The axial variation of the heat flux absorbed by the molten salt at \ = 0>, shown in
Figure 4.4 (a), determines the evolution of the temperature at this point. The temperature at
\ = 0> obtained with model RS, where a uniform absorbed heat flux along the tube length
was imposed, is higher at the extreme sides of the tube since its absorbed heat flux in these
positions is larger than the FS model. As a consequence of the constant heating in the axial
direction, after the fully-develop of HTF, the evolution of the molten salt temperature is linear
with the height, Incropera et al. (2011). The case with higher absorbed heat flux (i.e: HSM5:
RS (@′′

A4A03
< 0)) reaches the large temperatures, which are equating by the temperature

obtained with the FS model in the half-length of the tube. The film temperature at |\ | = 180>

is directly affected by the modeling of reradiant heat flux (@′′
A4A03

). For the case where the
tube is dissipated heat at the rear side in RS model (@′′

A4A03
< 0) the temperature is around

2 >� lower than the case of absorption heat (@′′
A4A03

> 0). The minimum temperature obtained
with the FS model is ranging between both values of the RS model. The bulk temperature
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has a maximum variation between models of 1.1 >� at I = 1.2 m, caused principally by the
high difference of absorbed heat flux between both. After this point, it reduced along with the
height of the tube. Independently of the case analyzed in this section, the bulk temperature is
higher than film temperature at |\ | = 180>.

Figure 4.6 (b) shows the circumferential distribution of the film temperature evaluated at
I = 3.5 m from the tube inlet for a '4 = 1.0 · 105. Moreover, for a comparative purpose,
the bulk temperature (dashed line) is represented too. In this figure, the results of the cases
��"1, �("1, and �("5 are shown. Due to the receiver configuration, one part of the
tube is facing the heliostats field while the other one is facing the reradiant wall. For this
reason, as Figure 4.6 (b) shows, the maximum temperature of the tube is located at the front
side of the outer surface (A = A4, \ = 0>), while the minimum temperature is located at the
rear side (|\ | = 180>). The circumferential profile of the absorbed heat flux leads to the
non-axisymmetric temperature distribution. As at I = 3.5 m the absorbed heat flux is similar
in both models, the temperature distribution reached with both models is similar.

The comparison between numerical complex models and simplified models allows
analyzing if the use of some simplifications is adequate to characterize the temperature
distribution of receiver tubes. The accuracy of simplified models depends on how similar
are the boundary conditions those to a real situation. When flatter is the solar radiation
concentrated in the receiver wall, which is defined by the aiming strategy of the heliostat field,
more similar is the real absorbed heat flux to the axially uniform distribution inserted in the
simplified model. For an aiming strategy as that shown in Figure 4.1 (a), the characterization
of the bulk magnitudes with the RS is accurate. However, the characterization of the local
magnitudes, as maximum and minimum film temperatures, differs in those points where the
boundary conditions are extremely different. For the cases studied in this chapter, these
positions are the extreme sides of the absorber tube. The maximum discrepancy between
models is around 6.6% and 0.2% for maximum and minimum film temperature.

For the same incident radiation, a temperature rise is obtained when the molten salt
velocity is reduced. This increment of temperature is due to the augments of the residence
time of the fluid inside the tube; doing that, the absorbing heat grows. Results for other
Reynolds numbers, not shown here for brevity, are analogous to those of Figure 4.6. In the
light of the results shown in Figures 4.5 and 4.6 can be concluded that the effect of the heat
flux at the rear side of the tube side does not contribute significantly to the tube heating and
can be neglected in simplified models.

4.6.1.2 Convective coefficient

In this section, the convective coefficient obtained through CFD simulations is analyzed to
validate if its behavior is similar to the axially- and circumferentially-invariable coefficient,
which is typically employed in the analytical models to represent the convection heat
transfer. The heat transfer coefficient has been defined in a dimensionless way through
the dimensionless Nusselt number (#DB), which is defined as the ratio of convective to
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Figure 4.6: (a) Evolution of the maximum (\ = 0>) and minimum (|\ | = 180>) film and bulk
temperatures along axial coordinate, (b) Circumferential distribution of film temperature evaluated at
I = 3.5 m. Results obtained through CFD simulations (FS and RS models). Simulated cases: HCM1,
HSM1, & HSM5

conductive heat transfer at a boundary in a fluid. Its expression is summarized inEquation 4.10.
Figure 4.7 (a) shows the circumferential distribution of the local Nusselt number calculated
from CFD simulations. These curves are obtained with FS and RS models for an operating
condition defined by a Reynolds number of 1.0 · 105 and evaluated at I = 3.5 m from the
tube inlet. The cases represented in this figure are ��"1, �("1 and �("5. The most
noticeable aspect of the figure is the discontinuity of the convective coefficient, which is located
in 75> < |\ | < 110> and the negative value of the convective coefficient for |\ | > 110>. These
facts are due to the use of the traditional definition of heat transfer coefficient, Equation 4.9,
under non-uniform temperature distribution.

The discontinuity does not represent a break of heat transfer but is due to a mathematical
artifact. An asymptote in the convective coefficient is reached in those points where the
local temperature is close to the bulk molten salt temperature. Three zones can be observed
in the circumferential distribution of the Nusselt number: (i) constant and positive value
of the Nusselt number, where the local film temperature is higher than bulk temperature
(|\ | < 75>), (ii) asymptotic zone where the local film temperature is close to the bulk
temperature (75> < |\ | < 110>) and (iii) zone where the local film temperature is lower
than the bulk temperature (|\ | > 110>). Based on the results observed in the figure, it can
be concluded that the asymptotic range where the discontinuity is located depends on the
circumferential shape of the heat flux. The angular position where the local film temperature
is equal to the bulk temperature, named here as inversion angle (\2A ), is moved to the rear
side of the tube when the wide of heat flux increases. For the FS model, the inversion angle
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is located at 110> while for the RS is at 90>. The sign of the Nusselt number at the rear
side of the tube is directly related to the heat flux condition imposed in this zone. If this
surface dissipates heat (@′′

A4A03
< 0), the convective coefficient is a positive scalar, while for

the cases where this zone absorbs heat (@′′
A4A03

> 0), the value of the convective coefficient
is negative. Both are represented as blue and grey solid lines, respectively, in Figure 4.7 (a).
The traditional definition of the convective coefficient does not reveal the true nature of the
heat transfer in non-axisymmetric heating due to those cases that absorb heat at the rear side
of the tube obtained a negative heat transfer coefficient.

The axial evolution of the Nusselt number evaluated at \ = 0> and |\ | = 180>, is shown
in Figure 4.7 (b). These curves are obtained for FS and RS models, which analyzed a tube
under an operating condition defined by a Reynolds number of 1.0 · 105. The cases solved are
��"1, �("1 and �("5. The entrance length is clearly observed in the figure since it’s
the zone where the convective coefficient experiments the highest changes. On the front side
of the tube, \ = 0>, the maximum variation of the convective coefficient obtained with FS
and RS models is 46.4% at I = 0.1 m, after this point, the variation is progressively reduced,
reaching a difference of 3.7% at I = 1.7 m and finally, its stabilized with a discrepancy around
of 2%. The maximum variation between models is located near the inlet (I = 0 m) since
the fluid is still developing and the difference of the heat flux between models is highest. At
the rear side of the tube, the tiny value of the heat flux causes that the convection coefficient
in this zone is reduced 40 and 5 times for FS and RS models compared with the values of
the front side. The sign of the convective coefficient at the rear side is conditioned by the
modeling of the heat flux in this zone. Its sign is kept along the tube length. For the FS
model, the convective coefficient at the rear side is smaller, implying a negligible heat transfer
at this point. The CFD simulation reveals that despite the heat flux’s axial variation, when the
molten salt is fully developed, the convection coefficient barely changes along with the tube
height.

To complete the characterization of the convective heat transfer different operation modes,
represented by a Reynolds number ranging between 1.0 · 105 to 2.0 · 104, have been studied
through FS and RS models. The cases solved in this section are ��"1 − ��"4 and
�("1 − �("8. In Figure 4.8 (a) the circumferential distribution of the dimensionless heat
transfer coefficient calculated from CFD simulations for different Reynolds is shown. These
curves are evaluated at I = 3.5 m from the tube inlet. As the discontinuity into the convective
coefficient is caused by the circumferential-variation of the heat flux, it is weakly affected by
the Reynolds. The position of the inversion angle does not change significantly. When the
Reynolds number rises the turbulence and the convective heat transfer grow too. An increment
of the molten salt turbulence causes a high homogenization of the temperatures. For lower
values of Reynolds (i.e: 2.0 ·104) the discrepancy between FS and RS is accentuated, reaching
a variation of 18.7% in the value of the convective coefficient at \ = 0>. This discrepancy is
reduced below 4.2% for higher Reynolds.

The evolution of the convective coefficient, evaluated at I = 3.5 m from the tube inlet and
obtained at \ = 0> (solid line) and |\ | = 180> (dashed line), is represented in function of the
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Figure 4.7: (a) Circumferential distribution of local Nusselt number evaluated at I = 3.5 m from
the tube inlet, (b) Longitudinal evolution of the local Nusselt number evaluated at \ = 0> (up) and
|\ | = 180> (bottom) along tube length. Results obtained through CFD simulations (FS and RS models).
Simulated cases: HCM1, HSM1, & HSM5

Reynolds as shown Figure 4.8 (b). At the front side of the tube, both models reveal the same
trend: a grown of the convective coefficient with the Reynolds. Curves of both modelings
of the rear side of the tube, absorption, and dissipation heat, are overlapped. Therefore the
behavior of this zone weakly affects the convection of the front side. As was commented
above, the maximum discrepancy between FS and RS is located at 2.0 · 104, where the
value of the convective coefficient is underestimated around 18.7% with the RS model. For
the different Reynolds studied in this chapter, the convection is underestimated in the RS
models. At the rear side of the tube, the modeling of the absorbed heat flux affects directly
the convective coefficient sign. Those curves obtained with the RS model increase their value
of the convection coefficient, in absolute value, since the effect of the reradiating wall and
adjacent tubes are not considered in this model. These elements play an important role as
can be observed in the FS model, where the heat transfer coefficient is reduced progressively
when the Reynolds grows.

The resulting distribution of the convective coefficient of an absorber tube, heating by
non-uniform heat flux, disagrees with the traditional characterization employed in analytical
models, which supposed the convective coefficient as invariable along the surface. This
convective coefficient is obtained from experimental correlations based on experimental
measurements of turbulent flow convection under uniform boundary conditions. Comparing
the uniformly-circumferential distribution of the experimental convective coefficient with the
distribution obtained in CFD simulations, a good agreement is only obtained at the front side
of the tube for |\ | < 75>. To analyze which experimental correlation is more representative
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Figure 4.8: (a) Circumferential distribution of convective coefficient evaluated at I = 3.5 m for
Reynolds ranging between 2.0 · 104 and 1.0 · 105, (b) Evolution of the convective coefficient obtained
at \ = 0> (up) and |\ | = 180> (bottom) in function of the Reynolds. Results obtained through CFD
simulations (FS and RS models). Simulated cases: HCM1-HCM4 & HSM1-HSM8.

for the heating of the receiver tubes, the convection coefficient obtained in CFD simulations
is compared with the value provided with the correlations, whose '4 and %A numbers are
evaluated at the bulk temperature of the fluid. The selected correlations (viz. Dittus & Boelter
(1985), Sieder & Tate (1936) and Gnielinski (1975)), which are ones of the most used in the
literature. Table 4.6 summarizes the convective coefficient of the molten salt at the front side
of the film surface (\ = 0>), obtained with experimental correlation and CFD simulations at
3.5 m from the tube inlet for different Reynolds. Independently of the thermal model, for the
lowest Reynolds studied in this chapter, i.e., 2.0 · 104, the discrepancy between convective
coefficient obtained through correlations and numerical simulations are above 8.8%. The
maximum differ between CFD and correlation is 19.2% and its reach for the Dittus-Boelter
correlation and the FS model. For the different correlation studied in this chapter, the values
provide by Sider-Tate have the lower discrepancy related with FS and RS models, being the
maximum value below of 11.4% for 2.0 · 104. Moreover, in the simplified models, i.e., the RS
model, the discrepancy between correlations and CFD simulations is lower than the complex
model, and its value is below 8.8% at 2.0 · 104. As the Sider-Tate correlation shows the best
agreement with the data obtained fromCFD simulations, it has been selected as the correlation
employed to describe the convection heat transfer in the analytical model.
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Table 4.6: Characterization of the molten salt convective coefficient at \ = 0> with experimental
correlations and CFD models for different Reynolds number and evaluated at I = 3.5 m from the tube
inlet. Simulated cases: HCM1-HCM4 & HSM1-HSM8.

Model Method '4

2.0 · 104 5.0 · 104 7.5 · 104 1.0 · 105

FS
(Cases: HCM1-HCM4)

Correlation
Dittus-Boelter 127.6 252.3 350.9 459.3
Gnielinski 137.8 285.9 406.7 542.5
Sieder-Tate 139.9 273.2 378.0 492.7

Numerical CFD 157.9 273.6 388.6 515.6
RS: @′′

A4A03
> 0

(Cases: HSM1-HSM4)
Correlation Sieder-Tate 144.0 280.6 381.8 505.6
Numerical CFD 128.3 266.2 372.4 504.1

RS: @′′
A4A03

< 0
(Cases: HSM5-HSM8)

Correlation Sieder-Tate 144.0 280.6 381.8 505.6
Numerical CFD 129.1 266.2 372.4 503.9

4.6.1.3 Relation between non-uniform heat flux and heat transfer coefficient

The discontinuity of the convection heat transfer was previously reported by Reynolds (1960),
where an analytical solution was developed for a fluid fully developed in a laminar regimen.
The goal of this work was to characterize the convective heat transfer in a tube under an
arbitrary circumferential heat flux. For this reason, different circumferential distribution of
heat flux was studied. Its principal conclusion was that the local Nusselt number varies
substantially around the film surface when the heat flux has a circumferential variation.
Moreover, the authors commented that the Nusselt number is infinite at the point where the
film temperature equals the bulk fluid temperature and it’s negative where the wall temperature
is lower than the mean temperature. In Reynolds (1963) a numerical solution of turbulent fluid
was developed to characterize the convective heat transfer for a tube under axially-uniform
cosine heat flux. One of the principal conclusions was that the effects of circumferential heat
flux variation in turbulent flow are sometimes more pronounced than in laminar flow. Despite
these works stand out the discontinuity of the convection heat transfer, they did not study
deeply the relation between the non-uniform heat flux distribution and the discontinuity of the
convection coefficient.

For this reason, a series of CFD simulations have been developed to determine the
relationship between the no-uniformity of the heat flux and the discontinuity of the heat
transfer coefficient. As the absorbed heat flux can be easily modified in the RS model, it has
been selected to develop this analysis. Different operation modes, represented by Reynolds
number, are analyzed. For each '4, the heat absorbed by the molten salt is preserved while the
heat flux profile changes case after case, from totally non-uniform distribution (0Aℎ 5 << 1)
until it is circumferentially-uniform (0Aℎ 5 = 1). According to Equation 4.7 to conserve the
absorbed heat, the maximum heat (@′′<0G) and the reradiant heat fraction (0Aℎ 5 ) are adapted.
The tube geometry analyzed is the same as the above sections.

Figure 4.9 (a) shows the evolution of the convective coefficient in function of reradiant
heat fraction, 0Aℎ 5 . These curves are obtained with CFD simulations for the cases '1 − '64
and are evaluated at I = 3.5 m from the tube inlet. At the front side of the film surface,
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the convective coefficient experiments grown as the distribution of heat flux is turned into a
uniform distribution. The convective coefficient experiments a maximum augment ranging
between 7.8%-17.7% in function of its Reynolds number, which is comprised between 1.0·105

and 2.0 · 104 respectively. At the rear side, |\ | = 180>, the sign of the convection coefficient
depends on the value of the reradiant heat fraction (0Aℎ 5 ), it can be ranging in function of its
behavior: (i) for 0Aℎ 5 < 0.08 the bulk temperature is higher than film temperature at the rear
side, doing negative the convection coefficient (ii) for 0.08 < 0Aℎ 5 < 0.2 the sign changes due
to the local temperature is equating the value of bulk temperature, and (iii) for 0.2 < 0Aℎ 5 the
film temperature is higher to the bulk temperature and the convective coefficient is positive
along the whole film surface. As the reradiant heat fraction rises, the increment of the heat
flux generates a rise of the film temperature of the molten salt at the rear side, doing that
local temperature overpasses the bulk temperature, reaching a positive value of the convection
heat transfer. The evolution of the inversion angle (\2A ), which is the angular position where
the local film temperature is equal to the bulk temperature, in function of the reradiant heat
is shown in Figure 4.9 (b). The results are based on cases '1 − '64 and are evaluated at
I = 3.5 m. As the Reynolds number increases, the change in the sign of the convective heat
transfer coefficient is produced for a lower 0Aℎ 5 . Values of \2A under −180> imply positive
values of the convective coefficient in the whole molten salt surface. When the reradiant
fraction is increased, the inversion angle is moved to the rear side of the tube.
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Figure 4.9: (a) Evolution of the local Nusselt number evaluated at \ = 0> and |\ | = 180> in function
of the reradiant heat fraction, (b) Variation of inversion angle in function of reradiant heat fraction.
Results are obtained with RS model for different Reynolds and are evaluated at I = 3.5 m. Simulated
cases: R1-R64.
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4.6.2 Comparison between analytical and numerical models

In this section, the hypotheses of radial conduction inside the tube walls (1D heat transfer) and
the use of axially- and circumferentially-invariable convective coefficient is analyzed through
the comparison of the simple analytical and more complex CFD models. As mentioned, both
hypotheses are usually employed in thermal receivers models.

4.6.2.1 Temperature distribution

Firstly, the effect of the circumferential variation of the convective coefficient on the
temperature distribution has been analyzed. The analytical A model and the numerical RS
model are used for this purpose. As both applied the same methodology to characterize the
tube walls temperature, summarized in Equations 4.12, 4.13 and 4.14, their differences in the
temperature are generated by the treatment of the convection inside the tube. In Figure 4.10
the circumferential profiles of the outer and inner tube surfaces, evaluated at I = 3.5 m from
the tube inlet and obtained with A and RS models are shown. These curves are obtained for
an operating condition defined by '4 = 1.0 · 105. In the A model, the convection coefficient
is obtained with 3 experimental correlations: Dittus-Boelter, Gnielinski, and Sieder-Tate.
Moreover, their bulk temperature, ) B0;C , and heat absorbed by the molten salt, @′′

01B
, are taken

from the RS model to perform a comparison of the models under the same conditions. At
the left side of the figure (i.e: from \ = −180> to \ = 0>) are the curves obtained with the
RS model (@′′

A4A03
> 0) represented as grey lines, while at the right side (i.e: from \ = 0> to

\ = 180>) the curves are obtained with the RS model (@′′
A4A03

< 0) and are pictured as blue
lines. The temperature distributions obtained with the A model and different correlations
are represented as discontinuous lines while the RS models are represented as solid lines.
The cases analyzed in this section are �("1, �("5, and %10 − %15. Independently of the
modeling of the rear side, the maximum discrepancy is obtained with Gnielinski correlation
and has a value around 1.2% and 1.1% for the inner and outer surface. The best agreement
is shown with the Sieder-Tate correlation, in which their temperature profile are overlapped
with those obtained with RS models. At the rear side, the maximum temperature variation
between A and RS models is around 6.8 >� which represents a variation of 1.0%. Based
on these results, it can be asserted that the use of axially- and circumferentially-uniform
convection coefficient is adequate to characterize the convection process of the receiver tubes
under non-uniform heating.

Once analyzed the effect of the constant convective coefficient into the temperature
distribution, the conduction inside the tube walls is analyzed to verify the accuracy of the 1D
heat conduction hypothesis in tube walls. To reach this goal, the tube temperature obtained
with FS and A models is compared. The tube temperature of FS model are obtained through
the heat diffusion equation applied for the tube walls, while A model use the Equations 4.12,
4.13 and 4.14, where the absorbed heat flux (@

01B
) and the bulk temperature of the molten

salt () B0;C ) are taken from FS model to compare both under same conditions. Although
in the previous section was observed that from all the experimental correlations studied in
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Figure 4.10: Circumferential distribution of temperature for outer and inner tube surfaces, evaluated
at I = 3.5 m, for the A and RS models under operation regimen defined by '4 = 1.0 · 105. Simulated
cases: HSM1 and P10-P12 (grey lines), HSM5 and P13-P15 (blue lines).

this chapter, the Sieder-Tate correlation is the more accurate correlation to characterized the
convection heat transfer for simple models, as RS. In this section Dittus-Boelter, Gnielinski
and Sieder-Tate are analyzed again to compare their discrepancy with a more complex CFD
model, as FS. Different operating conditions, defined by a Reynolds number, have been
studied. The cases solved in this section are: %1 − %9, ��"1, ��"3 and ��"4.

In Figure 4.11 (a) the circumferential distribution of the outer surface temperature is shown
for Reynolds of 1.0 · 105, 5.0 · 104 and 2.0 · 104. These curves are evaluated at I = 3.5 m
from the tube inlet. The maximum discrepancy in the temperature distribution between the
analytical and numerical model is reached when A model uses the Dittus-Boelter correlation
to characterize the molten salt convection. Its value is around 7.1% and its located at the front
side (\ = 0>) for '4 = 2.0·104. At the same conditions, the discrepancy between analytical and
numerical models when the convective coefficient is provided by Gnielinski and Sieder-Tate
correlations is 4.6% and 4.1% respectively. For large Reynolds (i.e: '4 = 1.0 · 105), these
values are reduced, reaching a discrepancy of 1.6%, 0.6% and −0.4% for Dittus-Boelter,
Gnielinski, and Sieder-Tate correlations. To illustrate the effect of the axially-heat flux
variation into the temperature field, the evolution of the maximum temperature along the
tube height is represented in Figure 4.11 (b). The maximum discrepancy in the temperature
distribution of the temperature between models is located at \ = 0>, where the heat flux
peaks and it is accentuated at lower Reynolds (i.e., '4 = 2.0 · 104). An overestimation of
7.0% is generated in the analytical model when the Dittus-Boelter correlation is employed to
characterize the molten salt convection. For the same Reynolds, the maximum discrepancy
whenAmodel bases its convective heat transfer into theGnielinski andSieder-Tate correlations
is similar to those previously commented, 4.6% and 4.1% respectively. For the largest
Reynolds number studied in this chapter, i.e., '4 = 1.0 · 105, the temperature discordance
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between models is reduced, reaching a variation around 2.0%, 1.2% and 1.6% for the Amodel
when it uses the convection coefficient provide by Dittus-Boelter, Gnielinski, and Sieder-Tate
correlations. At the rear side, Reynolds’s discrepancy in temperature characterization is also
affected, but this value is under 1.7% for the different cases studied in this chapter.
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Figure 4.11: Circumferential distribution of temperature obtained with FS numerical model (solid
line) and A analytical model (dashed lines): (a) Reynolds ranging between 2.0 · 104 and 1.0 · 105 and
results evaluated at I = 3.5 m. Simulated cases: P1-P9, HCM1, HCM2 & HCM4. (b) Reynolds equal
to 1.0 · 105 and evaluated at different axial positions. Simulated cases: P1-P3 & HCM1.

The analytical models typically use the temperature distribution to estimate the
thermal stresses and the fatigue/creep damage along the receiver lifetime. According
to González-Gómez et al. (2021), the creep damage has a logarithm behavior with the
temperature and stresses. Therefore a discrepancy around 10% in the temperature field
might seem negligible, but its effect could be notorious in the mechanical and creep/fatigue
characterization of the tubes leading to a wrong estimation of the receiver lifetime. For this
reason, a deeper analysis has been developed about the 1D radial conduction hypothesis. In
Equation 4.15 its expression is particularized for \ = 0>.

�8(\ = 0>, I) = ℎ(\ = 0>, I) · Cℎ
:CD14

(4.15)

As was studied inMarugán-Cruz et al. (2016), when �8 > 0.3, the 1D conduction provides
a reasonable prediction of the inner wall fluid temperatures, which an error lower 5%. To
understand how the heat is distributed inside the tube walls, the heat flux lines, calculated as
normal to isotherm, have been drawn on temperature contours. With these heat flux lines, the
truthfulness of the 1D conduction hypothesis is studied for different Biot numbers, obtained
from the different Reynolds previously analyzed in FS, RS, and Amodels. As was commented
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above, the Sieder-Tate correlation has been selected to characterize the convection heat transfer
in the A model. In Figure 4.12 the heat flux lines and temperature contours, calculated with
FS (left side of the contour, \ < 0>), and the A models (right side of the contour, \ > 0>).
Where the maximum value of the temperature is located at the front side of the outer tube
surface (\ = 0>) and the minimum is located at the rear side (|\ | = 180>). Each temperature
contour is obtained at I = 3.5 m from the tube inlet. The cases analyzed are ��"1−��"4
for FS model while for A model are %3, %6, %9 and %16. The different Biot numbers are
ranging between 0.91 and 0.21, corresponding to Reynolds variation between 1.0 · 105 and
2.0 · 104. For the different Biot numbers studied in this chapter, the heat flux lines are totally
straight, except for the lowest Reynolds, where the curvature of the heat flux lines is slightly
accentuated. The effect of the heat flux lines curvature is not appreciated in the temperature
distribution. This fact can be explained through the temperature distribution of the tube,
which is similar to the average temperature of the molten salt at the rear side of the tube, while
at the front side, the temperature is considerably higher. This situation, combined with the
high heat absorption of the molten salt, causes that the principal direction of conduction heat
transfer is radial, being the circumferential component negligible compared with the former.
Based on the results, it can be concluded that the 1D heat conduction through the tube walls
is appropriated for the steady analysis of receiver tubes under non-uniform heat flux since the
circumferential gradients are comparable to the radial gradients.

4.6.2.2 Thermal stresses

To understand how 1D heat conduction and uniform convective coefficient, affect the
mechanical characterization of the tube, a structural analysis of receiver tubes is carried out
through numerical simulations performed with FEM and analytical methodology described
above. The analytical characterization of the tubes is done through the methodology
proposed in Laporte-Azcué et al. (2020), and the temperature distribution obtained with
the A thermal model which Sider-Tate correlation is used as thermal load, while the numerical
characterization, calculated through a FEM, is feeding with the temperature field provide by
the FS thermal model. Both stress fields are compared for different Biots number, defined in
function of Reynolds’s number at the tube inlet, under GPS conditions. As the absorber tube
has a multiaxial stress-state, the equivalent von Mises stress (f+ " ) is used to consider whole
stress components in the mechanical analysis.

In Figure 4.13 (a) the circumferential distribution of the equivalent stress obtained in
the outer tube surface is shown. These curves are calculated through FEM (solid lines) and
analytical (dashed line) models and are evaluated at I = 3.5 m from the tube inlet. The Biot
number studied in this section is ranging between 0.91 and 0.21 which are corresponding to a
Reynolds variation include in the range 2.0 · 104 − 1.0 · 105. The mechanical characterization
of the tube is done for the cases ��"1 − ��"4 corresponding to the FS model while for
the A model are %3, %6, %9, and %16. As can be observed in the figure, when the Reynolds
number increases the maximum equivalent stress is reduced since the convection heat transfer
is increased due to the HTF is flowing faster, leading to larger cooling down of the tube walls.
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(a) (b)

(c) (d)

Figure 4.12: Heat flux lines and temperature contours, evaluated at I = 3.5 m from the tube inlet for
FS (left side of contour) and A (right side) models, and developed for an operating condition of: (a)
'4 = 1.0 · 105 (Simulated cases: ��"1 & %3), (b) '4 = 7.5 · 104 (Simulated cases: ��"2 & %16),
(c) '4 = 5.0 · 104 (Simulated cases: ��"3 & %6), (d) '4 = 2.0 · 104 (Simulated cases: ��"4 &
%9).

This fact causes a homogenization of the temperature and therefore a reduction of thermal
stresses. The zones with the highest stress variation between models are at the front (\ = 0>)
and rear side of the tube (|\ | = 180>). For the highest Reynolds studied in this chapter, i.e:
1.0 · 105, the variation between analytical and numerical models is −0.3% and 0.2% at \ = 0>

and |\ | = 180> respectively. These difference are peaked for 2.0 · 104 where reached a value
of 8.1% and 11.1%, respectively. Figure 4.13 (b) shows the axial evolution of the maximum
equivalent stress for both models. For the Reynolds ranging between 1.0 ·105 and 5.0 ·104 the
maximum variation of stress grows with the height but it is below 5% while for '4 = 2.0 · 104

the maximum rises until 8.8%.

The principal results obtained from the comparison between models are summarized in
Table 4.7. Although the discrepancy between numerical and analytical models at �8 ∼ 0.2,
reach a value around 4.0% and 8.1% for the temperature and stress distribution at I = 3.5 m,
which might seem negligible, their use into the receiver lifetime estimation suppose a high
source of error. For example, the time to rupture due to creep, calculated according to
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Figure 4.13: (a) Circumferential equivalent stress distribution at the outer tube surface evaluated at
I = 3.5 m, (b) Height evolution of the maximum equivalent stress. Both are obtained with FEM and
analytical model. (Simulated cases: ��"1-��"4, %3, %6, %9 & %16).

González-Gómez et al. (2021), has a difference between FS and A models around 73%,
being the principal reason for this difference the variation in the temperature distribution. For
�8 % 0.5 this difference is reduced, obtaining values below 21%.

Table 4.7: Values of temperature, equivalent stress and convective coefficient evaluated at I = 3.5 m
for the numerical FS and analytical A models. (Simulated cases: ��"1-��"4, %3, %6, %9 & %16).

Re
Biot Stress Temperature Nusselt

�88B (\ = 0>, I = 3.5<)
(−)

f+ "4C (\ = 0>, I = 3.5<)
("%0)

)4C (\ = 0>, I = 3.5<)
( )

#D8B (\ = 0>, I = 3.5<)
(−)

FS A FS A Xf
(%) FS A X)

(%) FS A X#D
(%)

1.0 · 105 0.91 0.91 458.8 457.2 -0.3 888.7 888.7 0.0 515.6 492.7 -4.4
7.5 · 104 0.68 0.68 512.2 506.5 -1.1 921.9 926.6 0.5 388.6 378.0 -2.7
5.0 · 104 0.47 0.47 594.3 575.2 -3.2 972.9 974.3 0.1 273.6 273.2 -0.1
2.0 · 104 0.22 0.21 755.1 816.6 8.1 1101.5 1145.3 4.0 157.9 137.8 -12.7

4.6.3 Influence of temperature-dependence of material properties

Numerous works have tackled the problem of non-homogeneous heating in turbulent flows
inside a pipe with more or less idealized conditions that range from constant fluid and wall
properties to temperature-dependent properties. The objective of this section is to quantify
the effect that constant properties have on the accuracy of the solution. To study the sensitivity
of the results to properties variation with temperature, the material properties, fluid and solid,
have been varied independently to identify the effects of variable properties of each material.
In this sense, in the first place, the temperature field has been studied through CFD simulations
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and secondly, a thermo-mechanical characterization of the tubes has been performed. The FS
model is used to characterize thermally the absorber tube and its temperature distribution is
employed as thermal load into the FEM. In Table 4.5 a summary of the simulations performed
to determine the effects of temperature-dependent properties is presented. Hence, cases I1
and I4 correspond to constant fluid and solid properties (evaluated at 675  , at '4 = 1.0 · 105

and '4 = 2 · 104, respectively), cases I2 and I5 correspond to constant fluid properties and
variable tube properties (evaluated at 675  , at '4 = 1.0 · 105 and '4 = 2 · 104, respectively),
and finally, cases I3 and I6 correspond to constant tube properties and variable fluid properties
(evaluated at 675 K, at '4 = 105 and '4 = 2 · 104, respectively). Furthermore, these cases
have been compared to HCM1 and HCM4, where both, fluid and tube properties were variable
with temperature, which are represented as solid lines in the next figures.

Figure 4.14 (a) shows the outer circumferential temperature distribution, evaluated at
I = 3.5 m. A similar behaviour can be found at the inner surface. It can be noticed that
the temperature difference between the models are more important on the front side, while
at the back side of the tubes the difference is almost negligible. In particular, the maximum
temperature difference occurs at \ = 0> for all the cases. As could be expected, compared to
the most complex model (��"1 and ��"4) the discrepancies are bigger for the simplest
model, with constant fluid and tube properties (�1 and �4). It is important to notice that the
discrepancies are smaller for the variable fluid properties than for the tube variable properties.
Finally, it can be noticed, as anticipated, the lower the Reynolds number the most important
are the differences between the models. For the cases analyzed in this chapter the highest
temperature variation is reached for the models �4 (constant material properties) and ��"4
(variable material properties) at the lowest Reynolds ('4 = 2 · 104) and has a value around
55.5 >� which represent a discrepancy of 5.0%.

In Figure 4.14 (b) the circumferential distribution of the Nusselt number is shown. It
can be noticed, independently of the properties modeling, that the Nusselt number presents a
discontinuity: at the front side (|\ | < 80>) the Nusselt number presents a high almost constant
value, while at the rear side (110> > |\ |,) the Nusselt number is close to zero. Furthermore,
at the front side, |\ | < 80>, the constant properties model underestimates the Nusselt number,
while at the rear side, 110> > |\ |, the differences in the Nusselt number are negligible. The
maximum difference in the dimensionless heat transfer coefficient is reached for a constant
fluid properties. It is located at \ = 0> and has a value of 3.5% for '4 = 105 and of 19.2% for
'4 = 2 ·104. Both discrepancies are ranging in the uncertainty of the experimental correlation
where constant properties are considered. Based on the results, the heat transfer coefficient is
not sensible affected by the temperature-dependence of the tube properties, since the curves
of Figure 4.14 (b) are grouped in function of the fluid properties modeling.

FEM simulations are performed to understand the influence of the variable temperature
properties on the thermal stresses of the tubes. These FEM models employ the thermal fields
obtainedwith the FSmodel throughCFD simulations, underGPS conditions. The cases solved
in this section are �1 − �6, ��"1, and ��"4. Figure 4.15 (a) shows the circumferential
distribution of the vonMises stress at the outer tube surface at I = 3.5 m. For '4 = 1.0 ·105 an
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Figure 4.14: Circumferential distribution of: (a) Outer surface temperature, (b) Local Nusselt number.
Both are obtainedwith FSmodel for different values ofReynolds, distinctmodeling ofmaterial properties
and are evaluated at I = 3.5 m. (Simulated cases: HCM1, HCM4 & I1-I6)

overestimation of 3.2% is obtained when the mechanical properties are modeled as constant,
while this variation is increased until 11.3% when the Reynolds decreases until 2.0 · 104. In
Figure 4.15 (b) the height evolution of the maximum equivalent stress is shown. The effect
of the properties modeling is peaked at I = 6.5 m, where the maximum variation is reached.
For '4 = 2.0 · 104 the when the mechanical properties are modeled as constant the stress is
overestimated around of 15%, while it is 7.6% for '4 = 1.0 · 105. These results coincide
with those obtained in Laporte-Azcué et al. (2020), where only the effect of the mechanical
modeling of the properties were analyzed.

4.7 Conclusions

In this chapter, the thermo-mechanical accuracy of the simplified models to characterize the
receiver tubes of SPT plantswere analyzed. The receiverwas similar to the SPT plant proposed
inRodríguez-Sánchez et al. (2014a) and the INCOLOY800Halloywas selected as thematerial
of the tubes. To understand the influence of some hypotheses traditionally employed in the
analytical modeling of the receiver tubes (i.e: 1D heat conduction and uniform convection
coefficient to characterize the heat transfer of the molten salt), three models with different
levels of complexity were developed for a representative tube per panel. The distribution of
temperatures and stresses in the tube were obtained through CFD numerical (FS and RS) and
analytical (A) models. The FS model was a detailed CFD simulation that considered the tube
and the surrounding elements. In the RS model, only the flow of the HTF inside the tube was
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Figure 4.15: Circumferential distribution of the von Mises stress of the outer tube surface evaluated
at I = 3.5 m. (Simulated cases: HCM1, HCM4 & I1-I6)

analyzed. The heat flux absorbed was imposed as a boundary condition at the inner surface
of the tube. The A model was a quasi one dimensional, which used an overall heat transfer
coefficient to characterized the heat transfer, which considered the 1D conduction in the tube
walls and the convection heat transfer of the HTF. The absorbed heat flux was set to get the
same total heat rate as FS and RS models. The temperature field obtained with these models
was used as a thermal load to determine the stress distribution of the tube under Generalized
Plane Strain (GPS) conditions. The steady stress distribution in the tubes was calculated
through a quasi-static analytical method and FEM simulations.

First, to understand the convection heat transfer inside the absorber tubes the results of
CFD simulations were analyzed. In these results, a circumferentially-variable temperature
distribution was observed caused by non-axisymmetric heating of the tubes, which is due to
the configuration of the receiver where one part of the receiver tubes was facing the heliostats
field while the other one was facing the reradiant wall. This temperature distribution caused
that some zones of the molten salt had a local temperature lower than bulk temperature.
Moreover, the FS models revealed that the effect heat flux at the rear side of the tube side
did not contribute significantly to the tube heating and could be neglected in simplified
models. The traditional definition of the convective coefficient provided a circumferentially
variable convective coefficient when the tube was non-uniform heating. An asymptote was
observed in the point where the local temperature equaling the bulk temperature (ranging
in 75> < |\ | < 110>). Moreover, the sign of the convective coefficient at the rear side of
the tube was dependent on the absorbed heat flux in this zone. Once the molten salt was
fully developed, the convective coefficient variation between both CFD models and evaluated
at \ = 0> barely changed along with the tube height, since it was reduced from 46.4% at
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I = 0.1 m, where the fluid was not fully developed, until it was below of 2.0% for I > 1.7 m.
At the rear side of the tube, the convective coefficient kept its sign along with the tube
height. For the FS model, the convective coefficient at the rear side was nearly zero implying
a negligible heat transfer on this zone. For the different Reynolds studied in this chapter,
ranging between 2.0 · 104 and 1.0 · 105 the maximum variation in the convective coefficient
changed from 18.7% to 4.2%, respectively. The convective coefficient was compared with
the values obtained with experimental correlations and a good agreement was only reached
at |\ | < 75>. For the different correlations studied in this chapter, the values provided by
Sider-Tate had the lower discrepancy related to FS and RS models, where the maximum
variation between the CFD model and correlation was below 11.4%, which is ranging in the
uncertainty of the experimental correlation.

Additionally, a series of CFD simulations were developed in the RS model to determine
the relationship between the discontinuity of the convection heat transfer and the non-uniform
heat flux distribution, characterized by the reradiant heat fraction and the maximum value of
absorbed heat flux. The heat absorbed by the molten salt was kept while the shape of the
heat flux changed case after case, from totally non-uniform distribution (0Aℎ 5 << 1) until a
circumferentially-uniform (0Aℎ 5 = 1). At the front side (\ = 0>) the convective coefficient
grown as reradiant heat fraction risen. The increment was ranging between 7.8%-17.7% for
1.0 · 105 ≥ '4 ≥ 2.0 · 104. At the rear side (|\ | = 180> a reradiant heat fraction above 0.08
was necessary to reach a positive convective coefficient along the whole film surface.

Secondly, the hypothesis of an axially- and circumferentially-invariable convective
coefficient to characterized the convection heat transfer was validated through the comparison
of A and RS models. The maximum temperature variations between both models were 1.1%
and 1.2% for the front side outer and inner tube surfaces respectively and 1.1% for the rear side.
As both used the methodology to calculate the outer surface temperature, the difference in
the temperature distribution was generated by the different characterization of the convection
heat transfer. For this reason, the use of axially-and circumferentially-uniform convection
coefficient was adequate to characterized the convection of the receiver tubes.

Through the comparison of FS and A models, Sieder and Tate correlation was determined
as the one that yielded more precise values of the temperature distribution. The radial
conduction inside the tube walls was studied through the comparison between the A model,
which employed only 1D radial conduction, and the FS model, which solved the diffusion
equation. As mentioned, the analytical model used empirical correlations to characterize
the convective heat transfer. This fact caused that the calculation of temperatures differed
from those obtained with CFD simulations. It happened for the analytical model which used
Dittus-Boelter correlation, which obtained the highest temperature variation with respect
to the CFD simulation of 7.0% for '4 = 2.0 · 104, while for Sieder-Tate or Gnielinski
correlation this variation had a value of 4.6% and 4.1%. As the Reynolds number increases
the temperature variation between analytical and numerical models was reduced ranging
between 1.2% and 2.0%. Mechanical characterization of both models was done through
an analytical methodology and FEM. The maximum difference of the equivalent stress was
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located for lowest Reynolds (i.e: '4 = 2.0 · 104) and reached a value of 8.8%. For the
Reynolds ranging between 1.0 · 105 and 5.0 · 104 the maximum variation of stress was below
5%. Depending on the analytical model goals, the error obtained in the temperature and stress
field may or may not be acceptable. If only the receiver thermo-mechanically is characterized,
the hypotheses of constant radial conduction and convective coefficient are perfectly valid
for �8 > 0.2, although the structural error grows according to �8 → 0.2, as was studied
in Marugán-Cruz et al. (2016). If the main goal of the analytical model is to estimate the
receiver lifetime, the thermal characterization has an important role, where for �8 > 0.5 obtain
a relatively acceptable error, while for �8 → 0.2 the error is increased, being necessary a
more complex thermal characterization of the receiver.

Finally, the effect of constant properties on the accuracy of the solution was quantified
through numerical simulations performed with FS model. The material properties, fluid
and solid, were varied independently to identify the effects of temperature-dependence of
material properties into the thermo-mechanical characterization of the tube. From a thermal
point of view, themaximum temperature difference betweenmodels with constant and variable
material properties was located for '4 = 2.0 ·104 at the outer tube surface (\ = 0>) and it value
was around 5.0%. The dimensionless convective coefficient, #D, was not sensible affected
by the temperature-dependence of the tube properties since the different cases were grouped
in function of the fluid properties modeling. Moreover the maximum error in the Nusselt
number between different modeling of the material properties (i.e: 19.2% for '4 = 2 · 104)
was ranging in the uncertainty of the experimental correlation. From a mechanical point of
view, the temperature-dependence of the mechanical properties supposed an overestimated
around of 15% and 7.6% for '4 = 2.0 · 104 and '4 = 1.0 · 105, respectively. Such difference
was undesirable when the thermo-mechanical field of the tube is used to estimate the receiver
tubes rupture time.
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Chapter 5
Modeling of bayonet tube receiver

for solar power tower plants

As described in previous chapters, Solar Power Tower (SPT) plants are emerging as one of the
most promising Concentrating Solar Power (CSP) technologies for electric energy production.
In a SPT plant, the solar radiation is reflected by the heliostat field onto the surface of a central
receiver, which is located at the top of a tower. One of the most usual receiver layouts is
an external tubular receiver, which consists of a series of simple tubes gathered into panels
forming a 360> cylinder. The SPT plants have many advantages over other CSP technologies,
such as their high thermal efficiency and the possibility of extending the hours of operation
thanks to their thermal storage. Nevertheless, due to the high non-uniform irradiation on the
receiver tubes, the thermal gradients obtained in the tube walls cause large stresses. This
fact leads to creep-fatigue damage in the tubes, which, combined with the high corrosion of
the molten salt inside the pipes, reduces the receiver lifespan. These creep-fatigue damages
might be controlled through the limitation of the concentration of solar radiation, although this
would reduce the thermal efficiency of the plant. A way to reduce the receiver damage without
efficiency reductions is through the enhancing of the tube wall’s refrigeration by improving
the molten salt convection heat transfer. Many options are available to tackle this challenge.
In this chapter, a new receiver design is proposed, where the receiver panels are composed of
bayonet tubes instead of simple tubes. Thanks to the bayonet tube, the maximum temperature
on the receiver walls can be substantially decreased, especially when using eccentric bayonet
tubes, viz., non-concentric tubes. To facilitate the analysis and discussion of the potential use
of bayonet tubes in SPT receivers, the dissertation research devoted to bayonet tubes is split
into three chapters:

• Firstly, a literature review of bayonet tubes is presented in Chapter 5. Besides, the
thermal and mechanical modeling of the bayonet tube are described. Two models,
analytical and numerical, with different simplification grades, are provided. Besides,
a brief verification of the analytical modeling has been developed to characterize its
limits of accuracy.

• In Chapter 6, a first analysis of bayonet tube through numerical simulations is provided.
The effect of the heliostat field aiming strategy and the eccentric layout on the
thermo-mechanical behavior of the receiver are discussed. To conclude this chapter,
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different receiver design criteria are proposed, standing out those configurations that
improve the receiver performance compared with Gemasolar SPT receiver.

• In the light of the results of Chapter 6, it will be shown that an eccentric bayonet
receiver can reduce the maximum wall temperature of the external tubular receiver.
Thus, Chapter 7 is devoted to characterizing the influence of eccentricity on the
hydrodynamics, thermal, and stress fields of bayonet tubes.

It will be shown, thanks to these studies, that the use of bayonet tubes is an attractive
alternative since it can equal the performance of a simple tube receiver. However, the results
will reveal that it is necessary an optimization of bayonet tube receiver to correctly size the
bayonet tube by reducing its pressure drop and maximizing heat transfer.

5.1 Introduction

A bayonet tube comprises two simple tubes of length !, one inside the other. Both tubes split
the fluid flow in two counterflow paths: (i) an annular passage formed by the inner surface of
the exterior tube, �8 , and the outer surface of the interior tube, 34 and (ii) a circular passage
at the interior tube, 38 . Both paths are connected at the top of the tube, where an end-cap
blocks the exits of the fluid at this point. The end-cap design, which has a clearance length
of ���% , plays a crucial role in the optimization of the pressure drop. In an external bayonet
receiver, both exterior and interior tubes are connected to a collector, located at the bottom of
the panel, represented in color red in Figure 5.1. This configuration allows the easy drain of
the receiver tubes. The cap of the bayonet tubes might have a venting valve to bypass the gas
concentration inside. The tubes of each panel are individually supported at the bottom and
are periodically guided over its length by supported elements, named clips, which are welded
to the rear side of each tube, Falcone (1986).

For the same panel, the temperature of all the tubes is not entirely homogeneous since
the pressure drop inside the inlet collector causes that the tubes near the entry have a slightly
higher pressure compared with the other tubes place far from this point. Therefore, an increase
of the molten salt mass flow is achieved in those tubes, generating a rise of fluid velocity and
reducing their wall temperature due to the improvement of the convection heat transfer. Then,
the tubes located far from the collector entry obtain large temperatures and their risk of rupture
is slightly higher. The material of the receiver tubes must have some special characteristics as
a large high-temperature strength, long-term thermal stability, and excellent low cycle fatigue
properties at elevated temperatures. Nevertheless, due to the lower demanding conditions of
the interior tube, it can be made with other materials with worse properties and lower cost,
reducing the manufacturing investment associated with the receiver.

The use of bayonet tubes is extended in different fields, although they were initially
used as heat exchangers in industrial processes. This fact implied that many authors had
been analyzed them. In Hurd (1946) the mean temperature difference of the fluid inside the
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Figure 5.1: Conceptual representation of a bayonet receiver.

bayonet tube was obtained for different combinations of the flow direction. In Minhas et al.
(1995), the influence of the ratio between tube length and diameter was analyzed. The authors
performed numerical and experimental studies for an air-filled bayonet tube in a laminar
regime and concluded that the heat transfer was monotonic. Moreover, the authors stood out
the appearance of vortexes in the annular cross-section. They reported that the secondary
corner vortex grew when the annular passage was reduced, leading to higher pressure drops.
Kayansayan (1996) proposed a numerical method to thermally design a bayonet tube heat
exchanger to work under evaporating or condensing conditions. In O’Doherty et al. (2001)
a numerical analysis of the heat transfer mechanism of bayonet tubes was developed through
CFD simulations to enhance their thermal performance as a heat exchanger. They optimized,
for an operating condition, the dimensions of the tube to minimize the pressure drop while the
heat transfer was enhanced. Experimental characterization of heat exchanger bayonet tube was
developed by O’Doherty et al. (2001), where the temperature, effectiveness, and pressure drop
were reported for different Reynolds numbers. In Alzoubi & Sasmito (2017) a numerical CFD
evaluation of the performance of a bayonet tube heat exchanger was developed for a laminar
airflow to detect the crucial parameters in its operation. They concluded the importance
of tube length and clearness length for the heat transfer and pressure drop. Besides, they
stood out that to achieve an optimum design is necessary to work under the proper operating
conditions to maximize the bayonet tube efficiency. Last decade, the use of bayonet tubes in
the heat exchangers was plenty extended to nuclear reactor steam generators, viz., Advanced
Lead Fast Reactor European Demonstrator (ALFRED). This fact can be appreciated through
the wide number of publications about this topic. Some examples can be observed in Belloni
et al. (2011), Damiani et al. (2013), and Bersano et al. (2018).
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Due to the novelty of the topic, the works about the bayonet tubes in SPT receivers scarce
in the open literature. First, Rodríguez-Sánchez et al. (2014c) modeled a bayonet receiver
and characterize its behavior thermally through numerical simulations. In this model, the
axial and circumferential variation of the heat flux was taking into account in the temperature
prediction of the tube walls. The authors compared the thermal efficiency and tube wall
temperatures with those values obtained for a conventional salt receiver, standing out the wall
and film temperature reductions and enlarging the bayonet tube pressure drop. Nevertheless,
the pressure drop achieve in their bayonet receiver was excessive for SPT plants. Yang et al.
(2020) compared the performance of receivers composed of conventional and bayonet tubes
through CFD simulations. The authors limited their research to a comparison of thermal
efficiencies. They praised the advantage of the bayonet tube. However, they did not analyze
different bayonet tube layouts. Besides, the conditions analyzed in this work would cause the
receiver failure due to high temperatures and the thermal stresses achieved in the tube walls.
The authors kept the same outer tube diameter of both tubes. Due to this condition, one of the
remarkable advantages of the bayonet tubes was not used, which equaling the conventional
receiver’s performance, reduce the number of tubes per panel thanks to the largest diameter
of bayonet tube.

As a result of this doctoral dissertation, some works about this topic have been added to
the literature. In Pérez-Álvarez et al. (2018), the effect of the eccentricity on the thermal
performance of the bayonet tube was analyzed through CFD numerical simulations. The
results showed that the eccentricity generated an asymmetry in the molten salt flow, increasing
the heat transfer coefficient on the film surface of the annular passage in the angular direction
where the solar irradiation is maximum. This fact reduces the maximum temperature and the
temperature gradients in the tube walls. This analysis was completed in Pérez-Álvarez et al.
(2019), where the mechanical characterization of the bayonet receiver was performed. The
results showed that the temperature reduction was reflected in the thermal stresses, lessening
their mechanical demandwith the eccentricity. Besides, in Pérez-Álvarez et al. (2019) the heat
transfer of a bayonet tube with different HTF as �$2 or liquid sodium was characterized. In
Pérez-Álvarez et al. (2020a), a multi-modeling of the bayonet tube was proposed, discussing
the accuracy of each model. In Pérez-Álvarez et al. (2020b) a thermo-mechanical comparison
of nitrate and liquid sodium receivers was made. Both receivers were composed of bayonet
and simple tubes. In this work, the authors stood out the considerable reduction of thermal
stresseswhen theHTFwas liquid sodiumdue to the enhancement of the tubewalls refrigeration
associated to the highest sodium thermal conductivity.

This chapter is devoted to describing and modeling a bayonet receiver, providing the tools
that will be used in the following chapters to analyze the thermo-mechanical behavior of a
bayonet receiver. This chapter is organized as follows: the bayonet tube layout is described
in Section 5.2, while Section 5.3 contains the analytical and numerical models employed to
describe the behavior of bayonet tubes. In this section, the main characteristics of both models
are described. To verify if the analytical model assumptions are accurate or not, in Section 5.4,
a comparison between the results obtainedwith numerical and analytical methodology ismade
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and discussed. Finally, in Section 5.5 the main conclusions of this chapter are presented.

5.2 Geometry description

As mentioned before, the configuration of the bayonet tube causes that molten salt flow is
arranged on two countercurrent paths, one inside the circular section of the interior tube and
the other through the annular duct generated by the interior and exterior tubes. The HTF
circulates first through one of these sections and then returns through the other, exchanging
heat between both paths. To illustrate the flow path of the molten salt inside a bayonet tube
Figure 5.2 (a) has been developed. In this figure, the HTF circulates first through the circular
section and returns through the annular passage. This configuration is named as inner bayonet
configuration. The direction of the flow inside the bayonet tube might affect sensitively its
temperature distribution. Thus, in this chapter, the influence of the cold HTF entry into the
tube walls temperature has been quantified. Independently of the flow direction inside the
bayonet tube, the collector is located at the tube bottom as was mentioned. The cold HTF is
pumped for one side of the collector, while for the other side, the heated molten salt exits after
its step through the bayonet tube. Apart from these peculiarities, the layout of the bayonet
receiver is the same as the conventional SPT receiver.

The solar irradiation is concentrated at the receiver. Then, it is partially absorbed by the
walls of the exterior tube, which heats the HTF that flows in the annular section. A fraction
of this heat is exchanged between the molten salt of the annular section and that it is flowing
at the interior tube. Thanks to this layout, the excessive overheating of the HTF in the annular
passage is avoiding and the residence time of HTF inside the tube is enlarging.

When the outer and inner tubes are not concentric, a new layout is generated: the eccentric
bayonet tube. Thanks to this configuration, an asymmetry is generated in the flow, which can
be used to increase the heat transfer coefficient in the angular direction of the tube where the
solar irradiation is maximum, as illustrate the Figure 5.2 (b). This fact opens the possibility of
further reducing temperature gradients of the tube wall without pressure drop enlargements.
The eccentricity is defined in Equation 5.1 in function of the inner diameter of exterior tube,
�8 , the outer diameter of interior tube, 34, and the distance between tube axis, 4. Some
authors defined in their works the annular eccentricity (b) as a function of the radii in place
of diameter. Both definitions are analogous and allow characterizing the separation between
the tube’s axis and the dimensions of the interior and exterior tubes. If the tube radius is
employed to calculate the eccentricity, its value ranges between 0 and 1, while this range is
halved when the diameter is used.

b =
4

�8 − 34
(5.1)
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(a) (b)
Figure 5.2: Schematic representation of bayonet tube with the description of the main geometric
parameters and boundaries conditions: (a) Section with an example of flow path and flat end-cap, (b)
Cross-section of concentric and eccentric configurations.

5.3 Modeling of a bayonet tube

5.3.1 Analytical characterization

In this section, analytical modeling of the concentric bayonet tube is provided to characterize
the mean temperature of the molten salt inside the annular and circular passages. This
temperature must be enough to avoid the crystallization of the molten salt and low enough
to prevent its thermal decomposition. Once the mean molten salt temperature is known, the
temperature at the tube walls can be calculated assuming that the nature of the conduction is
purely radial, i.e., one-dimensional heat conduction.

As was discussed in Chapter 4, the heat flux absorbed by the receiver tubes is not uniform
and depends on the angular position, \. Thus, the absorbed heat flux is maximum in the area
of the receiver oriented to the field of heliostats, \ = 0>, while at the rear area of the tube,
|\ | > 90>, only a residual and almost uniform heat flux is absorbed, which it is coming from
the reradiating surface and the surrounding tubes. At approach, the heating in the rear side
is neglected, and an adiabatic condition is imposed. Besides, heat losses are not considered
in this model. For simplicity, uniform axial distribution of the heat flux is defined to tackle
this modeling for the first time, simplifying its mathematical resolution. The circumferential
variation of the heat flux (@′′

01B
(\)), Equation 5.2, has been provided by a cosine function that

weights the maximum value of heat flux, @′′<0G , which is located at \ = 0>. This equation
can be adapted to an axial variation of the heat flux through @′′<0G , which can be weighted to
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make it height-dependent.

@
′′

01B (\) =

@
′′
<0G · 2>B(\) 8 5 |\ | ≤ 90>

0 8 5 |\ | > 90>
(5.2)

The axial evolution of the mean temperature of the molten salt inside the absorber tube can
be obtained through an energy balance applied, in a steady-state, over the concentric bayonet
tube domain, shown in Figure 5.2 (a). This energy balance is developed under the assumption
that both paths are energetically coupled, and axial conduction of heat is negligible. Thus, for
an axial position I, the heat absorbed by the tube walls is transmitted to the molten salt flowing
at the annular and circular sections. For each flowpath is necessary to define an energy balance.
From these equations, the physical nature of the heating process of a concentric bayonet tube
is represented, where a fraction of the heat absorbed by the tube is used by the molten salt at
the annular passage to increase its temperature while the rest of the heat is absorbed by the
HTF which flows at the circular cross-section, increasing its temperature. Both flow paths are
connected at the end-cap, where the temperature of the molten salt at annular passages is equal
to those achieved at the interior tube at the same height, )0 (I = !) = )2 (I = !). The material
properties have been considered non-temperature dependent in these energy balances, being
evaluated at the average temperature.

The bayonet tube can operate in different operating modes: cold molten salt entries
through the interior tube ()2 (I = 0) = )8=) or the annular passage ()0 (I = 0) = )8=).
According to Rodríguez-Sánchez et al. (2014c), these operation modes are named inner
bayonet configuration and outer bayonet configuration, respectively. These operating modes
have been considered in the analytical model through the sign criteria of the energy balance
and their initial conditions. For the inner bayonet configuration, the energy balance of both
flow paths, the boundary condition and their initial condition is summarized in Equation 5.3.

− ¤<2?
3)0

3I
= @̄

′′
%4 −*8%8 ()0 − )2),

¤<2?
3)2

3I
= *8%8 ()0 − )2),

)2 (I = 0) = )8=,
)2 (I = !) = )0 (I = !),

(5.3)

Where ¤< is the molten salt mass flow, 2? is the specific heat of the molten salt evaluated
at average temperature between the inlet and outlet, @̄′′ = 1

2c

∫ I
0 @

′′

01B
(\) 3\ = @

′′
<0G

c
is the

average absorbed heat flux, %4 is the perimeter of the outer surface of the exterior tube,*8 is
the overall heat transfer coefficient between annular and circular sections, %8 is the perimeter
of the external surface of the internal tube, )0 is the mean temperature of the molten salt at
the annular section and )2 is the mean temperature of the molten salt at circular section.
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Although the boundary conditions are similar for the outer bayonet configuration, the
initial conditions and the energy balances differ from the inner bayonet configuration, as it is
shown in Equation 5.4.

¤<2?
3)0

3I
= @̄

′′
%4 −*8%8 ()0 − )2),

− ¤<2?
3)2

3I
= *8%8 ()0 − )2),

)0 (I = 0) = )8=,
)2 (I = !) = )0 (I = !),

(5.4)

In the hypothetical case where the heat transfer is from the molten salt flowing at the
interior tube to the HTF of the annular passage, the term *8%8 ()0 − )2) of the Equations 5.3
and 5.4, which is referred to the heat absorbed by circular section, reflects the direction of the
heat transfer through its sign.

Solving the above differential equation systems, through a basic mathematical
manipulation, is possible to obtain the expression of the temperature distribution of molten
salt in function of the operating conditions ( ¤<, *8 , )8= and @̄

′′), the tube dimensions (34, �4
and !) and the fluid properties (2?). All these variables can be grouped in two dimensionless
parameter: *%

¤<2? and @̄
′′
%4
¤<2? . Thus, both )0 and )2 are function of the axial position in the tube.

In general, the mean temperature refers to the average temperature weighted with the axial
velocity and fluid properties as it is shown in Equation 4.8. Themeanmolten salt temperatures
for inner bayonet configuration are shown in Equation 5.5.

)0 (I) = )8= +
�4c@̄

′′ (22? ¤<(! − I) + 34c*8 (2! − I)I)
222
? ¤<2

,

)2 (I) = )8= +
34�4c

2@̄
′′
*8 (2! − I)I

222
? ¤<2

,

(5.5)

For the outer bayonet configuration, the expression of the axial evolution of the mean
molten salt temperatures is summarized in Equation 5.6.

)0 (I) = )8= +
@̄
′′
I
(
22? ¤< + c*8 (2! − I)34

)
c�4

222
? ¤<2

,

)2 (I) = )8= +
@̄
′′ (22?! ¤< + c*8 (2! − I)I34) c�4

222
? ¤<2

(5.6)

The temperature profiles at the inner and outer walls of the tube are obtained through
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a resistance network, applied to a cross-section of the tube. The tube temperature can be
calculated from the absorbed heat flux (@′′

01B
), the diameter and the overall heat transfer

coefficient. An example of temperature profiles is shown in Equation 5.7, where the
temperature of exterior tube for an arbitrary radial position is calculated.

)CD14 (A, \, I) = )0 (I) +
@
′′

01B
(\, I) · �4
*4

(5.7)

Where the )0 is the mean temperature of the molten salt at the annular passage, @′′
01B

is
the heat absorbed by the molten salt, �4 is the outer diameter of the exterior tube and *4 is
the overall heat transfer coefficient which considers the resistance of conduction inside the
tube walls, the molten salt fouling, and the convection.

Although these equations have been obtained under a large number of assumptions and
hypotheses, which can sometimes be unrepresentative of a realistic operation mode, their
obtaining can allow characterizing the relative importance of the variables involved in the
thermal performance of the bayonet tube, being able to analyze those variables that most
affect to the molten salt temperatures.

5.3.2 Numerical characterization

The analytical expressions are useful to characterize the steady-state of the bayonet tube when
it is heated by a uniform heat flux in the axial coordinate. However, this condition is not
representative of a real operating condition, where the heat flux varies along with tube height.
In Rodríguez-Sánchez et al. (2014c), more realistic conditions were analyzed, where the axial
variation of the heat flux and the heat losses were considered in a receiver model. The authors
obtained the thermal field of the bayonet tube through an iterative process. Nevertheless, the
analytical is useful for: (i) identify those variables that affect the tube performance as *%8

¤<2?

and @̄
′′
%4
¤<2? , (ii) verify if newness analytical models have enough accuracy in their solutions and

(iii) demonstrate the small variation of the molten salt temperature at interior tube for inner
bayonet configurations. Besides, the analytical model provided in this chapter can be used to
develop a simplified model of a concentric bayonet tube receiver to calculate the receiver’s
pressure drop and the mass flow necessary to achieve a molten salt temperature of 565 >� at
the receiver outlet.

Thanks to the Equations 5.6 and 5.6, the influence of the cold molten salt entry into
tube performance can be discussed. As mentioned, these equations do not consider some
parameters which might be vital for the thermo-mechanical characterization of the bayonet
receiver as the eccentricity of bayonet tubes, the height of the end-cap (���%), the temperature
dependence of the material properties, the height variation of the heat flux or consider the
heat losses. Therefore, a series of CFD simulations have been performed to consider some
of this effect. Besides, in this chapter, the influence of the material properties modeling
on the bayonet tube thermal field has been characterized, and the accuracy of the radial 1D
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conduction heat transfer hypothesis, employed to characterize the temperature of the receiver
tube walls, has been discussed. In the next chapters, the numerical model described in this
section will be used to characterize and optimize the heat transfer and the thermo-mechanical
behavior of a bayonet tube.

As commented above, this chapter provides numerical models of a bayonet and simple
receivers, which are configured as 360> cylinder and are formed by #? panels with #C tubes
per panel. These receivers have a height of �A and a diameter of �A . The tubes of each panel
are made with Haynes 230. The bayonet tube is geometrically defined by an outer and inner
diameter of the exterior tube, �4 and �8 respectively, and the outer and inner diameter of the
inner tube, 34 and 38 respectively. In contrast, for the simple tube, the outer diameter and
tube thickness are defined. Different bayonet tube layouts have been studied in the following
chapters, i.e., dimensions and eccentric configuration. The end-cap of the bayonet tube is
modeled as a flatter end-cap. Facing future works, the geometry of the end-cap should be
optimized to reduce its contribution to the total pressure drop. The HTF flowing inside the
absorber tubes is nitrate salt commonly known as solar salt, i.e., 60% wt #0#$3 and 40% wt
 #$3. The solar noon of the spring equinox is selected as the representative day for the
analysis. According to Rodríguez-Sánchez et al. (2014b), the most demanding receiver panels
for a SPT plant-like Gemasolar are the first North panel. For this reason, a representative tube
for the first North panel has been analyzed.

The thermal properties used for the material tube and the molten salt are listed in Table
5.1. The tube is made of Haynes 230, a nickel-chromium-tungsten-molybdenum alloy that
combines excellent high-temperature strength, long-term thermal stability excellent low cycle
fatigue properties at elevated temperatures. Since the present study focuses on tube behavior,
the properties of the Haynes 230 are considered temperature dependence except for its density,
whose variation with temperature is comparatively much smaller than the rest of properties,
Fahrmann & Srivastava (2014) and Haynes (2020). Besides, to increase their absorptivity
and reduced the radiation heat losses, the exterior surface of the tubes are externally coated
with Black Pyromark, Zavoico (2001). As was commented above, the HTF flowing inside the
absorber tubes is a molten nitrate salt whose properties are obtained from Zavoico (2001).

Table 5.1: Material properties

Zone Material Density Specific heat Thermal conductivity Viscosity

d (:6/<3) �? (�/:6 ·  ) : (,/< ·  ) ` (%0 · B)
Tube Haynes 230 8970.0 308.8 + 0.247 · ) ( ) 2.937 + 0.02 · ) ( ) -

HTF Nitrate salt 2263.7 − 0.636 · ) ( ) 1396 + 0.172 · ) ( ) 0.391 + 0.00019 · ) ( )
0.0755148 − 0.0002776 · ) ( )
+3.489 · 10−07 · ) ( )2

−1.474 · 10−10 · ) ( )3

5.3.2.1 CFD modeling

In the numerical model, the flow of the HTF inside the tube and the tube walls are analyzed
with CFD through a simulation where the fluid velocity and temperature are coupled with the
simulation of the tube temperatures. In this chapter, following similar approaches to those
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proposed in the open literature, the heat flux absorbed by the tube is a cosine function in the
circumferential direction, \. The distribution of the heat flux along the tube length (I) is set
as a variable through a weighting of heat flux provide in Equation 5.2 with a coefficient 5 (I)
which depends on the aiming strategy of the heliostat field.

Governing equation

The continuity, momentum, and energy equations (Equations 5.8, 5.9 and 5.10, respectively)
are solved to describe the 3D flows of molten salt using the Reynolds Average Navier-Stokes
(RANS) equations expressed in steady-state formulation and without viscous dissipation
heating, ANSYS (2019):

∇ · (dEEE) = 0 (5.8)

∇ · (dEEEEEE) = −∇? + ∇ · g4 5 5 + d666 (5.9)

∇ · (EEE(d� + ?)) = ∇ ·
(
:4 5 5 ∇)

)
+ ∇ · (geff · EEE) + d666 · EEE (5.10)

Where d is the fluid density, EEE is the fluid velocity vector, ? is the static pressure, � is the
specific energy (� = D + E2

2 defined as a function of enthalpy, ℎ), :eff = : + :C is the effective
thermal conductivity, : is the fluid thermal conductivity, :C is the apparent turbulent thermal
conductivity, geff = g + gC is the effective stress tensor of the fluid, gC is the turbulent stress
tensor and g is the stress tensor for a Newtonian fluid, which is expressed as:

g = `

[
(∇EEE + ∇EEE) ) − 2

3
∇ · EEE�

]
(5.11)

Where ` is the dynamic viscosity of the fluid and � is the unit tensor.

Besides, the temperatures of the tube walls are simulated using the energy equation
presented above with EEE = 0, :C = 0, and gC , together with boundary conditions at the inner and
outer surfaces of the tube wall coupled with the molten salt temperatures. The shear-stress
transport (SST) :-l model, Menter (1994), is chosen to obtain closure of the momentum and
energy RANS equations of the flows since it combines the robust and accurate formulation of
the :-l model in the near-wall region with the free-stream independence of the :-n model in
the far-field, ANSYS (2019).

Computational mesh

The numerical model is solved in a structured 3D computational mesh with hexahedrical cells.
The mesh is a cylinder with a series of partitions to create the different zones and generate a
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structured mesh. The cell size is progressively reduced towards the tube walls. An example
of the cross-section of the computational meshes generated for the bayonet tube, in concentric
and eccentric configurations, is included in Figures 5.3 (a) and 5.3 (b), respectively, while
for the simple tube is shown in Figure 5.3 (c). The computational cells are concentrated
more intensely around the tube wall to better reproduce the molten salt boundary layer. The
minimum cell is set to guarantee the :-l turbulent model requirements, i.e., H+ ≈ 1 according
to ANSYS (2019). For the conditions of SPT receivers, these requirements are led to a cell
size ranging of 5`< ≤ Δ( ≤≈ 15`< at the contact surface between molten salt and the tube
walls.

For each mesh employed in this doctoral dissertation, a sensitivity analysis was performed
to guarantee the independence of the results with the mesh. As an example, the results of the
sensitivity analysis shown in this section are obtained for a simple tube, whose dimensions
are like Gemasolar SPT plants, i.e., an outer diameter of 25 mm, a tube thickness of 1.2 mm
and a tube length of 10.5 m. In contrast, the bayonet tube is defined by an outer and inner
diameter of the exterior tube, 50 mm and 34.87 respectively, and the outer and inner diameter
of the inner tube, 34.87 and 31.83 respectively. For each sensitivity analysis, four meshes
were developed. For concentric and eccentric bayonet tube, these meshes had 0.75 · 105,
1.25 · 105, 3.25 · 105 and 5.75 · 105 cells. The minimum cell size is conserved for all the
meshes. The discrepancy of results between the most refined mesh, composed of 5.75 · 105

cells, and the mesh with 3.25 · 105 cells reached 1.18% and 0.16% for the maximum and
the bulk temperature, respectively. These variables have been chosen to perform the mesh
analysis due to their sensitivity to the solution changes. The same conclusions were obtained
for the sensitivity analysis of the eccentric bayonet tube.

Equivalently, for the sake of comparison, a simple tube is simulated within the same
conditions as a bayonet receiver. In particular, four meshes with a different number of cells
(0.76 · 104, 0.14 · 105, 0.98 · 105, and 2.12 · 105) were studied for the simple tube. These
meshes have a smaller number of nodes than the bayonet tube model because its solution is
easier to characterize and needs fewer elements to properly characterize the phenomena. In
the simple tube model, the variation of the results between the meshes with 2.12 · 105 cells
and with 0.98 · 105 cells were 1.64% and 0.78% for the maximum and the bulk temperatures,
respectively. Therefore, the meshes with 3.25 · 105 cells (bayonet tube) and 0.98 · 105 (simple
tube) were selected for the rest of the results of the manuscript as a compromise between
accuracy and computational cost. Figures 5.3 (a) and 5.3 (b) show the mesh selected for
the concentric and eccentric bayonet tubes, which have 80 elements in the circumferential
direction, 10 elements in the tube thickness concentrated around tube inner and outer surfaces,
20 elements in the annular and circular narrows. The quality of the mesh was checked through
the minimum orthogonal quality, 0.652. In Figures 5.3 (c), the mesh of the simple tube is
shown. This mesh is defined for 80 elements in the tube perimeter, 8 elements located in the
tube thickness, and 22 in the radial direction inside the tube. Its minimum orthogonal quality
is 0.178, and the average value is around 0.941.
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(b) (c)(a)

Figure 5.3: Example of cross-section of the CFD numerical mesh: (a) Concentric bayonet tube
(b = 0.00), (b) Eccentric bayonet tube (b = 0.45), (c) Simple tube.

Boundary conditions

Amass flow and temperature define the characteristics of the molten salt at the tube inlet, and
both are imposed through a mass flow-inlet condition with standard turbulence parameters.
The molten salt temperature is set at 290 >� at the tube inlet, while its mass flow is calculated
from the analytical model to achieve at the receiver’s outlet an HTF’s temperature of 565 >�.
Similar to the methodology provided in Rodríguez-Sánchez et al. (2014b), the analytical
model, through an iterative process, changes iteration per iteration the value of the salt mass
flow until the desired temperature is achieved. The same heat rate of molten salt inside the
first North panel is set for both bayonet and simple tubes. As the incident heat flux is the same
for both tubes, the mass flow of bayonet ( ¤<1) and simple tubes ( ¤<B) is set as proportional to
the tubes’ diameter:

¤<1 = ¤<BΦ, (5.12)

Where Φ is the ratio between the outer diameter of the exterior tube of the bayonet tube
and the outer diameter of the simple tube, Φ = �4/34B8<?;4 .

At the fluid outlet, pressure-outlet conditions are selected. At the wall surfaces in contact
with the molten salt, the non-slip condition is imposed for the velocity of the HTF and uniform
wall roughness is considered. Fouling inside the tubes, as a result of corrosion produced by
the HTF during the previous operation of the receiver, is also included in the models at the
surfaces of the tube in contact with the molten salt, which is thermally coupled with the fluid
in the tube through the fouling resistance. For simplicity, the top and bottom cross-sections
of the tube are considered adiabatic surfaces. As mentioned in the previous section, a cosine
heat flux distribution is imposed at the front side of the tube, |\ | ≤ 90>, while the rear side is
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modeled as an adiabatic surface. The variation with the axial coordinate, I, of the net heat flux
is implemented in the simulation code through a user-defined function, UDF, to characterize
the height variation provides by the aiming strategy employed in the heliostat field.

Numerical solution

The commercial software ANSYS Fluent v19.2 has been used to solve the governing equations
in a steady-state formulation, ANSYS (2019). These equations are discretized with a
pressure-based finite volume method Versteeg & Malalasekera (2007) and are solved using
the SIMPLE algorithm Patankar & Spalding (1972). A Second-Order Upwind method is used
to discretize the convective and diffusive terms, Barth & Jespersen (1989). Solution iterations
are stopped when either the residuals of the equation reached a value below 10−6. Moreover,
the molten salt temperature at the tube’s outlet is monitored to confirm the stabilization of the
solution.

5.3.2.2 Mechanical modeling

For the mechanical characterization of the receiver tubes, the temperature field obtained from
CFD simulations is used together with the analytical methodology presented in Laporte-Azcué
et al. (2020). This analytical methodology, detailed explain in Chapter 2, was developed to
calculate the elastic thermal stresses of two-dimensional tubes under non-axisymmetrical
temperature distribution. Generalized plane strain (GPS) conditions are considered in the
elastic-stress analysis. These conditions allow the free axial expansion of the tubes and
are a good approach to the receiver tube’s displacement when it is restricted by clips, as
was discussed in Laporte-Azcué et al. (2020). The thermal stresses of tubes under GPS
conditions have been extensively studied in the literature, as in Logie et al. (2018) and
Jones (1979). The mechanical properties of the material, obtained from Haynes (2020), are
modeled as temperature-dependent because, according to Laporte-Azcué et al. (2020) and
Chapter 4, the thermal stress is underestimated when the material properties are considered
as non-temperature dependent.

5.3.2.3 Processing of numerical results

The thermo-mechanical behavior of the tube has been analyzed with an in-house code written
in MATLAB R19a software. Processing of results comprised the calculation of averaged
quantities, the determination of the heat rates and the molten salt convective coefficient, and
the calculation of the thermal stresses employing themethodology proposed by Laporte-Azcué
et al. (2020). The characterization of the convection process employed in Chapter 4 is used
in the next chapters to characterize the heat transfer of the bayonet and simple receivers.



5.4. Results and discussion 165

5.4 Results and discussion

In this section, the analyticalmethodology has been verified through a temperature comparison
with numerical CFD simulations. Besides, the influence of the inner and outer bayonet
configurations is discussed. The concentric bayonet tube used for the verification has a length
of 10.5 m and is made with Haynes 230. Both passages of this tube have the same area.
The outer diameters of both tubes are set as 50 mm and 34.87 mm, respectively, with a tube
thickness of 1.35 mm and 1.52 mm, respectively. The tube is uniformly heated at its outer
surface through an incident heat flux, which is defined with a cosine function, according to
Equation 5.2. The peak of incident heat flux is 1 ",/<2, while the molten salt mass flow
is set to achieve a turbulent salt flow inside the tube, being its Reynolds number at its inlet
of 3.2 · 104. The temperature profiles at the inner and outer walls of the tubes are obtained
through a resistance network. This resistance network considers 1D radial conduction inside
the tube walls, fully developed internal convection in the molten salt, and the molten salt’s
fouling resistance. The discrepancies between analytical and numerical methodology are
based on the use of material properties and the characterization of the convection heat transfer
through an axially- and circumferentially-invariable heat transfer coefficient.

The verification of the analyticalmodeling is done by comparing the temperatures obtained
with both methodologies, analytical and numerical, for a concentric bayonet tube. This
comparison is illustrated in Figure 5.4, where the temperatures obtained with both models
are represented. Both are depicted in this figure as dots and solid lines, respectively. The
comparison is focused on the mean temperature of molten salt and the maximum temperature
of the bayonet tube, located at the outer surface of the exterior tube. The thermal behavior of
receiver tubes characterizes by both temperatures. Besides, the influence of the entry of the
molten salt into the bayonet tube is analyzed for the two bayonet configurations commented
above: inner and outer, represented in the figure with blue and red color, respectively.

Firstly, the axial evolution of themeanmolten salt temperature, shown in Figure 5.4 (a) top,
is discussed. For each configuration of the bayonet tube, two curves have been represented.
Each is corresponding to a flow path inside the bayonet tube. For the inner bayonet
configuration, where the cold molten salt is firstly pumped through the interior tube, while the
molten salt circulates at the inner tube, it increases its temperature thanks to the heat absorbed
from the fluid of annular passage, leading to an augment of 7.4 >�. When themolten salt return
through the annular passage, the heat rate absorbed by molten salt is higher than the interior
tube despite the heat transfer to that zone, leading to an increase of 54.4 >�, which means an
87.9% of the total temperature increase inside the bayonet tube. This value is surpassed in the
outer bayonet configuration, where the mean temperature increase experimented at annular
passage represents the 114.2% of the heat rate absorbed by molten salt inside the tube, which
implies an augment of 70.4 >� respect to the inlet temperature. Due to this higher molten
salt temperature, when flowing inside the interior tube, relinquishes part of its heat to the
colder HTF, which flows at annular passage. This fact justifies the diminished of the mean
temperature 8.6 >�. Although these values are the only representative of the verification
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case, it is evidenced that the heat rate of the molten salt at the annular passage is considerably
higher than those achieved at the interior tube. Besides, for the outer bayonet configuration,
the interior tube diminished the molten salt temperature. Figure 5.4 (a) top revealed the
potential of annular ducts, since for the same mass flow and absorbed heat flux, the mean
temperature of molten salt achieves a higher increase. Concerning the discrepancy between
numerical and analytical models, the maximum difference in mean temperature between both
is reached for the outer bayonet configuration at I = !, being lower to 1.3 >� which means
that the analytical model underestimated around 0.3% the bulk temperature. The modeling
of the material properties principally causes this difference as a non-temperature dependent.

The temperature profiles at the inner and outer walls of the tube can be obtained through a
resistance network applied to a cross-section of the tube. This resistance network considers 1D
radial conduction inside the tube walls and uses the mean temperature of molten salt provided
by the analytical methodology. The material properties used to calculate these temperatures
are evaluated at average tube temperature. This fact implies that the maximum discrepancy
between temperatures will be located at the tube’s extremes, where their temperature differs
from the evaluation temperature, as can be observed in Figure 5.4 (a) bottom. The peak of
temperature is located at the outer surface of the exterior tube at \ = 0>, where the incident
heat flux is maximum. The outer bayonet configuration achieves the huge temperatures, being
6.3 >� above the maximum value reached inner bayonet configuration. This fact is caused
due to worst refrigeration of the tube walls by the hottest molten salts. The proper evaluation
of the thermal conductivity of the tube is a crucial point to reduce the discrepancy between
models. In this chapter, the influence of material properties modeling causes the exterior
tube’s temperature to have a maximum discrepancy of around 6.3%. In Rodríguez-Sánchez
et al. (2014a) a similar analysis was performed, where the temperature of receiver tubes was
obtained with a newness analytical methodology and a series of CFD simulations. In this
analytical model, the material properties were evaluated at local temperature, in place of
average temperature as in this chapter. The authors reported a discrepancy of the maximum
temperature around 2.5% between both models. This fact implies that a correct evaluation of
thematerial propertiesmight be reduced considerably the error associatedwith the temperature
dependence of the properties.

In Figure 5.4 (b), the circumferential distribution of the outer surface temperature is shown
for the two bayonet configurations studied in this dissertation. These curves are evaluated
at different heights, I = 0 (bottom) and I = ! (top). There are two interesting zones in
circumferential temperature distribution: front (\ = 0>) and rear (|\ | = 0>) sides. As was
commented above, at the front side, the maximum temperature is achieved. The discrepancy
between analytical and numerical models stands out at the rear side of the exterior tube. The
maximum discrepancy at the rear side depends on the annular passage zone where the hottest
molten salt is achieved. At I = 0 for inner bayonet configuration and at I = ! for outer
bayonet configurations, the discrepancy between models is peaked and surpasses those values
reported at the front side, being 17.9% and 17.2% for inner and outer bayonet configurations.
This fact is due to the average molten salt temperature of the annular cross-section is not very
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representative of the behavior of the fluid at this rear side, leading to a wrong temperature
estimation at this point.

T 
(r

= 
R

e, 
θ=

0o , z
) (

o C
)

500

550

600

650

700

z (m)
0 2 4 6 8 10

z (m)
Outer bayonet configuration
Inner bayonet configuration

Analytical model
Numerical model

T
sa

lt (
z)

 (o C
)

280

300

320

340

360

0 2 4 6 8 10

(a)

T 
(r

= 
R

e, 
θ,

 z
 =

0)
 (o C

)
300

400

500

600

700

θ (o)
−150 −100 −50 0 50 100 150

T 
(r

= 
R

e, 
θ,

 z
 =

 L
) (

o C
)

300

400

500

600

700

θ (o)
−150 −100 −50 0 50 100 150

(b)

Figure 5.4: Temperature comparison between analytical and numerical modeling of bayonet tube:
(a) Axial evolution of mean (top) and outer surface of exterior tube (bottom) temperatures. (b)
Circumferential temperature distribution evaluated at I = ! (top) and I = 0 (bottom). Solid lines:
CFD simulations, Dots: Analytical model, Blue color: Inner bayonet configuration, Red color: Outer
bayonet configuration.

Another variable where both bayonet configurations lead to different results is the pressure
drop, 3.56 bar and 3.69 bar for inner and outer bayonet configuration. This fact can be
justified through the molten salt temperatures, whose increase causes a diminution of fluid
density; doing its axial velocity enlarges and rising the pressure drop. The outer bayonet
configuration achieves the largest pressure drop and largest wall temperatures for the same
operating conditions. This fact causes that its potential use is discarded for the bayonet receiver
layout. In the following chapters, only the inner bayonet configuration will be considered.

5.5 Conclusions

A historical review of the bayonet tube applications was reported in this chapter, standing
out their main use being in heat exchangers. In this doctoral dissertation, the viability of
substituting the circular tubes by bayonet tubes in SPT receivers is analyzed. This analysis
is based on the thermo-mechanical characterization of both tubes, bayonet, and simple. In
this chapter, the modeling of the bayonet tube was provided. Two models were proposed
to characterize its thermal performance: analytical and numerical models. The analytical
model was based on applying an energy balance for a concentric bayonet tube heated by a
heat flux, uniform in the axial direction and circumferentially variable. In this model, the
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material properties were modeled as a non-temperature dependent. Although this model had
assumptions not fully representative of real operation conditions of SPT receivers, its use
was beneficial to discover the parameters influencing the tube performance. Besides, this
model allows analyzing the effect of the flow path layout of the molten salt on the temperature
distribution. When the molten salt is pumped first at either the interior circular section
or the outer annular section, the layouts are respectively named inner and outer bayonet
configurations. As the analytical model did not consider some relevant parameters, such
as eccentricity or axial variation of the heat flux, a numerical model was proposed. In this
model, the continuity, momentum and energy equations were solved to describe the 3D flow
of molten salt using the RANS equations. Additionally, the SST :-l model was selected to
close the momentum and energy RANS equations of the flow.

Using the numerical and analytical models for the same conditions, the mean temperature
of molten salt was calculated and it was found that the discrepancy between models under
0.3%. However, this discrepancy arose because in the analytical model the temperature at
the tube wall was calculated through thermal resistances and constant material properties.
Therefore, thanks to these models, the need for proper material definition was stood out since
the influence of the properties caused differences between both models of around 6.3% for the
wall temperature on the front side. On the rear side of the tube, a temperature overestimation of
17.9%was obtainedwith the analytical model because the use ofmeanmolten salt temperature
in the network resistance was not very representative of the rear side temperature. This fact
implies the need of developing more detailed models to accurately characterize bayonet tubes.
The tube performance under the two configurations is similar, although the outer bayonet
configuration obtained the largest pressure drop and wall temperatures for the same operating
conditions.
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Chapter 6
Analysis of bayonet tube receivers

for solar power tower plants

The use of bayonet tubes is growing in engineering applications but the behavior of this
kind of tubes is more complex than that of simple tubes. Thus, it is necessary a detailed
characterization of the flow inside the bayonet tubes to understand its physical behavior and
detect those parameters that affect the thermo-mechanical performance of the tubes. As
mentioned in the previous chapter, many works have analyzed the turbulent flow and the heat
transfer of bayonet tubes, although its potential use as absorber tubes in Solar Power Tower
(SPT) is very scarce in the literature. For this reason, one of the principal goals of this chapter
is to analyze the benefits of a potential substitution of conventional tubes by bayonet tubes
in an SPT receiver. This objective is not straightforward, as bayonet tube design involves
several parameters whose influence on tube performance is, a priori, unknown. Then, it is
necessary to quantify the influence of some variables on the tube performance. The present
chapter is divided into two parts. Firstly, the influence of geometrical and operating variables
has been analyzed through the numerical model provided in Chapter 5. Besides, the results
of the bayonet receiver have been compared with those obtained for a receiver composed of
simple tubes, similar to the Gemasolar SPT plant, to detect the operation ranges for which
each technology is advantageous. In light of the results, those bayonet tube configurations
that overpass the thermal performance of simple tubes achieve enormous pressure losses. For
this reason, the second part of this chapter has been devoted to the design of a bayonet receiver
whose thermal and pressure drop performance equals or surpasses a simple tube. Different
design criteria have been discussed, selecting those that achieve better performance, from a
heat transfer perspective, with the minimum pressure drop. This chapter concludes with a
comparison of the estimated manufacturing cost of bayonet tube and simple tube receivers.

6.1 System description

The receiver analyzed in this chapter is similar to that of the Gemasolar SPT plant, which
is configured as a 360> cylinder external tubular receiver formed by panels of cylindrical
tubes. The receiver, which has a height of 10.5 m and a diameter of 8.5 m, is formed of
18 panels, each panel being composed of 55 absorber tubes. An example of several simple
tubes gathered into a panel is shown in Figure 6.1 (a). The receiver has two flow paths
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with North-East-South, and North-West-South orientations, which is a typical configuration
according to Rodriguez-Sanchez et al. (2015). The absorber tube, made with Haynes 230,
is geometrically defined by outer and inner diameters of 25 mm and 22.6 mm, respectively.
The separation between adjacent tubes is 2 mm. The outer surface of the absorber tube is
coated with Black Pyromark to increase its absorptivity of the solar radiation. For simplicity,
it will be assumed that the tubes have an effective length for heat absorption equal to receiver
height, ! = 10.5 m. The heat transfer fluid (HTF) flowing inside the absorber tubes is a
molten nitrate salt, commonly named solar salt, which has a chemical composition of 60% wt
#0#$3 and 40% wt  #$3. The properties of the solar salt and the Haynes 230, obtained
from Haynes (2020) and Zavoico (2001), respectively, are modeled as temperature-dependent
and are listed in Table 5.1. The values of the absorptivity and emissivity coefficients of the
Pyromark materials have been obtained from Zavoico (2001) and Slemp & Wade (1963).
The tubes of each panel are individually supported at the top, which permits unrestricted
downward thermal expansion. According to Falcone (1986), the absorber tube is periodically
guided over its length by clips that are welded to the rear side of the tube.

(a) (b)

Figure 6.1: Schematic representation of a panel of: (a) Simple receiver, (b)Bayonet receiver. Simulated
cases: +1-+4 & �21.

In addition, the heliostat field considered in this chapter is similar to that of the Gemasolar
SPT plant, Lata et al. (2010). The solar noon of the spring equinox is selected as the
representative day for the analysis. The map of incident radiation on the receiver is provided
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by SPTFlux software, Sánchez-González et al. (2018). For a given panel, all their tubes have
a similar spatial distribution of incident radiation on their surface, with only slight differences
between a tube and their neighbor tubes. Besides, the simulation of a whole receiver panel has
a high computational cost. For both reasons, a representative tube per panel is studied. The
first panel of the North direction is set as the studied panel since is subjected to the highest
radiation flux.

The bayonet receiver has the same geometric characteristics as the Gemasolar SPT plant.
Thus, if the panel width is conserved, the number of tubes per panel depends on the outer
tube diameter. An example of a panel of bayonet receivers is shown in Figure 6.1 (b). One
of the potential advantages of a bayonet receiver is the reduction of the number of tubes
and the consequent decrease of the receiver weld number, which would be reflected in the
manufacturing cost of the receiver. Based on the results of the previous chapter, an inner
bayonet configuration is considered, where the cold HTF is pumped firstly through the interior
tube, then returns through the annular section in the gap between the exterior and interior
tubes. The bayonet tube is geometrically defined by the dimensions of interior and exterior
tubes. Concretely, in this doctoral dissertation, the variables selected to define it are the outer
and inner diameter of the exterior tube, �4 and �8 , respectively, and the outer and inner
diameter of the inner tube, 34 and 38 , respectively. The length of both tubes, bayonet and
simple, is the same. For simplicity, the end-cap of the bayonet tube is modeled as a flat cap
with a clearance length equal to the hydraulic diameter. This chapter considers concentric and
eccentric bayonet tubes configuration. As mentioned, the eccentricity defines as b = 4/�ℎ ,
where �ℎ = �8 − 34 is the hydraulic diameter and 4 is axis tubes separation. For brevity,
only one eccentricity (b = 0.45) is analyzed in the present chapter to illustrate its effect on
the receiver performance. A depth and detailed study of the eccentricity influence in the tube
performance will be carried out in the next chapter.

The first part of this chapter is devoted to analyzing the influence of aiming strategy,
eccentricity, and interior and exterior tube dimensions on the thermo-mechanical behavior
of the receiver. For these cases, the outer diameter of the bayonet exterior tube has been
set as 50 mm, two times higher than the diameter of Gemasolar receiver tubes. In contrast,
the dimensions of the interior tube vary to analyze its effect. The relation between inner
and outer tube diameters is represented by the ratio of areas, '�, which is defined as
'� = �0==D;0A/�28A2D;0A in function of the annular cross-section generated between tubes
(�0==D;0A ) and the circular cross-section of the interior tube (�28A2D;0A ). For this part, the
ratio of areas is ranging between 0.27 and 3.25. The tube thickness is set as 1.4 mm for these
simulations.

6.2 Numerical simulation

The hydrodynamical, thermal and mechanical characterization of the bayonet tube has been
performed through a series of CFD numerical simulations for both the concentric and the
eccentric configurations. Besides, the mechanical characterization has been done by means



174 Bayonet tube: Analysis and design

of an analytical methodology. The model of the bayonet receiver was described in detail in
Chapter 5. Thus, in this chapter only a summary of its principal characteristics has been
reported.

6.2.1 Thermal characterization

Governing equations:

The continuity, momentum, and energy equations are solved to describe the flow ofmolten salt
using the Reynolds Average Navier-Stokes (RANS) equations expressed in the steady-state
formulation, and without viscous dissipation heating, ANSYS (2019). The shear-stress
transport (SST) :-l model, Menter (1994), is chosen to obtain the closure of the momentum
and energy RANS equations of the flows since it combines the robust and accurate formulation
of the :-l model in the near-wall region with the free-stream independence of the :-n model
in the far-field, ANSYS (2019).

Numerical solution:

The commercial software ANSYS Fluent v19.2 is used to solve the steady-state governing
equation commented previously, ANSYS (2019). These equations are discretized with a
pressure-based finite volume method ? and are solved using the SIMPLE algorithm Patankar
& Spalding (1972). A Second-Order Upwind method is used to discretize the convective and
diffusive terms, Barth & Jespersen (1989). Solution iterations are stopped when whole the
residuals of the equation reached a value below 10−6. Moreover, the molten salt temperature
at the outlet is monitored to confirm the stabilization of the solution.

Computational mesh:

The bayonet tube model is solved in a structured 3D computational mesh with 3.25 · 105

hexahedral cells. The mesh is a cylinder with a series of partitions to create the different
zones characteristic of the bayonet tube. Thanks to this partition, it is possible to develop
a structured mesh and control the cell size, which is progressively reduced towards the tube
walls. The computational cells are concentrated more intensely around the tube walls to
capture the boundary layer of the molten salt. The minimum cell is set to guarantee the :-l
turbulent model requirements, i.e., H+ ≈ 1 according to ANSYS (2019), which led to a cell
size of Δ( ≈ 0.9`< at the contact surface between molten salt and the tube walls. Figure 5.3
shows the meshes used to model the simple and bayonet tubes.

Boundary conditions:

For simple and bayonet tubes, the boundary conditions are qualitatively similar, residing the
difference between both in the molten salt mass flow. The others conditions are kept in
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both models. The solar noon of the spring equinox and an aiming strategy of the heliostat
field : = 3 have been selected as the conditions for the analysis. Nevertheless, alternative
aiming strategies have been analyzed to characterize their effect on the receiver tubes. The
radiation map has been obtained from SPTFlux software for the before described conditions.
For simplicity, the heat losses of the receiver tubes have not been considered. Thus, the
molten salt absorbs completely the solar radiation concentrated in the receiver. Due to the
configuration and the operation of external tubular receivers, the heat flux has a not uniform
distribution in axial and circumferential directions. At the rear side of the tube (|\ | > 90>)
the heat absorbed is negligible. Therefore, an adiabatic condition has been imposed in
this region. In contrast, at the front side (|\ | < 90>), the heat flux variation is described
through a cosine function. Both conditions are implemented in the simulation code through a
user-defined function UDF. The axial variation of the heat flux, which depends on the aiming
strategy considered in the heliostat field, is obtained from the radiation map. As the sunlight
concentrated over the receiver walls depends on the aiming strategy, the molten salt heat, in
turn, depends on it. To compare all the cases under similar heating conditions, the magnitude
of the heat flux is set in such a way that its integral over the fluid-wall boundary leads to a total
heat rate absorbed by the molten salt equal to that obtained for the aiming strategy : = 3.0.

Through a mass-flow condition, the molten salt mass flow and its temperature are defined
at the tube inlet. The fluid temperature is set at 290 >�, while the mass flow is set to achieve
a temperature of 565 >� at the receiver outlet. For a bayonet tube with an outer tube diameter
of �4 = 50 mm, this mass flow is ¤<1 = 5.683 :6/B, while for the simple tube, its molten salt
mass flow is halved. At the tube exit, pressure-outlet conditions are selected. For the wall
surfaces in contact with the fluid, a non-slip condition is imposed for molten salt velocity. As
a result of corrosion produced by the HTF during the receiver’s previous operation, fouling
inside the tubes is generated. This fouling is also included in the models at the tube surfaces
in contact with the molten salt. These surfaces are thermally coupled with the fluid inside
the tube through the fouling resistance. The top and bottom cross-sections of the tube are
considered as an adiabatic surface.

6.2.2 Mechanical characterization

The mechanical characterization of both receivers is done through the analytical methodology
presented by Laporte-Azcué et al. (2020) as described Section 5.3.2.2. This methodology
calculates the elastic thermal stresses of two-dimensional tubes under non-axisymmetrical
temperature distribution and quasi-steady-state conditions. This methodology needs the
temperature obtained from thermal CFD models. In this chapter, Generalized plane strain
(GPS) conditions have been considered since it is an excellent approach to the receiver tube’s
displacement when clips restrict it, Laporte-Azcué et al. (2020). Through GPS conditions,
the free axial expansion of the tubes is allowed. Based on the results of the previous chapters,
the mechanical properties of Haynes 230, obtained from Haynes (2020), have been modeled
as temperature-dependent. As the exterior tube of the bayonet receiver is the most demanded,
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from a thermo-mechanical perspective, the mechanical characterization of the interior tube
has been omitted. Then, the mechanical analysis of the bayonet receiver will be focused on
the exterior tube.

6.3 Simulation cases

In this section, the different cases analyzed in the first part of the chapter are listed. To
illustrate the influence of the thickness on the temperature and stress distributions of the tube
walls, an additional simulation of a simple tube has been performed where its thickness is
Cℎ = 1.4 mm, equal to those of bayonet tubes.

Table 6.1: List of cases solved to characterize the thermo-mechanical behavior of simple tube for
different heating conditions. The outer diameter of the tube is equal to 25 mm.

Type
of tube

Aiming
Strategy

Tube thickness
Cℎ (mm) Boundaries Conditions

: 1.2 1.4 @
′′
<0G

(",/<2)
¤<

(:6/B)
)8=
(>�)

Simple
3.0 A21 A24 0.9796

2.842 2901.5 A22 A25 0.9855
0.0 A23 A26 0.7579

A series of CFD simulations have been performed to characterize the complex turbulent
behavior of the molten salt inside bayonet tubes. The effect of the eccentricity and the aiming
strategy on the tube performance has been revealed from these simulations. The investigation
has been completed analyzing several sizes of the interior tube, represented through the ratio
of areas ('�) and ranging between 0.27 and 3.25.

Table 6.2: List of cases solved to characterize the thermo-mechanical behavior of bayonet tube, in
concentric (b = 0.00) and eccentric (b = 0.45) configurations, for different heating conditions. The
outer diameter of the exterior bayonet tube is equal to 50 mm and both tube thickness of 1.4 mm.

Type
of tube

Aiming
Strategy Eccentricity Ratio of Areas

(RA) Boundaries Conditions

: b 3.25 1.33 1.17 0.45 0.27 @
′′
<0G

(",/<2)
¤<

(:6/B)
)8=
(>�)

Bayonet

3.0
0.00

A1 A2 A3 A4 A5 0.9796

5.683 2901.5 A6 A7 A8 A9 A10 0.9855
0.0 A11 A12 A13 A14 A15 0.7579
3.0 0.45 A16 A17 A18 A19 A20 0.9796

The solar noon of the spring equinox and an aiming strategy of the heliostat field : = 3
have been selected as the conditions for the analysis. The conditions of the analysis are
particularized for the heliostat field of Gemasolar SPT plant during the solar noon of the
spring equinox. The reference aiming strategy of the heliostat field is : = 3 with a DNI of
900 ,/<2. Nevertheless, the bayonet receiver might have a different thermal response in
function of the heliostat aiming. For this reason, untraditional aiming strategy as : = 0 or 1.5
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has been analyzed. As commented before, to compare the influence of the different aiming
strategy into thermo-mechanical behavior of both receivers under similar heating rate, the
peak of the heat flux is modified, while the shape of its axial variation is provided by the
radiation map.

The longitudinal distribution of the heat flux peak along the tube wall is represented in
Figure 6.2. For : = 3, the sunlight is concentrated at the middle of the tube; when the
aiming factor is reduced, the peak concentration is diminished from the middle of the top and
increases at the tube edges, until : = 0 where two peaks emerge at the extreme sides of the
tube. This aiming strategy is inefficient since the intercept factor, which is the fraction of
solar rays that incised in the heliostat and reached the tube, is below 50%, Sánchez-González
& Santana (2015). Those strategies that cause a flat distribution in the middle of the tube, as
: = 1.5, uniformize the tube heating, reducing the thermal stresses.
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Figure 6.2: Peak of the selected heat flux along the length of a tube evaluated at \ = 0> for different
aiming strategies, @′′ (A = 1, \ = 0>, I).

From amechanical perspective, the aiming factor : = 3 causes the highest thermal stresses.
Besides, this aiming strategy is a representative situation of the real receiver operation. Thus,
the effect of eccentricity only has been studied for this aiming strategy. The list of cases and
their boundaries conditions are summarized on Tables 6.2 and 6.1 for bayonet and simple
tubes. These cases are named as �8 . As mentioned, an inner bayonet configuration is
considered, where the cold molten salt is first pumped at the interior tube.

6.4 Results and discussion
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6.4.1 Influence of the aiming strategies

To analyze the performance of bayonet and simple receiver, three variables have been analyzed:
the convective heat transfer coefficient, the maximum tube temperatures, and the equivalent
von Mises equivalent stress. The convective coefficient is obtained using Newton’s law of
cooling and the results of the CFD simulations according to the procedure described in
Section 4.3.1.5 of Chapter 4. In this section, the axial and circumferential distribution of the
convective coefficient is shown and discussed. The selection of the Nusselt number as the
representative magnitude of convection is not recommended since it mitigates the nature of
the molten salt convection. For example, when the size of the interior tube grows, keeping
constant the mass flow of the molten salt, the HTF velocity at the annular section rises,
increasing the heat transfer in this section, a fact which is not clearly observed through the
analysis of the Nusselt number. Then, the convective heat transfer coefficient is employed in
Figure 6.3 to explain the heat transfer of the molten salt.

Figure 6.3 (a,b,c) shows the axial evolution of the convection heat transfer coefficient of the
inner surface of exterior bayonet tube (ℎ0=), evaluated at \ = 0> for the aiming factor of : =
3.0, 1.5 and 0.0 respectively. This heat transfer coefficient has been calculated from absorbed
heat flux, @′′

01B
(A = �8/2, \, I) and the temperatures of molten salt at the annular section.

More concretely, it has been calculated from mean ()̄0= (I)) and film () (A = �8/2, \, I))
temperatures. The molten salt flowing inside the receiver tubes has a fully turbulent behavior.
The Reynolds number at concentric bayonet tube inlet is ranging between 2.30 · 104 and
2.85 · 104, in function of the dimensions of the inner tube. For a simple tube, the Reynolds
number is around 4.56 · 104. The cases solved for this section are �1-�15 & �21-�26.

The results of the convective coefficient are shown for the exterior tube since it has the
most demanding conditions. For each aiming strategy analyzed, the convective coefficient
has the same trend, independently of the dimensions of the interior tube. As mentioned, its
dimensions are represented by the ratio of area, '�. For the same mass flow, the reduction
of RA, through an increase of the interior tube diameters, leads to a rise of molten salt
velocity at the annular region. Thus, the fluid turbulence grows, enhancing the convection
heat transfer and raising the pressure drop. Those cases with '� < 1 reach larges convective
coefficients and pressure drops. During the first half of tube length, the difference between
film and mean molten salt temperatures is almost constant. Therefore, the axial evolution of
the convective coefficient is dominated by the heat flux, reaching and height evolution similar
to those achieved by the heat flux. From the half-height and until the top of the tube, the heat
transfer is progressively augmented since the difference between film and mean temperatures
grow. From the results of the simple tube can be asserted that a variation of 0.2 mm in the
tube thickness leads to an increase of 5.1% in the convective coefficient. The heat flux and the
mean molten salt temperature are similar in both tubes. This fact, justify that the difference
convection coefficient reported above is principally caused by the increase of the molten salt
velocity.

From a general point of view, for '� > 1, solar radiation concentration affects the axial
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evolution of the convective coefficient. This fact is illustrated in Figure 6.3 (a,b,c), where
for an aiming factor of : = 3, the coefficient is peaked at the half-length of the tube, and it
is higher than cases with more uniform distribution as : = 1.5. Due to the diminution of
the molten salt velocity, cases with '� > 1 do not enhance the heat transfer compared to
simple circular tubes. Figure 6.3 (d,e,f) shows the circumferential distribution of the local
convective coefficient for the different values of RA and the aiming factors of : = 3.0, 1.5 and
0.0 respectively. These curves have been evaluated at the half-length of the tube, I = !/2.
The most striking features of the figure are the discontinuity of the convective coefficient,
which is located in 75> < |\ | < 110>, and its negative value for |\ | > 110>. As discussed in
Chapter 4, the discontinuity into the heat transfer coefficient is due to a mathematical artifact
since, in those points, the film temperature is similar to the mean molten salt temperature.
The previous comments about axial evolution of the convective heat transfer at \ = 0> can be
extrapolated to the whole front side of the tube, |\ | < 75>.
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Figure 6.3: Axial evolution of the Nusselt number obtained for concentric bayonet and simple tubes,
evaluated at the inner surface of the exterior tube at \ = 0>, for an aiming strategy equal to: (a) : = 3.0,
(b) : = 1.5 and (c) : = 0.0. Circumferential distribution of Nusselt number, evaluated at I = !/2 from
the tube inlet, for an aiming strategy equal to: (d) : = 3.0, (e) : = 1.5 and (f) : = 0.0. Simulated cases:
�1-�15 & �21-�26.

As the present Chapter is focused on the thermo-mechanical behavior of the bayonet and
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simple tubes, the thermal analysis has been devoted to the zone where the temperature is
highest, which is located at the outer surface of the exterior tube. Nevertheless, the film
temperature has a crucial role because it is related to the corrosion rate of the molten salt.

The behavior of the molten salt convection discussed in the previous section is reflected in
the temperature distribution of the tube walls. Thus, its axial distribution is directly affected
by the distribution of the heat flux, as shown in Figure 6.4 (a,b,c), where the axial evolution of
the temperature is represented for different aiming factors. The ratio of areas plays a key role
in the temperature distribution. For '� > 1, the temperature reached by the bayonet tube is
higher than the conventional tube. This fact is produced due to the velocity of molten salt at
the annular section. As the annular cross-section is reduced ('� < 1), the velocity of molten
salt augments, enhancing the heat transfer and decreasing the maximum tube temperature.
From a thermal perspective, the bayonet tube is advantaged over the conventional tube in
this range. For example, for the aiming factor of : = 3.0, the temperature of the bayonet
tube with '� ≈ 3.25 is 58.6 >� higher than the simple tube. However, for '� ≈ 0.27, the
maximum temperature of the simple tube is reduced up to 25.1 >�. Tube thickness plays a
crucial role in the thermal performance of SPT receivers, as can be observed in the curves of
the simple tube, where a difference of 0.2 mm causes augments of temperature up to7.9 >�.
When the aiming strategy of the heliostats field causes a flatter concentration of the heat flux,
i.e., for : = 1.5, the maximum temperature is reduced. The maximum tube temperature
grows when the sunlight concentration rises in the center of the tubes. For : = 0.0, which
represents a situation where the heliostats are unfocused, the maximum temperature is located
at the extreme sides of the absorber tube, and its value is higher than cases with a uniform
concentration of the heat flux.

Due to the configuration of an external tubular receiver, one part of the tube is facing
the heliostats field while the other one is facing the reradiant wall. For this reason, as
Figure 6.4 (d,e,f) shows, the maximum temperature of the tube is located at the front side
of the outer surface (\ = 0>) where the incident heat flux is maximum, while the minimum
temperature is located at the rear side (|\ | = 180>). The circumferential profile of the absorbed
heat flux causes the non-axisymmetric temperature distribution. The behavior described for
the axial variation of the maximum temperature can be extrapolated to the whole front side
of the tube, |\ | < 75>.

Once both receiver tubes are thermally characterized, themechanical behavior is discussed.
As commented in Section 7.4, the mechanical characterization of the receiver tubes has been
done through the methodology proposed in Laporte-Azcué et al. (2020) using the temperature
distribution obtained in CFD simulations. The stress field of the tube is composed, in
cylindrical coordinates, by axial (fI), radial (fA ), circumferential (f\ ) and tangential (gA , \ )
components. All these components are considered in the mechanical analysis through the
equivalent von Mises stress. For the conditions studied in this chapter, the location of
maximum stress coincides with the peak temperature zone, which is at the outer surface of
the exterior tube at \ = 0>.

In Figure 6.5 (a,b,c), the axial evolution of the maximum von Mises stress, obtained in
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Figure 6.4: Axial evolution of the outer surface temperature reached for concentric bayonet and simple
tubes at \ = 0>, for an aiming strategy equal to: (a) : = 3.0, (b) : = 1.5 and (c) : = 0.0. Circumferential
distribution of outer surface temperature, evaluated at I = !/2 from the tube inlet, for an aiming strategy
equal to: (d) : = 3.0, (e) : = 1.5 and (f) : = 0.0. Simulated cases: �1-�15 & �21-�26.

bayonet and simple tubes, is represented for different aiming factors. The stress variation
continues with the trend observed in the previous sections, where the location of the stress
peaks coincides with the maximum heat flux. This fact is due to the thermal stress is caused
by the non-uniformity of temperature distribution inside tube walls. Those cases where the
bayonet tube achieves higher temperatures than simple tubes are the same where the largest
thermal stresses are reached. From a mechanical perspective, the most demanding situation
is reached for an aiming factor : = 3 with the biggest annular section, '� ≈ 3.25. For this
configuration of the bayonet tube, the von Mises peak is 695.3 MPa. For the thinnest annular
section of the bayonet tube, '� ≈ 0.27, the maximum thermal stress is 547.9 MPa. For the
same conditions, the maximum stress of the simple tube is achieved for the largest thickness,
and it is 572.5 MPa. Besides, an increase of 0.2 mm causes an augment of 17.7 MPa in the
thermal stresses, which represent an increase up to 3.1%. However, its effect is mitigated as the
heat flux is reduced. As can be observed in the figure, the enlargement of the Reynolds number
at the annular section is generated by the increase of the axial velocity due to the reduction
of this area. Then, the equivalent stress distribution is reduced due to the enhancement of
the convection heat transfer. The augment of the molten salt velocity, improving the tube
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walls’ refrigeration, reduces the non-homogeneous temperature distribution, which is one of
the principal reasons for the thermal stresses.

Figure 6.5 (d,e,f) shows the circumferential distribution of the vonMises stress of the outer
surface of the exterior tube evaluated for different aiming factors at half-length of the tube.
The circumferential distribution shows that the equivalent stress kept constant at |\ | > 100>,
where the effect of area ratio is striking too, although the difference between bayonet and
simple tubes are less accentuated than the values obtained at the front side.
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Figure 6.5: Axial evolution of the outer surface von Mises stress, reached for concentric bayonet and
simple tubes at \ = 0>, for an aiming strategy equal to: (a) : = 3.0, (b) : = 1.5 and (c) : = 0.0.
Circumferential distribution of outer surface stress, evaluated at I = !/2 from the tube inlet, for an
aiming strategy equal to: (d) : = 3.0, (e) : = 1.5 and (f) : = 0.0. Simulated cases: �1-�15 &
�21-�26.

6.4.2 Influence of the eccentricity

Once the performance of the bayonet and simple tubes under different distributions of heat
flux has been analyzed, the effect of the eccentricity on the thermo-mechanical performance
of the bayonet receiver has been characterized. As the aiming factor of : = 3.0 generates the
most demanding situation in the receiver tubes of the first north panel, this aiming strategy
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has been used to study the different configurations of eccentric bayonet tubes, and thanks
to a series of CFD simulations, its nature has been revealed. The list of cases solved to
characterize the effect of the eccentricity is shown in Table 6.2. Similar to the previous
section, the convective coefficient, temperature, and stress distributions of eccentric bayonet
tubes have been provided, and their results compared with those of the concentric bayonet
and simple tubes.

Firstly, the convective coefficient of the molten salt has been analyzed, since its evolution
allows justifying the thermo-mechanical response of the tubes. The axial evolution of the
convective coefficient, which is evaluated at \ = 0> of the inner surface of the exterior tube,
is shown in Figure 6.6 (a,b) for concentric (b = 0.00) and eccentric (b = 0.45) configurations
of bayonet tube. Both configurations are represented as solid and dotted lines, respectively.
When the annular section is reduced, an increase of the molten salt velocity at the annular
section is reached for the same mass flow. This fact leads to a rise of the fluid turbulence,
enhancing the convection heat transfer in this area, and it is accentuated with the eccentricity,
since the flow symmetry achieved in concentric bayonet tube is broken, appearing a zone of
maximum axial velocity at \ = 0> due to the fluid is less affected by the wall. Therefore, an
enhancement of the convection heat transfer is achieved in the front side of eccentric bayonet
tubes. Similar to previous section results, the maximum heat transfer coefficient is obtained
for the thinnest annular area studied in this chapter, '� ≈ 0.27. Compared with the concentric
configuration, the eccentricity increases around 11.5% the convective coefficient. Besides,
the eccentricity causes that those cases comprised in the range 1 < '� < 1.5, which did not
real competition for simple tubes for their concentric configuration, achieve a similar heat
transfer coefficient than the conventional receiver. For the biggest annular section studied in
this chapter, '� ≈ 3.25, the eccentricity reduced the difference with the simple tube. For
example, the maximum value of heat transfer coefficient achieve for '� ≈ 3.25 in concentric
configuration is around 40.0% lower than that achieved in the simple tube, while with the
eccentric configuration, this difference is up to 31.2%.

The circumferential distribution of the convective coefficient is shown in Figure 6.6 (c,d).
The discontinuity of the heat transfer coefficient is kept for the eccentric configurations of the
bayonet tube. The effect of the eccentricity is not only noticed at \ = 0> and it is observed in
the whole front side, |\ | < 50> ∼ 75>. The convective coefficient at |\ | < 25> is accentuated
due to the local increase of the axial velocity, which enhances the convection and improves
the tube walls refrigeration.

The difference between concentric and eccentric bayonet configurations is accentuated in
the temperature distribution of the tubewalls. The axial evolution of themaximum temperature
is shown in Figure 6.7 (a,b) for both configurations of the bayonet tubes. The shape of the
axial temperature is similar for both configurations, although their values differ. In the point
where the temperature is peaked, at half-length of the tube, the eccentricity configuration of
the bayonet tube reduces the maximum temperature between 3.0% and 5.1% compared with
the concentric bayonet tube. This reduction implies temperature reduction between 22>�
and 29.3>� for the largest and thinnest annular sections, '� ≈ 3.25 and 0.27 respectively.
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Figure 6.6: Heat transfer coefficient obtained at the inner surface of the exterior tube at \ = 0> for
simple tubes and different configurations of bayonet tubes for an aiming strategy : = 3.0. Axial evolution
for: (a) concentric configuration (b = 0.0), (b) eccentric configuration (b = 0.45). Circumferential
distribution evaluated at I = !/2 from the tube inlet for: (c) concentric configuration (b = 0.0), (d)
eccentric configuration (b = 0.45). Simulated cases: �1-�5, �16-20, �21 & �24.

Moreover, the eccentricity makes viable cases whose concentric configuration reached larges
temperatures and stresses than simple tubes, i.e., 1 < '� < 1.5.

The circumferential temperature distribution of the outer surface of the exterior tubes,
shown in Figure 6.7 (c,d), brings additional information about the thermal features of eccentric
and concentric bayonet tubes. On the front side, the temperature is reduced thanks to the heat
transfer enhancement. Nevertheless, at the rear side, the temperature of the eccentric bayonet
tube is slightly lower than the analogous concentric case due to the interior tube blocks the
heating of this zone. Therefore, the temperature at the rear zone achieves values similar to the
mean temperature of the molten salt which flows at the interior tube.

Combining a thinner annular section with an eccentric bayonet tube configuration achieves
the best refrigeration of the tube walls, which implies lower thermal losses and leads to higher
thermal efficiency than conventional receiver tubes. Thus, higher thermal efficiencies of the
receiver allow diminishing the heliostat field area, which is one of the highest costs in SPT
plants. Besides, an additional beneficial effect of the temperature reduction is decreasing the
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corrosion rate of the molten salt, which enlarges the receiver lifespan.
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Figure 6.7: Temperature distribution obtained at the outer surface of the exterior tube at \ = 0> for
simple tube and different configurations of bayonet tubes for an aiming strategy : = 3.0. Axial evolution
for: (a) concentric configuration (b = 0.0), (b) eccentric configuration (b = 0.45). Circumferential
distribution evaluated at I = !/2 from the tube inlet for: (c) concentric configuration (b = 0.0), (d)
eccentric configuration (b = 0.45). Simulated cases: �1-�5, �16-20, �21 & �24.

As the temperature of the bayonet tube walls is reduced through the eccentricity, their
thermal stresses are reduced too. This fact can be observed in Figure 6.8 where the peak
of thermal stresses is diminished for each area ratio analyzed. In Figure 6.8 (a,b), the axial
variation of the vonMises stress peak is shown for the concentric and eccentric configurations
of the bayonet tube. For the largest annular section ('� ≈ 3.25), the eccentricity reduced the
maximum stress around 45.1 MPa, which is a diminution of 6.5% referring to the concentric
case. Those cases ranging in 1 < '� ≈ 1.5 reduced their maximum values around 7.4%
through the eccentricity. For example, for '� ≈ 1.33, the maximum stress is diminished from
643.4 MPa to 596.1 MPa, while for '� ≈ 1.17, the reduction of von Mises stress is from
635.3 MPa to 587.6 MPa. For '� < 1, the effect of eccentricity is more noticeable since it
improves the performance of concentric bayonet tubes, reducing the peak of von Mises stress
up to 58 MPa compared with the thinnest simple tube.

The circumferential distribution of the equivalent von Mises stress, which is evaluated
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at the outer tube surface in the half-height tube, is represented for concentric and eccentric
configurations of the bayonet tube in Figure 6.8 (c,d). This figure endorses the conclusion
commented above about the use of eccentric configurations, and it is that allow reducing
the peak of thermal stresses. For the rear side of the tube, the equivalent stress, which is
lower than the front side, is diminished thanks to the bayonet tube eccentricity, which reduces
the thermal stresses of this zone between 6.7% and 9.5% in the function of the ratio of the
areas. In the light of results, it can be asserted that the smallest values of '� achieving the
largest temperature and stress reductions. Thus, the reduction of the thermal stresses and tube
temperatures achieved in the eccentric bayonet receiver allows reducing the creep and fatigue
damages, delaying the early failure of the receiver due to their demanding operating condition.
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Figure 6.8: von Mises stress distribution obtained at the outer surface of the exterior tube at \ = 0> for
simple tube and different configurations of bayonet tubes for an aiming strategy : = 3.0. Axial evolution
for: (a) concentric configuration (b = 0.0), (b) eccentric configuration (b = 0.45). Circumferential
distribution evaluated at I = !/2 from the tube inlet for: (c) concentric configuration (b = 0.0), (d)
eccentric configuration (b = 0.45). Simulated cases: �1-�5, �16-20, �21 & �24.

To complete the characterization of the bayonet tube performance it is necessary to obtain
its pressure drop, which is 1.244 bar for the thinnest simple tube, while for the thickest is
1.379 bar. These values imply a total receiver pressure drop of 22.4 bar and 24.8 bar. Due to
the configuration of the bayonet tubes, the length traverses by the molten salt is two times the
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length of conventional tubes. Besides, it is necessary to add the pressure loss of the end-cap.
Therefore, the pressure drop of a bayonet receiver is considerably higher than that obtained in
a conventional receiver. Nevertheless, a beneficial effect of the eccentricity is the reduction
of the friction factor in the dust wall, which is translated into a diminution of the pressure
drop for these cases, as was studied in Denton (1963) and Jonsson & Sparrow (1966). The
different values of the pressure drop are summarized in Table 6.3.

The pressure loss is directly related to the fluid velocity. For this reason, the bayonet
tube layout must be far from extremes values of '�. For '� >> 1, the augment of the
fluid velocity inside the interior tube due to its tiny cross-section, leading to the largest values
of pressure drop. On the opposite side, for '� << 1, the dimensions of the bayonet tube
generating a rise in the molten salt velocity at the annular section meaning an augment of the
pressure drop in this zone.

Table 6.3: Pressure drop obtained for concentric (b = 0.00) and eccentric (b = 0.45) bayonet tubes for
different ratio of areas (RA).

Type
of tube

Eccentricity Pressure drop
b Δ% (bar)

Bayonet 0.00 5.137 2.911 3.132 13.180 43.630
0.45 5.108 2.572 2.657 9.528 30.571

Ratio of Areas (RA) 3.25 1.33 1.17 0.45 0.27

6.5 Design of bayonet receiver

Based on the results described in the previous section, the bayonet receiver shows a high
potential to be used in SPT plants due to its higher thermal efficiency, which allows reducing
the wall temperatures, the thermal stresses, and the molten salt corrosion rate. However, its
layout must be defined carefully to reduce the pressure drop keeping the above advantages.
In this section, an optimization of the bayonet tube is provided. Different design criteria of
bayonet tubes have been proposed. Through an analytical simple model, the pressure drop
and the heat transfer coefficient of several configurations of bayonet tubes have been studied
to detect those dimensions of tubes that minimized the pressure drop while enhancing the
convection heat transfer.

6.5.1 Design criteria

As commented, an analytical model has been developed to obtain the dimensions of a
concentric bayonet receiver. The main goal of this model is to size a bayonet tube that
equals or improves the thermal performance of a simple tube with the lowest pressure drop.
As the size of the bayonet tube can not be randomly set, four different design criteria, based
on hydrodynamical, heat transfer, and pressure drop parameters, have been proposed:
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• Same convection heat transfer in the annular section of bayonet tube than the simple
tube.

• Similar erosion in the exterior tube walls, doing that the axial velocity of molten salt at
the annular section of bayonet tube is equal than those obtained at simple tube.

• Equaling the molten salt velocity at both bayonet tube sections to uniformize the axial
velocity inside the bayonet tubes.

• Obtain a similar pressure drop in bayonet and simple receivers.

The dimensions of the bayonet receiver are similar to those of the Gemasolar SPT plant, which
was described in Section 6.1, the only difference between both receivers reside in the number
of tubes per panel, which depends on the outer tube diameter. Then, the molten salt heating
rate per panel is set equal in both bayonet and simple receivers. For simplicity, the outer
diameter of the exterior bayonet tube is defined as proportional to the simple tube diameter.
Thus, The mass flow of molten salt which flows inside the bayonet tube is fitted to obtain
the same absorbed heat rate as the simple tube, ¤<1 = Φ ¤<B , where Φ = �4/3B is the ratio
between outer tubes diameters.

From this mass flow and knowing tube dimensions, the convective heat transfer coefficient,
ℎ, and the pressure drop of the tube, Δ% can be obtained. For brevity, the pressure drop only
considers the straight tube, as shown Equation 6.1. Therefore, for the bayonet tube, the
total pressure loss is the sum of the pressure drop generated at annular and circular ducts
(Δ%10H>=4C = Δ%0=D;0A + Δ%28A2D;0A ).

Δ%CD14 =
¤<2

2d�2
!

�ℎ
5A (6.1)

Where ¤< is the mass flow of molten salt, d is the molten salt density, � is the area of the
cross-section considered, ! is the length of the tube, �ℎ is the hydraulic diameter which for
an annular section is defined as �ℎ = �8 − 34 while for circular cross-section is �ℎ = 38 and
5A is the Darcy friction factor. The properties of the molten salt are evaluated at the average
temperature of the receiver.

As the analytical model is based on empirical correlations to characterize the convection
heat transfer inside the tubes, it is necessary to analyze the accuracy of these correlations
to predict the convective coefficient of annular duct walls. This study is summarized in
Annex 6.A, where is discussed the accuracy of Dittus & Boelter (1985) to predict the
convection heat transfer of annular ducts. In this analytical model, the Dittus-Boelter
correlation, which is summarized in Equation 6.2, is characterized by a heating process.

ℎ =
:B0;C

�ℎ
0.023'40.8%A0.4 (6.2)

Where :B0;C is the thermal conductivity of the molten salt, �ℎ is the hydraulic diameter
and '4 and %A are the Reynolds and Prandtl numbers.
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The receiver tubes must endure the corrosion effect of the molten salt during the lifespan
of the SPT receiver. For this reason, the tube thickness is size to consider the effect of the
molten salt corrosion and the work under large pressure conditions. According to Section 8
of Boiler et al. (2013), the minimum thickness is calculated according to Equation 6.3.

Cℎ<8= = Cℎ2>AA>B8>= + Cℎ?A4BBDA4 = �' · C;8 5 4 +
%′�4

2((H�1 + HC4<?%′)
(6.3)

Where Cℎ2>AA>B8>= and Cℎ?A4BBDA4 is the minimum thickness associated with the molten
salt corrosion and receiver operating pressure. Theminimum corrosion thickness is calculated
as the product between the corrosion rate �' and the lifespan of the receiver panels, C;8 5 4.
A corrosion rate of 25 · 10−6 </H40A is estimated for the Haynes 230 working with molten
salt at 600 >�, according Sánchez-González et al. (2020), while the receiver lifespan is set as
30 years. According to Ortega et al. (2015), the minimum pressure thickness is calculated in
function of the maximum allowable stress at the operating temperature, (H , the joint efficiency
factor, which for seamless tubes is �1 = 1, the temperature coefficient, which for Nickel-alloys
is HC4<? = 0.7, and the effective pressure, %′. This effective pressure considers the pressure
loss of thewhole receiverwith and a safety factor of 10 bar, which is associatedwith the straight
connectors of the tubes, and their elbows and the connection of the tube with the collectors:
%′ = Δ%CD14 · #?0=4; + 10 10A. For the interior bayonet tube, the minimum tube thickness
is multiplied by two since the molten salt flows at both tube surfaces. Moreover, its effective
pressure is calculated as the pressure drop of an individual bayonet tube: %′ = Δ%CD14.

As mentioned above, the parameters that feed the analytical model are the relation between
the outer tube diameters, Φ, and the mass flow of the bayonet tube, ¤<1 , which is set to reach
the same molten salt heat rate in whole the cases. From these variables, it is possible to
define the expression of the main parameter of the bayonet tube in function of the simple
tube. Initially, the value of thickness is estimated, although it is recalculated in function of the
effective pressure, %′. The optimization process analyzes different layouts of bayonet tubes,
represented by Φ, and finds those dimensions that verify the desired design criteria. The
process starting from a value of Φ. Then, the outer diameter of the exterior bayonet tube and
its mass flow is calculated from the references of the simple tube. After, several dimensions
of the interior tube are analyzed, where the heat transfer coefficient and the pressure drop
are calculated. The tube thickness is recalculated in function of the new effective pressure,
%′ calculated from new operating conditions. These steps are repeated until the difference
between recalculated thickness and the value obtained at the previous iteration is within the
selected tolerance range.

Once the thickness convergence the pressure drop has been reached, the heat transfer
coefficient, and the molten salt velocity, obtained with the converged dimensions of the
bayonet tube, are compared with those conditions defined by the design criteria. If it is
achieved the information is saved for the processing and the next value of Φ is analyzed,
repeating the steps described above. If the conditions of the design criteria are not achieved,
the outer diameter of the interior bayonet tube is slightly increased, repeating the process until
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the proper conditions are reached. Might exist different sizing of bayonet tubes to accomplish
the design criteria. In these cases, the dimensions are selected to maximize the heat transfer
while the pressure drop is minimizing. This iterative process is illustrated in Figure 6.9.

Figure 6.9: Iterative process of bayonet tube optimization model.

Tomake easier the comparison between bayonet and simple tubes, the ratio of heat transfer
coefficient and pressure drop between both tubes are shown in Figure 6.10. The aim of this
figure is found those designs that provides the largest values of heat transfer coefficient with the
minimum pressure drop. In Figure 6.10 (a) the convective coefficient ratio between concentric
bayonet and simple tubes are shown in function of the outer tube diameters ratio, Φ.

Only the design criteria of the same convection heat transfer and similar erosion, which are
represented as red and blue solid lines respectively in the figure, reach ratios of heat transfer
coefficient top to 1. This fact means that those cases would achieve lower wall temperatures
than the simple tubes, doing that the bayonet receiver takes advantage of conventional tubes.
The design criteria where the axial velocity inside the bayonet tubes is made uniform, equaling
the molten salt velocity at both annular and circular sections, is a valid alternative only for
Φ ≤ 2.2. Besides, forΦ = 2 the dimensions of the bayonet tube agree with those obtained for
the equal erosion criteria. The designs based on equaling the pressure drop of both receiver
tubes or make uniform bayonet tube velocity have been discarded as design criteria since both,
the bayonet tubes can not be advantageous over the simple tube.
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The pressure drop ratio is shown in Figure 6.10 (b), where the bayonet tube will increase
the pressure drop of the receiver around 1.5 and 2.4 times for the designs with equal convective
coefficient and similar erosion of the tube walls. This pressure drop does not show the effect
of the cap either the eccentricity. Both heat transfer coefficient and pressure drop are kept
uniform for different Φ due to the modification of the annular cross-section keep constant
the molten salt velocity, as can be observed in Figure 6.10 (c,d). Although the evolution of
the convection heat transfer is uniform with Φ is important to stand out that, according to
Equation 6.3, the tube thickness is proportional to the tube diameter. Larges values of outer
tube diameter have associated big thickness. This fact leads to enormous thermal stresses and
a drastic reduction of the lifespan of the receiver due to the creep and fatigue damages.

The design criteria with higher potential equal the axial velocity of molten salt in the
annular section of the bayonet tube to that of the simple tube velocity. This allows reaching
the largest ratio of convective heat transfer without drastically increasing the pressure drop.
As grown the axial velocity of the annular cross-section, better thermal performance will have
the bayonet tube, although its pressure drop will exponentially rise. As the parasitic electricity
consumption of the solar tower power plant pumps is not one of the principal costs of the SPT
plants, the bayonet tube can be an attractive alternative to the current SPT receivers.
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Figure 6.10: For the optimization process through different criteria designs, evolution for differentΦ:
(a) Ratio of convective coefficient, (b) Pressure drop ratio, (c) Areas ratio, (d) Axial velocity of molten
salt at circular and annular cross-sections.

6.5.2 CFD study of the thermo-hydraulic optimized bayonet tubes

As the analytical model used proposed in the previous section to analyze the thermo-hydraulic
criteria design had many simplifications, a series of CFD simulations have been performed to
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analyze if a bayonet tube sizing through the above criteria is a viable alternative to conventional
SPT receivers. The dimensions of the bayonet tube have been obtained through the design
criteria of similar erosion at the exterior tube walls, which offers the best performance from
a heat transfer perspective. Different values of Φ have been analyzed to discuss the effect of
tube diameter and thickness on the thermo-mechanical distribution. Besides, concentric and
eccentric configurations of the bayonet tube have been considered. The dimensions of both
bayonet tubes are summarized in Table 6.4. The simple tube analyzed is geometrically defined
by an outer diameter of 25 mm and a tube thickness of 1.2 mm, similar to the Gemasolar
SPT receiver tubes. The length of both tubes is set as 10.5 m. The main boundary conditions
are similar to those employed in the previous section, viz: at the inlet of the molten salt,
its mass-flow and temperature are defined, while at the outlet a pressure-outlet condition is
imposed. The fluid is heated at the outer surface of the exterior tube through a variable heat
flux whose axial variation is obtained for an aiming factor of : = 3 for the solar noon of the
spring equinox, while the circumferential variation is provided by Equation 5.2. The main
boundary conditions are summarized in Table 6.4.

Table 6.4: List of cases, main dimensions and boundary conditions of optimized bayonet tube.

Φ b �4 (mm) �8 (mm) 34 (mm) 38 (mm) ¤<1 (kg/s) @
′′
<0G (",/<2) Case

2 0.00 50.00 47.30 34.87 31.83 5.6832 0.9796 V1
0.45 V2

3 0.00 75.00 71.93 60.34 57.28 8.5249 0.9796 V3
0.45 V4

Once themain characteristics of the bayonet tubes has been explained, i.e., their dimensions
and boundary conditions, the principal results are discussed. In Figure 6.11 the evolution
of the heat transfer coefficient is shown for concentric and eccentric bayonet and simple
tubes. The axial evolution of the heat transfer coefficient evaluated at \ = 0> is shown in
Figure 6.11 (a).

The heat flux determines the axial evolution of the heat transfer coefficient, which is
peaked at the half-length of the tube. The convection heat transfer of the bayonet tube is
enhanced when the eccentricity is considered, increasing the peak of convective coefficient
25.6% and 27.1% for Φ = 2 and 3 respectively. Therefore, an improvement around 8% and
9.9% of the maximum value of the convection coefficient is achieved in the bayonet tube refer
to those obtained in the simple tube. The enhancement of the heat transfer happens at a wide
region of the front side of the tube as can be observed in Figure 6.11 (b).

The trend observed in the convection coefficient is reflected in the temperature distribution,
Figure 6.12. The concentric bayonet tubes reach higher maximum temperatures than the
conventional tube, as can be observed in Figure 6.12 (a). The concentric bayonet tube with
Φ = 2 increases 24 >� the temperature peak obtained by the simple tube, while an augment
of 33 >� is reached for Φ = 3. The reason for the maximum temperatures is reached for
the highest values of Φ is related to the tube thickness, which enlarges with the diameter
tube. The eccentric bayonet tube decreases the maximum temperatures of the receiver since
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Figure 6.11: Heat transfer coefficient obtained at the inner surface of the exterior tube for simple
tubes and different configurations of optimized bayonet tubes for an aiming strategy : = 3.0. (a) Axial
evolution at \ = 0>, (b) circumferential distribution evaluated at I = !/2 from the tube inlet. Simulated
cases: +1-+4 & �21.

the local velocity of molten salt augments in this zone and refrigerates much better on this
hottest surface. At the rear side, the simple tube increases around 35 >� its temperature at the
outer surface. Nevertheless, this fact is not appreciated at the exterior bayonet tube due to the
interior tube obstructs the heat distribution inside the molten salt. The non-heating of the rear
tube side is enhanced with eccentricity. To illustrate the circumferential behavior of the wall
temperature, the outer surface temperature of the exterior tube evaluated at the half-length of
the tube is shown in Figure 6.12 (b). The maximum differences between tubes are located at
the front side, |\ | < 50>, and it is accentuated at \ = 0>. On the rear side, the temperature of
both tubes is almost kept constant due to the modelization of the rear side.

The concentric bayonet tube reached larger thermal stresses than the simple tube, as can
be observed in Figure 6.13 (a) for the bayonet tube configurations that has been previously
selected based on their thermo-hydraulic behavior. These values are peaked for both tubes at
the half-length. The stresses of concentric bayonet tube for Φ = 2 and 3 increase are 11.9%
and 16.2% to the peak obtained in the simple tube. Due to the large tube thickness of the
concentric bayonet tube with Φ = 3, it reached the maximum values of von Mises stress,
645 "%0. However, the bayonet tube eccentricity reduces the peak of stress compared with
concentric configurations. Although this reduction is not enough to enhance the mechanical
performance of a simple tube, its maximum stress is around 2.7% and 6.1% lower than an
eccentric bayonet tube withΦ = 2 and 3, respectively. At the rear side of the exterior tube, for
the same configuration of the bayonet receiver, the circumferential evolution of the stresses
are overlapped, as is shown in Figure 6.13 (b). The effect of the eccentricity is observed at
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Figure 6.12: Temperature obtained at the outer surface of the exterior tube for simple tubes and
different configurations of optimized bayonet tubes for an aiming strategy : = 3.0. (a) Axial evolution
at \ = 0> , (b) circumferential distribution evaluated at I = !/2 from the tube inlet. Simulated cases:
+1-+4 & �21.
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Figure 6.13: von Mises equivalent stress obtained at the outer surface of the exterior tube for simple
tubes and different configurations of optimized bayonet tubes for an aiming strategy : = 3.0. (a) Axial
evolution at \ = 0> , (b) circumferential distribution evaluated at I = !/2 from the tube inlet. Simulated
cases: +1-+4 & �21.
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The principal results of the comparison performed between simple and thermo-hydraulic
optimized bayonet tubes are summarized in Table 6.5. Although the concentric bayonet tube
can not enhance the performance of conventional receivers, the analytical model proposed
in the previous section is a powerful tool to design eccentric bayonet tubes with similar
performance to simple tube receivers. This section demonstrates that the eccentric bayonet
tube is an amazing alternative to the current SPT receivers, since they can reach higher
thermal efficiencies, and reduces the corrosion rate of the molten salt. The negative aspect
is the increase of the pressure drop, but it is slightly mitigated with the eccentricity of the
bayonet tube. Due to the exciting characteristics observed in eccentric bayonet tubes, in the
next chapter, the effect of the eccentricity on bayonet receiver performance will be widely
analyzed.

Table 6.5: Pressure drop of the tube and peaks of temperature and equivalent stress of optimized
bayonet and simple tubes. (Simulated cases: +1-+4 & �21).

Type of
tube Φ b

Δ% )<0G f+ "<0G
(bar) (>�) (MPa)

Bayonet
2 0.00 3.62 595 621

0.45 2.94 568 570

3 0.00 3.19 604 645
0.45 2.37 574 589

Simple - - 1.24 571 555

6.5.3 Receiver cost estimation

Once demonstrated the technical feasibility of the bayonet receivers, it is necessary to develop
an economic comparison between the different receiver configurations studied in previous
sections. For this analysis, the original dimensions of the receiver of the Gemasolar SPT
plant have been kept (number of panels, diameter, and height). Thus, the panel width is the
same for each receiver, changing the number of tubes per panel in the function of the outer
tube diameter. Once the technical feasibility of the bayonet receivers has been demonstrated,
it is necessary to perform an economic analysis associated with the cost of both receivers.
The receiver manufacturing cost is divided into the costs of material, coating, and welds.
To estimate the initial investment is necessary to consider the total number of tubes, clips,
headers, and nozzles involved in the receiver design. The capital cost of Haynes 230 is
36.9 e/:6, Alibaba (2021). Independently of the receiver layout, each tube is coated with
black Pyromark 2500. According to Ho & Pacheco (2014), the cost associated with the tube
covering divides into material and initial application investments. Application cost includes
the paint of the tube, the cured of the tube covering, and the measurements developed to assure
its quality. The coating cost depends on the area to cover. For this reason, a large tube diameter
will have higher coating investments. The material and initial application cost of Pyromark
2500 are 4.4 e/<2 and 235.3 e/<2, Ho & Pacheco (2014). The investment-related to the
assembly of the absorber tubes into the receiver structure is represented through weld costs,
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which include tube-to-header and tube clip welds. According to Kelly (2010), the man-hour
rate is set on 53.5 e. The time necessary to weld and detect leaks depends on the element to
be weld, being 1 person-hour per tube clip weld and 1.5 per tube-to-header weld. The cost of
receiver manufacturing is shown in Table 6.6 for bayonet and conventional receiver.

As the outer tube diameter reduces, the initial investment cost related to welds grows
due to the rise of the tube number, while the cost associated with the tube material might
be diminished, as shown in Table 6.6. Despite reducing the number of tubes per panel, the
material cost of the bayonet receiver is 12.9% higher than those achieved for a simple tube
receiver since the bayonet receiver material involves the interior and exterior tubes. The
material cost of the Pyromark 2500 is around 0.4% of the total receiver cost. Nevertheless,
the investment associated with the Pyromark application represents 20.4% of the total cost
of the simple tube receiver. As the number of tubes per panel is reduced in the bayonet
receiver, the coating application cost is diminished by 1.6% compared with the conventional
receiver. The diminution of the number of tubes is reflected in the reduction of the receiver
welds, being halved this cost when the outer tube diameter of the bayonet receiver is two
times higher than Gemasolar tubes. Despite reducing the number of tubes, the total cost of
the bayonet receiver is higher than the Gemasolar receiver, 8.9% and 11.9% for Φ = 2 and 3
respectively, since both inner and outer tubes of these receivers were made with Haynes 230.
As the operating conditions of the interior tube are not as demanding as those of the exterior
tube, other materials, cheaper than Haynes 230, can be used to make it. For example, if the
interior bayonet tube is made with Stainless steel 316, whose cost is 4.1e/:6 Alibaba (2021),
the bayonet receiver cost is reduced until 0.784 and 0.769 "e for Φ = 2 and 3 respectively,
which means a reduction around 16.5% and 18.2% of the Gemasolar receiver cost. In light
of these results, a smart design of a bayonet receiver can enhance the thermo-mechanical
performance of conventional receivers with a lower initial manufacturing cost of the receiver.

Table 6.6: Receiver’s cost.

Simple Bayonet
Φ = 2 Φ = 3

Tube
dimensions

Exterior �4 (mm) 25.00 50.00 75.00
�8 (mm) 22.60 47.30 71.93

Interior 34 (mm) - 34.87 60.34
38 (mm) - 31.83 57.28

Receiver
characteristics

Number of tubes per panel #C 55 27 18
Number of panels #? 18

Diameter �A (m) 8.5
Height �A (m) 10.5

Cost ("e)

Tube material
(�<0C4A80;)

Outer tube 0.309 0.349 0.399
Inner tube - 0.269 0.318

Coating
(�2>0C8=6)

Material 0.004 0.004 0.004
Application 0.192 0.189 0.189

Welds
(�F4;3)

Tube-to-header 0.158 0.078 0.052
Tube clip 0.277 0.136 0.091

Total receiver cost ("e) �<0C4A80; + �2>0C8=6 + �F4;3 0.94 1.02 1.05
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6.6 Conclusions

In this chapter, a new SPT receiver was described and discussed. The panels of this new
receiver are composed of bayonet tubes, i.e., formed by two tubes one inside the other, in
place of the circular tubes commonly used. Although the use of bayonet tubes as receiver tubes
in SPT plants is a novelty, their application in heat exchangers is extensive in several industry
sectors. In this chapter, the thermo-mechanical performance of the Gemasolar SPT receiver,
composed of simple circular tubes, was compared with that of a bayonet tube receiver. In
both receivers, the nitrate salt was the HTF and their tubes were made of Haynes 230.

A series of CFD simulations were performed to characterize a 3D bayonet tube under
steady-state conditions. The solar noon of the spring equinoxwas selected as the representative
day for the analysis. To perform a fair comparison of the bayonet and simple receivers, the
same heat rate of the molten salt per panel was set. To complete this comparison, different
configurations of bayonet tubes were studied, i.e: different ratios of areas and eccentricities.
The performance of the SPT receiver was enhanced when concentric bayonet tubes with
a smaller ratio of cross-section areas were analyzed, since the molten salt at the annular
section was flowing faster, improving the heat transfer and refrigerating better the tube walls.
Different aiming strategies were analyzed and the effect of use bayonet tubes were stood out
for concentrating incident heat flux with : = 3. The results showed that the eccentricity
improved more the performance of bayonet tubes, due to the resulting asymmetry of the flow
characteristics, which increased the heat transfer coefficient in the angular direction of the
tube where the solar irradiation is maximum, \ = 0>. This fact opened the possibility of
further reducing temperature gradients and the thermal stresses of the bayonet tubes while the
pressure drop was slightly reduced.

Despite the promising characteristics of the eccentric bayonet tube, its large pressure drop
might cause their rejection as an alternative to simple tubes in SPT receivers. For this reason,
optimization of the bayonet tube was performed, to size it for improving or equaling the
performance of a simple tube, without large pressure drops. Different design criteria were
proposed and discussed. The most promising was that where the axial velocity of the molten
salt at the annular section was equal to those reached by the simple tube, to obtain the same
erosion at the tube walls. Two different sizings of the bayonet tube were compared with the
simple tube, Φ = 2 and 3. In both cases, the concentric configuration of the tube had worst
performance than the simple, excepting but the eccentric configuration equal it. The initial
investment cost associated with these bayonet receiver layouts was estimated. The receiver
cost considered material, covering, and welds. The increase of outer tube diameter leads
to a decrease of the number of tubes per panel for the same panel width. This fact implies
a reduction of the number of welds, achieving lower welding costs. The bayonet receivers
obtain highest material cost because they are composed of two tubes. When both tube of
bayonet tube are made of Haynes 230, the total manufacturing investment of the bayonet
receiver is higher than that of the Gemasolar receiver. Nevertheless, as the inner pipe is not
thermal or structurally demanded as the external tube, other materials could be employed
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to manufacturing it. If the inner tube is made of stainless steel 316, the bayonet receiver
cost can be reduced, implying a reduction above 16.5% of the Gemasolar receiver cost. In
addition, the use of bayonet tubes allows reducing the manufacturing cost associated with tube
welding. Moreover, their higher efficiency can be used to diminish the corrosion rate of the
molten salt and eliminate some heliostats, reducing the cost associated with the heliostat field.
Thus, a smart design of a bayonet receiver can enhance the thermo-mechanical performance
of conventional receivers with a lower initial manufacturing cost of the receiver.

Appendix 6.A Influence of properties

Similarly to the analysis developed in Section 4.6.3 of Chapter 4, this appendix performs an
analysis to quantify the accuracy of the empirical correlation to characterize the convection
heat transfer of a molten sal turbulent flow under non-uniform heating. To study the sensitivity
of the results to the temperature dependence of the material properties and the circumferential
distribution of the heat flux, both have been varied independently to identify their effects in
the heat transfer. Based on these results, the experimental correlation, which has a lower
discrepancy with the numerical simulation, will be used in the analytical optimization model
to optimize the bayonet receiver. In this sense, the Nusselt number, #D, has been studied
through CFD simulations for a concentric bayonet and simple tubes. The concentric bayonet
tube is defined by an exterior tube with outer and inner diameters of 50 mm and 47.2 mm
respectively, while the analogous dimensions for the internal tube are 40 mm and 37.2 mm.
The simple tube has an outer diameter of 25 mm and a tube thickness of 1.4 mm. The length
of both tubes is set as 10.5 m. The main boundary conditions are similar to those described
in the previous section, viz: at the inlet of the molten salt, its mass-flow and temperature are
defined, these values are summarized in Table 6.2 for bayonet tube and Table 6.1 for the simple
tube, while at the outlet a pressure-outlet condition is imposed. The fluid is heated at the
outer surface of the exterior tube through an axially-uniform heat flux which circumferential
variation is provided by Equation 5.2. The value of @′′<0G employed in these simulations is
fitted to do that the total heat rate absorbed by the molten salt in all the cases is the same.

According to Chapter 4, the comparison between the uniformly-circumferential
distribution of the experimental convective coefficient with the distribution obtained in CFD
simulations shown a good agreement at the front side of the tube for |\ | < 75>. For this
reason, the Figure 6.14 the axial evolution of the Nusselt number is evaluated at \ = 0> in the
inner surface of the exterior tube for both tubes. The variable heating in the circumferential
direction is represented in the figure as solid lines, while the modeling of the properties is
represented through the color of the line, i.e., red for constant material properties and blue
for temperature-dependent properties. To analyze which experimental correlation is more
representative for the heating of the receiver tubes, the Nusselt number obtained in CFD
simulations is compared with those provided with the correlations, whose '4 and %A numbers
are evaluated at the mean temperature of the fluid. The selected correlations (viz. Dittus &
Boelter (1985), andGnielinski (1975)) are ones of themost used in the literature to characterize
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the convection heat transfer in an internal turbulent flow. For the bayonet tube, an experimental
correlation obtained for the annular concentric duct is employed, Dirker&Meyer (2005), since
the correlation of eccentric bayonet tubes scarce at the open literature. These correlations
are represented as black lines in the figure. Compared with the numerical simulations, the
correlation underestimated the convection heat transfer of the simple tube and overestimated
it for bayonet tubes. For the same conditions in numerical simulation and correlation, i.e:
axially- and circumferentially- uniform heat flux with no-temperature dependence of the
material properties, the Gnielinski correlation overestimates the Nusselt number around 3.4%
while the Dittus-Boelter underestimated the heat transfer around 11.5%. All the correlations
analyzed for the bayonet tube overestimated the heat transfer. As the difference between
the convective coefficient obtained with numerical simulations and empirical correlations
is contained in the uncertainty range of the experimental correlation, the selection of one
of these correlations to characterize the convection heat transfer of the tubes can be freely
chosen. Dittus-Boelter correlation has been selected since it is plenty used in the literature
and can be used for both tubes.
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Figure 6.14: Axial evolution of the Nusselt number, evaluated at the inner surface of the exterior tube
at \ = 0>, for cases with different properties modelization and circumferential heating.
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Chapter 7
Geometrical effect and

thermo-mechanical optimization of
bayonet receivers

The receivers tubes of Solar Power Tower (SPT) plants are subjected to high thermal gradients
produced by the concentrated solar radiation reflected by the heliostat field. These thermal
gradients, combined with the molten salt corrosion, can rupture the receiver tubes limiting the
operation of the plant. In the literature, different options have been considered to enlarge the
receiver tube’s lifespan. One of them is to design a new receiver whose layout enhances the
tube wall refrigeration and reduces the thermal gradients. In light of the results of the previous
chapter, eccentric bayonet receivers achieve a similar thermo-mechanical performance than
conventional receivers, with requiring lower manufacturing cost. This chapter further studied
through CFD numerical simulations the effect of eccentricity on the thermo-mechanical
behavior of the bayonet tubes, analyzing if there is an optimum eccentricity for the operation
condition of SPT receivers. The eccentricity breaks the asymmetry of the molten salt flow,
enhancing the heat transfer at the front side of the tube and improving the refrigeration of the
walls in this zone, which lead to an optimum value of the eccentricity. The pressure drop
of the whole tube is diminished with the eccentricity due to the friction factor. Based on
these results, this chapter reveals that there is a wide range of potential bayonet tube layouts
as a competitive alternative to conventional receivers. Besides, the reduction of the pressure
drop with eccentricity can enhance the design of eccentric bayonet tubes by reducing the tube
thickness and diminishing their thermal stresses. Finally, this chapter concludes by discussing
the range where the bayonet tube is advantageous from the thermo-mechanical point of view
over the simple tube for the same heating conditions.

7.1 Introduction

During the recent decades, the use of eccentric annular ducts in engineering applications
is grown, for example: cooling the rods of nuclear reactors, the extrusion of polymers
and plastics, the extraction of oil and gas, catheterized arteries, close-packed tubular heat
exchanger, or used to clean geothermalwells. The characterization of parameters that influence

203
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the tube performance is necessary to understand the physical behavior of the flow inside
annular passages. Many works have analyzed the turbulent flow and the heat transfer of a
concentric annular section, although the characterization of eccentric configurations scarce
in the literature. Some of the works more noticeable, where the authors attempted through
numerical or experimental methods the characterization of an eccentric annulus, are listed
next.

During the last 60 decades, the experimental characterization of the annular duct has
been investigating. Wolffe (1962) investigated the turbulent flow of air through an annular
passage generated in a pipe of a circular section in which a fixed core was placed. In this
work, the authors measured the air velocity and obtained its velocity pattern. Besides, for this
eccentric configuration, the velocity isolines were obtained. An experimental characterization
of friction factor was provided by Dodge (1963) for large diameter-ratio ducts. Kays & Leung
(1963) characterized the heat transfer of a turbulent flow in a concentric tube with a constant
heat rate experimentally. They provided an asymptotic solution, based on velocity and eddy
diffusivity profiles, for a wide range of Reynolds, Prandtl, and radius ratios. Jonsson &
Sparrow (1966) characterized the features of the turbulent flow field and pressure drop for
an eccentric annular duct. They varied the tube eccentricity from concentric configuration
until the walls of exterior and interior tubes were in contact. They stood out the reduction of
the friction drop when the eccentricity rises. Besides, they observed that the hydrodynamic
development lengths increase with the eccentricity. Kacker (1973) studied the turbulent flow
in a circular pipe that contained one or two rods. In this work, they checked the validity
of the universal low of the wall close to the rod wall through mean velocity measurements.
Besides, they reported the existence of secondary flows, which were around 1% of the mean
velocity. Nouri et al. (1993) measured the flow velocity components and their shear stresses
for Newtonian and non-Newtonian flow for concentric and eccentric annular ducts. Choueiri
&Tavoularis (2014) analyzed experimentally how gap instability is started in eccentric annular
channels and how a vortex street is generated and evolve for three different flow conditions:
laminar, transitional and turbulent. This work was completed in Choueiri & Tavoularis (2015)
where through additionalmeasurements, they discussed the effect of the eccentricity, Reynolds
number, the inlet conditions, and the radius ratio into the gap instability and gap vortex streets.

Concerning the analytical and numerical simulations works, Deissler & Taylor (1955)
characterized the heat transfer and the turbulent flow for an eccentric annular section through
an analytical model, which assumed that the velocity profile of the fluid inside circular tubes
could be applied for the annular passage along the normal direction to the bounding walls.
Usui & Tsuruta (1980) obtained the velocity distribution and the friction factor through a
model based on an analysis of turbulent flow for an eccentric passage, based on Kirchhoff
transformation. The authors compared with experimental measurements available in the
literature and discussed the accuracy of their model, which could not accurately predict the
secondary motion of the flow. They concluded this work stood out that the shear stress for
turbulent eccentric annular flow was similar to those obtained for a laminar flow.

Other authors tackled this problem through direct numerical simulations (DNS). Ninokata
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et al. (2005) solved the turbulent flow of an eccentric annulus channel with a DNS algorithm,
based on the finite difference method, to analyze the local laminarization of the flow near
the narrow gap region. Nikitin (2006) solved the Navier-Stokes equations in curvilinear
orthogonal coordinates through a numerical algorithm. This method was used to obtain the
mean velocity, secondary motion, and turbulence intensity of a turbulent flow of eccentric
annular duct for '4 = 4000. Besides, two different flow regimens were reported. Nikitin
et al. (2009) the turbulent heat transfer of eccentric annular tube was analyzed through a
DNS. The authors provided the temperature, velocity, and Reynolds stress tensor and stood
out their turbulence modeling for flows with partial turbulent regimes. Merzari & Ninokata
(2009) discussed the anisotropy associated with different Reynolds and eccentricities through
a numerical methodology based on LES, a fractional step algorithm, and boundary fitted
coordinates. They analyzed and discussed the behavior of the secondary flow for different
Reynolds numbers and eccentricities.

None of these works about eccentric annular ducts analyzed in detail how to affect the
eccentricity to the temperature distribution of the tube walls. Therefore, one of the goals
of the present chapter is characterizing the effect of the bayonet tube eccentricity into its
thermo-mechanical performance, which can be described through velocity, temperature,
convective heat transfer, pressure drop, and equivalent von Mises stress variables. The
conditions analyzed in this chapter are representative of the usual operation of an SPT receiver
and the geometry analyzed is the same as that of the optimized bayonet tube obtained in
Chapter 6, i.e., same area for circular and annular sections ('� = 1.0) and outer tube diameter
of 50 mm. Their dimensions are summarized in Table 6.4.

Once the influence of the eccentricity in tube performance has been widely discussed for
this reference geometry ('� = 1.0), the eccentricity characterization extends to several values
of '� ranging between 0.5 and 1.5. Values outside this range cause molten salt velocities
above to allow limits. The results of this analysis have been presenting in a map, where the
variable is represented in the function of the eccentricity (b) and the ratio of cross-sectional
areas ('�). From this map, it is possible to discover those bayonet tube layouts that maximize
its performance. The tube thickness plays a crucial role in the thermo-mechanical behavior
of the bayonet tube, residing their enhancement in the use of thinnest tubes. According to
Equation 6.3, the tube thickness depends on the operating pressure. The eccentricity reduces
the pressure drop regarding the concentric bayonet tube. Thus, the thickness of the eccentric
bayonet tube could be lower than the concentric configuration. In this chapter, a tube thickness
map, calculated from the pressure drop obtained through numerical simulations, is provided.
The optimum bayonet receiver layout will be resized with this new tube thickness. Finally, the
optimum bayonet receiver layout sized with concentric operating conditions is resized in the
function of eccentric operating conditions. Their results are compared with those obtained
for a simple tube under the same heating conditions to discuss the range where a bayonet tube
is an advantageous option over conventional receivers.

This chapter is organized as follows: in Section 7.2 the bayonet tube configuration is briefly
described. Section 7.3 contains the description of the thermal modeling of the bayonet tube,
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while the mechanical modeling is commented in Section 7.4. The different cases analyzed are
detailed in Section 7.5, while their principal results are shown and discussed in Section 7.6.
Finally, Section 7.7 contains the principal conclusions of this chapter.

7.2 System description

The thermal and hydrodynamical characterization of the bayonet tube has been performed
through a series of CFD numerical simulations for both the concentric and the eccentric
configurations. Its modeling was described in detail in Chapter 5. Thus, in this chapter, only
a summary of its principal characteristics has been reported.

It is essential to remind that the bayonet receiver is composed of two tubes, one inside
another. In the configuration analyzed in this chapter, inner bayonet configuration, the cold
HTF is pumped firstly through the interior tube, then returns through the annular section in
the gap between the exterior and interior tubes. The concentrated solar radiation absorbed
by the exterior tube is then transferred to the flow at the annular section. A fraction of this
heat is transferred through the interior tube walls to the flow inside this tube. Thanks to
this configuration, the bayonet tube allows reducing the overheating that appears on the face
where the solar radiation is maximum, \ = 0>. In an eccentric bayonet tube, the exterior and
interior tubes are not concentric and their axes are separated by a distance 4, as illustrates in
Figure 7.1. The eccentricity is defined in function of the hydraulic diameter (�ℎ = �8 − 34)
and the axis tubes separation as: b = 4/�ℎ . The eccentricity generates an asymmetry in the
flow, which locally increases heat transfer and also decreases the pressure drop.

Figure 7.1: Scheme and main dimensions of eccentric bayonet tube.

The bayonet tube is defined by an outer and inner diameter of the exterior tube, �4 and
�8 respectively, and the outer and inner diameter of the inner tube, 34 and 38 respectively.
Furthermore of the length of the tube, !, and the eccentricity, b. The end-cap of the bayonet
tube has been modeled as a flat cap and its height has been set equal to the hydraulic diameter.
The tubes of each panel are made with Haynes 230, whose properties have been modeled as
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temperature-dependent, with the exception of its density whose variation with temperature is
comparatively much smaller than the rest of properties, Fahrmann & Srivastava (2014) and
Haynes (2020). The HTF flowing inside the absorber tubes is nitrate salt commonly known
as solar salt, i.e. 60% wt #0#$3 and 40% wt  #$3, whose properties are obtained from
Zavoico (2001). The properties of both materials are listed in Table 5.1.

The thermo-mechanical behavior of the tube has been analyzed with an in-house code
written in MATLAB R19a software. Processing of results comprises the calculation of
averaged quantities, the determination of the heat rates, the molten salt convective coefficient,
and the calculation of the thermal stresses. The characterization of the convection heat transfer
is based on the methodology provided in Chapter 4.

7.3 Thermal characterization

Governing equations, numerical solution and computational mesh:

The governing equations, the employed computational mesh and their numerical solution are
similar to those described in Sections 5.3.2 and 6.2.1.

Boundary conditions:

A mass flow and temperature define the characteristics of the molten salt at the tube inlet.
Both are imposed through a mass-flow condition. The fluid temperature is set at 290 >� at the
tube inlet, while its mass flow is set to achieve a temperature of 565 >� at the receiver outlet.
For the bayonet tube layouts with an outer tube diameter of �4 = 50 mm this mass flow is
¤<1 = 5.683 :6/B. At the tube outlet, pressure-outlet conditions are selected. At the wall
surfaces in contact with the fluid, the non-slip condition is imposed for molten salt velocity.
As a result of corrosion produced by the HTF during the receiver’s previous operation, fouling
inside the tubes is generated. This fouling is also included in the models at the tube surfaces
in contact with the molten salt. These surfaces are thermally coupled with the fluid inside the
tube through the fouling resistance. For simplicity, the top and bottom cross-sections of the
tube are considered as an adiabatic surface.

The heat losses of the receiver tubes have not been considered, implying that themolten salt
completely absorbs the solar radiation reflected by the heliostat field. Due to the configuration
of external tubular receivers, the heat flux absorbed by the tube is not uniform and depends
on the angular position, \. Thus, the absorbed heat is maximum in the area of the receiver
oriented to the field of heliostats, \ = 0>, while in the rear side of the tube, |\ | > 90>,
residual heat flux is transferred from the reradiating surface and the surrounding tubes. This
residual heat flux can be neglected compared with the heat flux at the front side. Therefore,
an adiabatic condition has been imposed on the rear side. The circumferential variation of the
heat flux has been modeled with a cosine function. The variation with the axial coordinate,
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I, of the net heat flux is implemented in the simulation code through a user-defined function
UDF to characterize the height variation provide by the aiming strategy employed in the
heliostat field. The value provided by SPTFlux software for a heliostat field similar to the
Gemasolar SPT plant is considered as the maximum circumferential value, @′′<0G . The solar
noon of the spring equinox has been selected as the representative day for the analysis. An
aiming strategy of : = 3 has been considered for the heliostat field.

7.4 Mechanical characterization

As was described in Section 5.3.2.2, the mechanical characterization of the receiver tubes is
done through the analytical methodology presented by Laporte-Azcué et al. (2020), which
was developed to calculate the elastic thermal stresses of two-dimensional receiver tubes
under non-axisymmetrical temperature distribution and quasi-steady-state conditions. This
methodology employs the temperature field of the tube obtained with CFD simulations to
characterize under Generalized plane strain (GPS) conditions the elastic stress of the receiver
tubes under operating conditions. These GPS conditions allow the free axial expansion of the
tubes and are an excellent approach to the receiver tube’s displacement when clips restrict it.
The mechanical properties of Haynes 230 have been modeled as temperature-dependent and
have been obtained from Haynes (2020).

7.5 Simulation cases

In this section, the different cases analyzed in the chapter are listed. Firstly, the influence
of eccentricity on thermo-mechanical behavior has been studied. The tube performance
can be described through velocity, temperature, convective heat transfer, pressure drop, and
equivalent von Mises stress variables. In this investigation, the eccentricity is generated
through the movement of the interior tube to the rear side of the exterior tube.

The reference dimensions of the bayonet tube are those corresponding to the optimizing
layout obtained in Chapter 6. The tube length has been set as 10.5 m, while the outer
diameters of exterior and interior tubes have been established as 50 mm and 34.87 mm with
a tube thickness of 1.35 mm and 1.52 mm respectively. Several eccentricities ranging from
0.00 to 0.45 have been analyzed. The cases solved to characterize the effect of the eccentricity
are named �1 − �8 respectively and are summarized in Table 7.1. These dimensions are
analogous to those obtained in the optimizing bayonet tube with Φ = 2 and summarized in
Table 6.4.

Once the influence of the eccentricity for a bayonet tube with equal area in annular and
circular sections is studied, additional values of '� are analyzed to extend the knowledge
about bayonet tube performance and localize those points where this kind of tubes have better
performance than the conventional receivers tubes. Nevertheless, the results of these cases
could generate confusion about the optimum configuration of the bayonet tube since the tube
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Table 7.1: List of cases solved to characterize the thermo-mechanical behavior of bayonet tube,
in concentric and eccentric configurations, for different ratios of cross-sectional areas and different
thickness sizing criteria.

'� ASME �4
(mm)

�8
(mm)

34
(mm)

38
(mm)

b

0.00 0.10 0.20 0.25 0.30 0.35 0.40 0.45
Case

1.0 YES 50.00 47.30 34.87 31.83 A1 A2 A3 A4 A5 A6 A7 A8

0.5 YES 50.00 41.78 35.16 31.91 A9 A10 A11 A12 A13 A14 A15 A16
NO 50.00 47.30 39.61 36.57 N9 N10 N11 N12 N13 N14 N15 N16

0.8 YES 50.00 46.87 36.26 33.21 A17 A18 A19 A20 A21 A22 A23 A24
NO 50.00 47.30 36.58 33.54 N17 N18 N19 N20 N21 N22 N23 N24

1.5 YES 50.00 47.52 31.83 28.80 A25 A26 A27 A28 A29 A30 A31 A32
NO 50.00 47.30 31.70 28.66 N25 N26 N27 N28 N29 N30 N31 N32

thickness plays a crucial role in its performance due to the heat accumulation inside tube
walls. Therefore, different criteria to size the tube thickness have been considered to isolate
the effect of the eccentricity and the tube thickness.

Two sizing criteria have been applied to this set of simulations. For the cases named as
#8 , the tube thicknesses are set equal to those of the nominal case, while it is adapted to the
operating conditions of concentric bayonet receiver, according to Section 8 of Boiler et al.
(2013), for the cases named �8 . To illustrate the change of the exterior tube thickness with
the ratio of cross-sectional areas, the Figure 7.2 has been developed. This figure shows that
the tube thickness grows when '� reduces due to the enlarges of the molten salt velocity at
the annular section. Thus, the pressure drop associated with this configuration is rising.
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Figure 7.2: Map of the tube thickness in function of the eccentricity and ratio of cross-sectional areas
and calculated according the operating condition of the concentric bayonet tube.
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7.6 Results and discussion

7.6.1 Influence of eccentricity

A series of numerical CFD simulations have been carried out to understand how the
eccentricity of a bayonet tube affects the behavior of the fluid and the tube material. In
these simulations, the eccentricity is varied from a concentric position, b = 0.0, until the more
eccentric configuration where the walls of exterior and interior tubes are in touch, b = 0.5.
From these simulations, the hydrodynamical and thermal fields of molten salt flow have been
used to reveal the nature of eccentric bayonet tubes. The heat transfer and the pressure
drop have been provided to complete its thermal characterization. Besides, the effect of the
eccentricity on the thermal stress has been discussed.

7.6.1.1 Hydrodynamics

The axial velocity can be qualitatively described thanks to the contours map shown in
Figure 7.3. These contours maps have been obtained for concentric (Figure 7.3 (a)) and
eccentric configurations of bayonet tubes (Figure 7.3 (b),(c)) and are evaluated at different
heights. Due to the different directions of the molten salt flow, which is ascendant for the
circular cross-section and descendent for the annular cross-section, the absolute value of axial
velocity is represented. For the simulations carried out in this chapter, the cold molten salt is
pumped at 290 >� in the circular section, I = 0 m, circulates through the interior tube, and
then returns through the annular section between the interior and the exterior tubes, exiting
at I = 0 m through the annular area. Due to this configuration, the heating effect is more
noticeable at the annular section outlet since the non-uniform temperature distribution of the
molten salt affects the material properties. This fact is that at the front side of the annular
section, the fluid density and viscosity are reduced compared with colder zones, generating a
local acceleration of the molten salt flow in the hottest points.

When the interior tube is moved to the rear side of the exterior tube (\ = 180>), the
symmetry of the axial velocity reached in the concentric configuration is broken, generating
a zone of maximum velocity at the front side of the tube. As the eccentricity rises, the area
of maximum velocity grows. Simultaneously, the narrow gap between pipes at the backside
reduces its size, causing a diminution of the fluid velocity in this region. For the molten
salt flow at the interior tube, the maximum velocity is located at the tube axis, independently
of the eccentric configuration of the bayonet tube. Besides, the effect of the properties can
be appreciated more effortlessly since the zone of maximum velocity at the interior tube is
slightly increased as molten salt is heated along the tube length.

To illustrate how they affect the axial velocity, the eccentricity, and the molten salt
properties, the height evolution of the maximum velocity reached by the fluid at circular and
annular cross-sections is represented in Figure 7.4 (a). At the annular cross-section, the axial
velocity of the molten salt changes during the entry region, I > 9.5 m. The hydrodynamic
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Figure 7.3: Axial velocity contours obtained at different height for: (a) Concentric bayonet tube
(b = 0.00), and eccentric bayonet tubes (b) b = 0.20, (c) b = 0.40. Simulated cases: �1, �3 & �7.

entrance length increases with eccentricity. Once the fluid is hydrodynamically developed, the
maximum velocity grows progressively. Its growing slope is associated with the dependence
of the properties with the temperature. The maximum value of this variation is 5.1%, and it
is reached for the concentric configuration (b = 0.00) since it achieves the most considerable
variation into the molten salt density due to its highest temperatures. Eccentric cases reach
lower local temperatures at the front side of the tube than concentric configuration, leading
to a softer height variation of the axial velocity since the molten salt density and viscosity
do not change substantially. For lower eccentricities (b ≤ 0.1), the axial velocity increases
around 9.1% compared with concentric configuration. This increase rises two times for larger
eccentricities. Whether the maximum axial velocity is compared for eccentric designs above
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b > 0.2, their values barely change, being the maximum variation in this range around 2.3%.

Independently of the bayonet tube configuration, the height evolution of the maximum
axial velocity reached for the circular cross-section is similar for all the cases studied in this
chapter. The overlapping of the axial velocity curves reveals that the eccentricity does not
affect the velocity distribution sensibly inside the interior tube. This fact is due to the fluid
temperature difference associated with the eccentricity, which does not cause a significant
variation of the molten salt properties between cases. Besides, Figure 7.4 (a) allows knowing
the hydrodynamic entrance length for the circular section. After this point, the maximum
velocity in this area grows slightly as the density and viscosity reduction. The maximum
variation of the molten salt velocity, once fully developed, at circular cross-section is 0.06%.

In light of the previous results, the molten salt velocity grows due to the eccentric
configuration of the bayonet tube, which generates a region where the separation of the
exterior and interior walls produces an attenuation of the shear stress. Figure 7.4 (b) shows
the radial evolution of axial velocity of the molten salt at the annular cross-section. In this
figure, the velocity is evaluated at \ = 0>. It is represented in the function of the dimensionless
radial position, A . This variable ranges 0 and 1, where 0 is for the outer surface of the interior
tube and 1 is for the inner surface of the exterior pipe. The radial profile of axial velocity
is split into two figures. For one side, the different configurations of the bayonet tube have
been evaluated at the same height to characterize the impact of eccentricity. On another side,
the concentric configuration of the bayonet tube is used to investigate the influence of the
properties in several heights.

The effect of the eccentricity stands out in the annular passage at \ = 0>. The axial
velocity evaluated at I = !/2 and \ = 0> is represented for several eccentricities in the top of
Figure 7.4 (b) to illustrate this fact. This figure shows that the velocity profile scales for the
different eccentric configurations. The maximum differences achieve at A = 0.5, where the
influence of the tube walls is minimal. These values are the same as those reported previously
during the height variation of the maximum axial velocity. If the axial velocity profile is
dimensionless with the peak local velocity, an overlap of the curves is observed, agreeing with
the velocity profiles obtained experimentally in Nouri et al. (1993).

Figure 7.4 (b) shows the axial velocity profile achieved for concentric bayonet tube at
\ = 0> and evaluated at several heights to discuss the influence of the properties variation into
the molten salt velocity. Themodification of the local axial velocity is noticeable for the whole
radial position due to the local temperature distribution. The influence of properties variation
is stood out in those points with higher velocities and temperatures, A = 0.5. The concentric
configuration achieves the highest velocity variations due to the properties modification at
annular passages. The local axial velocity experiments a grown lower than 5% for the annular
section, and it is reducing as the temperature diminishes.

To conclude the analysis of the axial velocity at annular passages, the maximum velocity,
evaluated at \ = 0> and 180> for different heights, is represented in the function of eccentricity
in Figure 7.5. As previously commented, the influence of the properties on the fluid velocity
is mitigated as the eccentricity rises because the molten salt’s temperature is diminished.
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Figure 7.4: Velocity distributions for several eccentricities: (a) Height evolution of the maximum
axial velocity reached at annular (top) and circular (bottom) cross sections, (b) Distribution of local axial
velocity along the transversal position evaluated at annular (top) and circular (bottom) cross sections at
I = !/2. Simulated cases: �1, �2, �3, �5, �7 & �8.

From I = 10.5 m, inlet of the annular passage, to I = 0 m, bayonet tube outlet, the molten
salt is progressively heated, reducing its density increasing its velocity. For each height
analyzed, the axial velocity at \ = 0> reaches a peak, whose evolution with the eccentricity
reveals the existence of a value that maximizes the fluid velocity at the annular passage named
b>?C . Nevertheless, this optimum eccentricity change as the fluid is heated, moving from
b>?C = 0.45 at I = 9 m to b>?C = 0.35 at I = 1 m. This variation of the optimum eccentricity
is negligible since the axial velocity variation is lower than 0.9% of the peak value. At the
rear side of the tube, the opposite phenomenon happens. When the interior tube moves to
the exterior tube backside, space is reduced, obtaining a narrow gap for pronounced eccentric
configurations. This fact generates a deceleration of the molten salt at the rear region as
the eccentricity grows, as shown in Figure 7.5. This situation is unfavorable since the heat
transfer of the rear side is limited with the eccentricity due to the block effect of the interior
tube, which causes the backside temperature to barely changes along with tube height. Thus,
eccentric configuration contributing to increasing the non-uniform temperature distribution
into the tube walls, directly related to the thermal stresses as was discussed in Marugán-Cruz
et al. (2016).

Aswas discussed in Bradshaw (1987), the Reynolds-stress gradients can generate vorticity.
The anisotropy of Reynolds-stress caused by the annular cross-section of the bayonet tube
induces a secondary motion, which is composed by a pair of vortexes on each side of the
symmetry plane. These vortexes transfer the momentum of the fluid from the broad front
side, when it is high, to the narrow gap located at the rear side. The fluid momentum is
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Figure 7.5: Evolution of maximum axial velocity evaluated at (top) \ = 0> and (bottom) \ = 180> in
function of the tube eccentricity. Simulated cases: �1-�8.

transferred through the midline of the gap, and then it returns through the duct walls. This
phenomenon was numerically obtained by Nikitin et al. (2009) and experimentally by Nouri
et al. (1993). However, the transferred direction reported by the last does not agree with
the typical turbulent flow in non-circular passages. The secondary motion grows with the
eccentricity, locating the peak for the largest eccentric configuration. Although in the function
of the height evaluation, the value might changes. In the literature, the different authors report
that the secondary motion is around 1% of the bulk velocity.

7.6.1.2 Pressure drop

A beneficial effect of the bayonet tube is the reduction of the pressure drop with the rise
of the eccentricity. This fact is due to the diminution of the friction factor in the annular
passages. This phenomenonwas reported in the literature through numerical and experimental
analysis, as explained in Section 7.1. The total pressure drop of the tube is separated into the
contributions of annular and circular passages and the end-cap to understand further and clarify
the contribution of each zone. Figure 7.6 illustrates the evolution of the pressure drop in the
function of eccentricity. The pressure drop of the interior tube is constant with the eccentricity
since it does not affect sensitively to the temperature distribution of the inner tube. Due to
this fact, the acceleration of the molten salt flow, associated with the reduction of density and
viscosity with temperature, is imperceptible, as was explained in the previous section. The
pressure drop almost does not change, keeping a value around 0.85 bar independently of the
eccentric configuration, which represents a 26.6% of the total pressure drop of the concentric
bayonet tube, and it rises until 29.3% for the most eccentric configuration studied in this work.

Similar behavior is observed for the end-cap of the bayonet tube for eccentric
configurations under b = 0.3. Higher values are leading to an increase of the pressure
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drop due to the rise of flux complexity at the entry region into the annular passages. This fact
causes that for larges eccentricities, the pressure drop increases around two times compared
with the concentric configuration, rising from 0.15 bar in the concentric configuration to
0.30 bar for an eccentricity of b = 0.45. The contribution of the end-cap to the total pressure
drop is ranging between 4.2% and 10.4%. In the annular cross-section, two different effects
are observed at the same time: a rise of local velocity and a reduction of the friction factor.
The local velocity increases would generate an augment into the pressure drop at the annular
section, although the diminution of the friction factor compensating this and producing a
reduction of the pressure drop. The concentric configuration achieves an annular pressure
drop of 2.6 bar, and it is reduced around 30.8% for the largest eccentric configuration.
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Figure 7.6: Evolution of the pressure drop components in the function of the eccentricity of the
bayonet tubes. Simulated cases: �1-�8.

7.6.1.3 Convection heat transfer

The convective coefficient has been obtained using Newton’s law of cooling and the results of
the CFD simulations, according to the procedure described in Section 4.3.1.5 of the Chapter 4.
The heat transfer coefficient has been calculated through the bulk temperature of the molten
salt at the annular section, )̄0= (I), the film temperature of the HTF at the inner surface of the
outer tube, T(A = �8/2, \, I), and the absorbed heat flux, @′′

01B
(A = �8/2, \, I).

Figure 7.7 (a) shows the axial evolution of the convection heat transfer coefficient of the
inner surface of exterior bayonet tube (ℎ0=), evaluated at \ = 0> for several eccentricities
and an aiming strategy of : = 3.0. From a qualitative point of view, the height evolution of
the heat transfer coefficient at \ = 0> depends on the relation between the axial distribution
of the temperature difference between bulk and local temperature and the heat flux. In the
first half of the tube, the heat transfer coefficient is progressively increased until it peaked
near the half-height since the temperature difference and the heat flux value are maximum.
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After this point and until the top of the tube, the heat transfer is progressively augmented
since the difference between film and bulk temperatures grows due to the molten salt arrive
colder from the interior tube. As the heat flux distribution, employed to simulate the solar
radiation reflected by the heliostat field, and the dimensions of the tube are identical for
each simulation, the heat transfer coefficient variation between cases is caused principally
due to the eccentricity. The convection heat transfer is enhanced due to the rise of local
molten salt velocity generated in eccentric configuration, leading to an increase of the molten
salt turbulence and improving the heat transfer in the annular section, which is the main
responsible for mitigating the large temperature achieved in the front side of the outer tube
surface. The eccentricity allows increasing the heat transfer coefficient of concentric bayonet
tube configuration between 12.1%−26.1%which is reflected into thermo-mechanical behavior
of the absorber tube.

To complete the characterization of the convection insider the bayonet tube, its
circumferential distribution is shown for different values of b in Figure 7.7 (b). The figure
curves are evaluated at the half tube, I = !/2 for the cases �1, �2, �3, �5, �7 & �8. The
most striking aspect of the figure is the discontinuity of the convective coefficient, which is
located in 75> < |\ | < 110> and its negative value for |\ | > 110>. These facts are due to a
mathematical artifact since, in those points, the film temperature of the interior surface of the
outer tube is close to the bulk molten salt temperature in the annular section. The influence of
the eccentricity is accentuated at |\ | < 50> in the front side of the tube. As explained above,
when the interior tube is moved to the rear side, the symmetric velocity distribution of molten
salt is broken, generating a high-velocity zone near the most thermally demanded zone. This
fact is observed in the circumferential distribution of the heat transfer coefficient, where the
heat transfer coefficient enhanced as the local velocity is increased.

For the largest eccentricities, the heat transfer coefficient is overlapped, and the existence
of an optimum eccentric configuration might not be appreciated. The evolution of the heat
transfer coefficient is represented in the function of the eccentricity in Figure 7.8. As the
eccentricity affects directly the local convective heat transfer in circumferential and axial
directions, to characterize its influence, two height-average heat transfer coefficient of the
annular section, ℎ0=, are calculated for a point located at \ = 0> and for a region at |\ | ≤ 50>.
Besides, the circumferential-average at |\ | ≤ 50> is calculated at I = !/2. Similar to the
peak axial velocity, the convective heat transfer is maximum for large eccentricities. Although
from b > 0.35 the difference

7.6.1.4 Temperature distribution

The influence of eccentricity on the hydrodynamic and heat transfer behavior of the bayonet
tube, which was discussed in previous sections, is reflected in its thermal performance, as
observed in the contours maps of Figure 7.9. These contours maps have been obtained for
concentric (Figure 7.9 (a)) and eccentric configurations of bayonet tubes (Figure 7.9 (b),(c))
and are evaluated at different heights. The molten salt flows first at the interior tube, where
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Figure 7.7: Heat transfer coefficient obtained at the inner surface of the exterior tube for several
eccentric configurations. (a) Axial evolution at \ = 0>, (b) circumferential distribution evaluated at
I = !/2 from the tube inlet. Simulated cases: �1, �2, �3, �5, �7 & �8.
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it entries at 290 >� and returns through the annular passages. The structure of the external
tubular receiver causes that the absorbed heat flux has a non-uniform distribution. This fact
is lead to the thermal field as can be observed in Figure 7.9, where at the front side of the
tube (|\ | < 90>) the larges temperatures are achieved. Due to the configuration of the bayonet
tube, the highest difference between molten salt temperatures between annular and circular
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cross-sections is located close to the inlet/outlet of the duct, since the cold molten salt arrives
at the interior tube while the hottest HTF exit through the annular passages at the same
position. As the molten salt is moved towards the top of the pipe, the temperature difference
is progressively diminished until a similar distribution is reached at the end-cap.

Both tubes, interior, and exterior do not have the same behavior since both are not subjected
to the same conditions. The temperature distribution of the inner pipe is more softly since the
surrounding molten salt is at a similar temperature doing that the tube temperature gradient is
tinny, while the outer tube has the highest temperature gradients. As the operating conditions
of the interior pipe are lower demanding than those achieved at the outer tube, the inner duct
can bemanufacturedwithmaterialswhichworse properties and lower price than the outer tube.
The demanding operating conditions of the external tube forces the use of resistant materials
due to its high thermal gradients, which are most accused at the front side, |\ | < 90>. Due to
the eccentricity, the convection heat transfer is enhanced nearby to themost thermal demanding
zone, \ = 0> as a consequence of an increase of local velocity in the vicinity. This fact reduces
the local temperature distribution for the molten salt of the annular cross-section and the walls
of the outer tube when the eccentricity rises. The temperature distribution achieved at the
rear side is similar to those reached at the circular cross-section since the pipe blocks the heat,
which would be driven to the narrow gap through molten salt convection. Independently of
the considered eccentric configuration, the maximum temperatures are located at the outer
tube surface, where the heat flux is peaked, and they are mitigated as the position is moved
through the rear side.

Figure 7.10, the axial evolution of the molten salt bulk temperatures for annular and
circular cross-sections is represented for several eccentricities. The curves represented in this
figure belong to the cases �1, �2, �3, �5, �7 and �8. Due to the configuration of the bayonet
tube, the cold molten salt can entry to the pipe through the annular or circular cross-sections.
Based on the previous chapters’ results, the HTF entrance through the interior tube is slightly
more beneficial. For this reason, the inlet of the molten salt is set for this chapter in the
circular cross-section. Therefore, the cold molten salt flows first through the interior pipe,
where progressively increases its temperature thanks to the heat absorbed from the annular
passage. Once the molten salt arrives at the top of the tube, thanks to the end cap, it flows
back through the annular section, where the heating rate is more accentuated than the interior
tube, doing that its temperature experiments a grown higher than the circular passages.

For the concentric configuration of the bayonet tube, the molten salt temperature grows
4.4 >� in the interior pipe, while this increase of temperature is reducing until 2.6 >� in the
largest eccentric configuration studied in this work, b = 0.45. This reduction of temperature
is caused due to the interior tube is moved away from the heat source as the eccentricity
rises. Based on these results, and due to the tinny temperature increase in the inner tube, the
numerical model of the bayonet tube could be simplified, analyzing only the annular passage
and substituting the flow of the molten salt in the interior duct by an average temperature and
an overall heat transfer coefficient. This simplification was employed in Pérez-Álvarez et al.
(2018), Pérez-Álvarez et al. (2019a) and Pérez-Álvarez et al. (2019b) where the molten salt



7.6. Results and discussion 219
T	( oC

)

300
325
350
375
400
425
450
475

T	( oC
)

300
325
350
375
400
425
450
475

T	( oC
)

300
325
350
375
400
425
450
475

(c)	ξ=0.40

(b)	ξ=0.20

(a)	ξ=0.00

z	=5	m z	=9	mz	=1	m

Figure 7.9: Temperature contour maps obtained at different height for: (a) Concentric bayonet tube
(b = 0.00), and eccentric bayonet tubes (b) b = 0.20, (c) b = 0.40. Simulated cases: �1, �3 & �7.

flow was analyzed on annular cross-sections. For other materials, as liquid metals, it would
be necessary to examine the validity of this simplification. The temperature augment of the
molten salt is the same for each bayonet tube analyzed, Δ) = )>DC − )8= = 37.6 >�, since
their absorbed heat and the molten salt mass flow are the same for all the cases. However, the
absorbed heat rate differs due to the inlet temperature of the annular passage changes slightly
with the eccentricity while the outlet temperature is the same. This fact implies that eccentric
configurations can achieve a higher temperature increase than concentric bayonet tubes for
the same operating conditions in the annular passages. These results show that the thermal
performance of the bayonet tube is enhanced with eccentricity.
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Figure 7.10: Height evolution of the molten salt bulk temperature for several eccentricities. Simulated
cases: �1, �2, �3, �5, �7 & �8.

In light of the results of Figure 7.9, themost demanding zone is the outerwall of the exterior
tube. For this reason, the axial and circumferential evolution of the maximum temperature
is discussed and analyzed in Figure 7.11. As was explained in the previous chapter, the
axial evolution of the tube temperature is directly related to the height distribution of the heat
flux, which depends on the aiming strategy employed in the heliostat field. The maximum
temperature is located at the exterior surface of the outer tube at \ = 0>. Figure 7.11 (a)
shows the axial evolution of the maximum temperature, obtained for several eccentricities.
The curves of this figure represent the cases �1, �2, �3, �5, �7 and �8. For the concentric
configuration of the bayonet tube, b = 0, the peak of temperature is achieved at I ≈ !/2, and it
has a value of 595.5 >�. At the upper and bottom tube zones, the temperature is reduced more
than 132 >�, due to in these positions, the incident radiation is considerably diminished. The
top of the bayonet tube reaches the lower axial temperatures at \ = 0>, being below 400 >�

since the refrigeration of the tube walls is enhanced due to the capability of molten salt to
store more heat when it has a lower temperature.

The increase of the molten salt velocity at the front side of the annular cross-section,
which is generating by the eccentricity, causes an improvement in the refrigeration of the
exterior tube walls, reducing their temperatures. Compared with the concentric configuration
of the bayonet tube, the tiny eccentricity studied in this chapter, b = 0.1, allows reducing
the maximum tube temperature around 2.42%. While for one of the largest eccentricities,
b = 0.4, this reduction rises until 4.62%, which represents a decrease of 27.5 >� in the
maximum tube temperature. These temperature reductions might be insignificant they could
lead to an essential difference in the creep damage of the SPT receiver tubes. Besides, the
influence of eccentricity is clearly observed at the outlet side (I = 0 m), where the eccentricity
reduced until 8.1% the temperature reached in the same point for a concentric configuration,
passing from a peak temperature of 463.2 >� for concentric bayonet tube to a temperature of
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425 >� for b = 0.45. From thermal point of view, these results allow concluding that exist an
optimum configuration of bayonet tube located around b = 0.4, although the differences with
the largest eccentricity are smaller.

In Figure 7.11 (a) the circumferential distribution of the outer surface temperature is shown
for different configurations of bayonet tube. These curves are evaluated at I = !/2 from the
tube inlet. Due to the receiver configuration, one part of the tube faces the heliostats field while
the other one is facing the reradiant wall. For this reason, the maximum temperature of the
tube is located at the front side of the outer surface (\ = 0>), while the minimum temperature
is located at the rear side (|\ | = 180>). The circumferential profile of the absorbed heat flux
leads to the non-axisymmetric temperature distribution. The behavior described for the axial
variation of the maximum temperature is extrapolated to the whole front side of the tube,
|\ | < 75>. The influence of eccentricity is noticed in the front side for |\ | < 50>, although its
effect is more accused at \ = 0>.
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Figure 7.11: Wall temperature distribution for concentric (b = 0) and eccentric bayonet tubes (b >
0): (a) Axial evolution of the maximum outer surface temperature achieve for the exterior tube, (b)
circumferential distribution of the exterior tube outer surface temperature. Simulated cases: �1, �2,
�3, �5, �7 & �8.

To discuss how the wall tube temperature changes with the eccentricity, it has been studied
for interior and exterior tubes at different heights, as shown in Figure 7.12. For each pipe, the
local temperature is evaluated at \ = 0> and 180>, since in those points, the minimum and
maximum values are achieved. According to Rodríguez-Sánchez et al. (2018), the axial stress
is principally caused by the difference between the maximum and bulk tube temperatures.
The thermal characterization of the eccentric bayonet tube is completed with the average
temperature of the tube cross-section is provided. Figure 7.12 (a) shows the evolution with
the eccentricity of the exterior tube temperatures, while in Figure 7.12 (b) the analogous
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results for the interior tube are represented.

For the outer tube, the maximum temperatures are located at \ = 0> in the front side and,
for the different height represented in this figure, are achieved at I = 5 m since at this point the
heat flux is highest. The peak temperature is 594.5 >�, and it is obtained for the concentric
configuration. Thanks to the eccentricity, this temperature could be reduced until 4.8% with
the largest value considered in this chapter, b = 0.45. Similar behavior is observed nearby
the tube inlet/outlet, where the temperature is reduced around 8.1% passing from 470.7 >�

achieved at the concentric configuration to 432.6 >� in the highest eccentric configuration,
b = 0.45. At the top of the tube, the eccentricity reduces the temperature around 2.4%, which
means a diminution of 10.4 >� of the temperature achieves in the concentric configuration.
The temperature reduction is not linear with the eccentricity. For values below b < 0.25
the temperature is reduced around 25.6 >� while from b = 0.25 to 0.45 the temperature
changes 2.8 >�. At the rear side, the minimum temperature of the outer tube, which is
located at \ = 180>, is reduced with the eccentricity due to the block effect of the inner
pipe. The highest temperatures are achieved for the concentric configuration, and the peak
of temperature is located nearby to the inlet/outlet of the tube, and it is 4.7 >� higher than
the molten salt temperature at the inlet. For an eccentric configuration of b = 0.45, the
temperature at the same point is 291.2 >�, which implies a temperature attenuation of 1.2%
respect to the temperature achieve at concentric configuration. This fact leads to an increase
in the non-uniform temperature distribution, which might be unfavorable from a mechanical
point of view.

The evolution of the average temperature evolution with the eccentricity is similar to those
reported for the outer tube at \ = 0>. However, the temperature reduction with the eccentricity
is slightly lower. The largest temperatures are achieved at the concentric configuration in the
point where the heat flux is highest, I = 5 m, and it is reduced with the eccentricity until
9.0 >�. The effect of the eccentricity on the average temperature is more notorious nearby the
inlet/outlet, where the temperature of the concentric configuration is decreased until 11.2 >�.

One of the main characteristics of the inner tube is the reduction of the non-uniform
temperature distribution inside tube walls, as can be observed in Figure 7.12 (b). This fact is
stand out if the temperature of both tubes is compared. The exterior pipe achieves temperatures
of 600 >� while the inner tube has a peak of 350 >�. Besides, the location of both peaks
differs. While the outer tube achieves the highest temperature at the middle of the tube, this is
reached at the tube inlet/outlet for the interior pipe. This difference is due to the heating tube
mechanism, which is based on the heat flux for the outer tube while the inner tube is heated
due to the surrounding molten salt of the annular cross-section. Due to the eccentricity, the
molten salt around the inner tube is colder as the interior tube is nearby to the outer tube wall.
This fact is translated to the temperature distribution, where it is maximum for the concentric
configuration. The eccentricity implies a temperature reduction around 26.6 >�. The most
significant values are located at the tube inlet since, in this zone, the molten salt temperature
at the annular cross-section is highest. As the site is closed to the tube top, the molten salt at
the annular section reduces its temperature, and the heating of the inner tube is mitigated. At
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the rear side, the tube’s temperature is reduced as the eccentricity grows due to the reduction
of the narrow gap in this zone. This fact causes that the temperature of both tubes is similar
at this point. The reduction of the maximum and minimum temperatures is reflected in the
average temperature. The most significant value obtained in the outer tube is reduced around
70 >� in the interior tube. This fact causes that from a mechanical point of view, the external
tube is more demanded than the interior pipe.
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Figure 7.12: Evolution of the local temperature in function of the eccentricity for: (a) Exterior tube,
(b) Interior tube. Curves evaluated at different heights and obtained at \ = 0> (top), 180> (middle) and
cross-section average (bottom). Simulated cases: �1-�8.

7.6.1.5 Thermal stress

In light of previous results, the outer tube is the most demanded element from a
thermo-mechanical perspective. For this reason, in this section, only the outer tube has
been mechanically analyzed. First, the different components of mechanical stress have been
analyzed for a concentric bayonet tube. The stress field of bayonet tube under GPS conditions
is composed by the superposition of the axial (fI), radial (fA ), circumferential (f\ ) and shear
(gA, \) stress components. To illustrate their distribution, a contour map of each component,
evaluated at I = !/2, is represented in Figure 7.13.

Due to thermal expansion of the tube, partially restricted by clips, two zones are
differentiated in the function of the axial stress response of the tube: compression (fI < 0)
and traction (fI > 0) zones. The minimum value of axial stress is located at the outer surface
on the front side, while the maximum is achieved at the rear side. For the radial stress, shown
in Figure 7.13 (b), the compression zone is located at the rear side since due to the move of
the tube associated with its thermal expansion, this section is compressed, while at the front
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side, a traction behavior is observed. The value of the radial stress is three magnitude order
lower than axial stress. Figure 7.13 (c) shows the circumferential stress field. The maximum
and minimum values are respectively located at the inner and outer surface of the front side
of the tube, while the rest zone of the cross-section kept a uniform value. The values of the
shear stress, represented in Figure 7.13 (d), are of same magnitude order to those achieved in
the radial stress. Values close to 0 are achieved at \ = 0> and 180> while the minimum and
maximum values are located at |\ | ≈ 90>.

These contours maps agree with those reported in Laporte-Azcué et al. (2020). From
these contours, the relevance of the axial stress component is stood out. The compression
stress reached at front side, blue area in Figure 7.13 (a), is above 6 times higher than the others
stress components.
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(fA ), (c) Circumferential stress (f\ ), (d) Shear stress (gA, \). Evaluated at I = !/2. Simulated case:
�1.

As the absorber tube has a multiaxial stress-state, the equivalent von Mises stress (f+ " )
is used to consider whole stress components in the mechanical analysis. Its expression
is summarized in Equation 2.21. The von Mises stress inside the tube walls is shown in
Figure 7.14 (a) to illustrate its distribution through a contour map, which is represented for
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a concentric bayonet tube and is evaluated at I = !/2. From a qualitative point of view, the
von Mises stress achieved in the exterior tube walls can be organized in three zones: i) zone
with maximum stress (located at the front side), ii) area with values close to 0 (located at
|\ | ≈ 75>) and iii) uniform distribution at the rear side. This distribution is similar to those
reported for the axial stress since it is the largest stress component, and its contribution is the
most significant to von Mises stresses. The stress distribution is higher at the outer surface of
the tube wall. The maximum value is 621.06 MPa, and it is reached at \ = 0> on the front
side. As the angular position is moved to the rear side, the von Mises stress is progressively
reduced, reaching a minimum of 3.7 MPa at |\ | ≈ 75>. After this point, the von Mises stress
grows until it reaches a uniform distribution around the value of 293 MPa.

To further understand the mechanical behavior inside the tube walls, the radial distribution
of the stress components in the most demanding zone, which is located at \ = 0>, has been
studied. As example, this is shown in Figure 7.14 (b) for a height of I = !/2. The radial
position is ranging between 0 and 1, which are the inner and outer radius, respectively. Due to
the different magnitude order of the stress components, the curves are dimensionless with their
maximum absolute value to observe their distribution without scale effects. The radial (fA )
and shear (gA , \ ) stresses have a parabolic shape. Both are peak at the half-thickness, Ā = 0.5,
and their values decrease as the position is close to the tube walls. The radial component
experiments a compression in these regions, which is associated with the displacement and
deformation of the tube. At \ = 0>, the value of the shear stress is negligible compared with
other components of stress. The circumferential component (f\ ) has a linear evolution with
the radius, which is positive at the Ā = 0 and decreases until it reached a minimum at the outer
wall. Besides, this component is equal to zero at Ā = 0.5. The axial stress (fI) has a behavior
of pure compression, peaking its value at the outer radius of the tube. The von Mises stress
has a linear evolution along Ā . At the outer radius, its value is similar to those achieved in the
axial stress, while the difference is accentuated as fI is mitigated.

As the von Mises stress is higher at the outer tube surface, after this point, the mechanical
behavior of the tube will be represented by the equivalent stress at this surface. The axial
evolution of the von Mises stress, which is evaluated at \ = 0>, is shown in Figure 7.15 (a)
for several eccentricities. Through this figure, the effect of the eccentricity on the mechanical
performance of the bayonet tube is discussed. The shape of the incident heat flux is translated
to the temperature and stress axial distributions. For the aiming strategy employed in this
chapter, : = 3, the sunlight concentration is maximum in the tube center and is progressively
reduced at the bottom and top. As shown in the figure, when the eccentricity grows, the
equivalent stress distribution is diminished since the convection heat transfer is increased due
to the HTF flowing faster at the front side of the tube, enhancing the refrigeration of the
tube walls. This fact reduces the non-homogeneous temperature distribution and its thermal
stresses. For each configuration of the bayonet tube, the maximum stress is located at the
half-length of the tube, I = !/2. The highest equivalent stress is reached for the concentric
configuration, 621.06 MPa, and it can be reduced until 8.2% thanks to the eccentricity.
From b > 0.25, the peak of equivalent stress almost changes, passing from 575.5 MPa at
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Figure 7.14: For concentric bayonet tube: (a) contour map of von Mises stress, (b) Radial evolution
of the dimensionless stress components (<0G( |f+ " |) = 621.06 MPa, <0G( |fA |) = 0.8 MPa,
<0G( |f\ |) = 115.5 MPa, <0G( |fI |) = 667.8 MPa, <0G( |gA , \ |) = 0.3 kPa). Results evaluated at
I = !/2. Simulated cases: �1.

b = 0.25 to 570.4 MPa reached in b = 0.45. If the maximum equivalent stress achieved in
each configuration is represented with the eccentricity, an optimum eccentric bayonet tube
configuration is observed at b = 0.4. However, their improvement in the thermal stresses is
lower than 0.1% compared with adjacent eccentricities of b = 0.35 and b = 0.45.

Figure 7.15 (b) shows the circumferential distribution of the equivalent stress obtained in
the outer tube surface. The zones with the highest stress variation between different bayonet
tube configurations are at the front (\ = 0>) and rear side of the tube (|\ | = 180>). The effect
of the eccentricity is clearly observed at the front side of the tube, |\ | ≤ 50>, although their
influence is more notorious at \ = 0>. At the rear side, the equivalent stress is stabilized for
|\ | > 105>. The concentric configuration achieves the highest stress, 293 MPa, although it
is diminished until 8.0% with the eccentricity. The largest eccentric configuration achieves
similar stress distribution at this zone.

7.6.2 Effect of the ratio of cross-sectional areas

Based on the previous section results, the beneficial effect of the eccentricity in the bayonet
tubes for the typical operating conditions of the SPT receivers has been analyzed for designs
with the same area in annular and circular cross-sections (i.e. cross-sectional areas). However,
the previous chapter revealed that the ratio of cross-sectional areas plays a significant
role in the tube’s performance. For this reason, to complete the understanding of the
thermo-mechanical features of the bayonet tube, new simulations have been done for a
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Figure 7.15: For concentric (b = 0) and eccentric bayonet tubes (b > 0): (a) Axial evolution of the
maximum outer surface von Mises stress achieve for the exterior tube, (b) circumferential distribution
of the exterior tube outer surface von Mises stress. Simulated cases: �1, �2, �3, �5, �7 & �8.

plenty ratio of cross-sectional areas and eccentricities. The tube thickness directly affects
the temperature and stress distribution in the tube walls. To uncouple the effect caused in
the thermo-mechanical behavior of the tube for the eccentricity/ratio of cross-sectional areas
from those generated by the tube thickness, two different sizings of the bayonet tube thickness
have been used. First, to analyze in an isolated way the influence of eccentricity and ratio
of cross-sectional areas, several models of bayonet tube have been developed with the same
tube thickness as reference bayonet tube, explained in the previous section, whose thickness
was obtained according to Section 8 of Boiler et al. (2013). The principal characteristics of
these cases are listed in Table 7.1 and are named as #8 . Nevertheless, from a constructive
perspective, some of these cases could be unrealistic, i.e., the ratio of cross-sectional areas
that cause large molten salt velocity (not representative for a realistic SPT receiver) or not
adequate tube thickness. Then, the same cases described above are correctly sizing through
Equation 6.3. These cases can be identified as �8 .

The bayonet tube behavior can be described through the heat transfer coefficient, pressure
drop, temperature and stress field. A series of maps have been generated from the numerical
simulations described above to illustrate these variables easily. These maps have been done
through the interpolation of the results obtained in these simulations. Figure 7.16 shows a
color-map where the maximum heat transfer coefficient, achieved in the annular cross-section,
is provided in function of the ratio of cross-sectional areas ('� = �0==D;8/�28A2D;0A ) and the
eccentricity (b). For those cases with '� > 1, the circular cross-section area is lower than
the annular section. For a uniform mass flow, this fact implies the highest velocity of molten
salt at the interior tube than the annular passage, making the convection heat transfer worst



228 Bayonet tube: Thermo-mechanical optimization

at annular passages. As the annular cross-section is reduced, for the same mass flow, the
velocity of the molten salt is risen at the annular cross-section, enhancing the convection heat
transfer in this zone as can be observed in Figure 7.16. Besides, the eccentricity enhances
the heat transfer of the concentric configuration of the bayonet tube, standing out this effect
for larges eccentricities. The definition of the tube thickness according to Boiler et al. (2013)
affects the distribution of heat transfer coefficient, especially for '� > 1. This fact can be
observed through the comparison between Figure 7.16 (a), where the tube thickness is kept as
independent of the operating conditions, and Figure 7.16 (b), where the thickness is calculated
according to Boiler et al. (2013) for the conditions of the concentric bayonet tube. Although
the heat rate of the molten salt is similar in both figures, the heat rate absorbed by the pipe
differs due to its different sizing.
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Figure 7.16: Map of themaximum heat transfer coefficient, obtained at the inner surface of the exterior
tube at \ = 0>, for several ratio of cross-sectional areas ('�) and eccentricities (b) for bayonet tube
design with: (a) Constant tube thickness equal to reference geometry. Simulated cases: #1 − #32, (b)
Optimizing for the operating conditions according ASME. Simulated cases: �1 − �32.

Figure 7.17 shows the map of the total pressure drop of the bayonet tube obtained for
several ratios of cross-sectional areas and eccentricities. The pressure drop rises as the molten
salt velocity grows at annular passages related to reducing the annular cross-section. On
another side, diminution of the interior tube diameter leads to the same phenomena, i.e., an
increase of the pressure drop. Although this situation is not observed since '� is limited to
1.5 for this chapter due to the values above, it does not produce advantages to the bayonet
tube from a thermo-mechanical point of view. From a qualitative point of view, the behavior
of both figures is similar, achieving the maximum pressure drops for concentric bayonet
tube for '� = 0.5. Nevertheless, its value is reduced until 31.3% with the eccentricity. This
mitigation of the pressure drop is decreased as the ratio of cross-sectional areas grows, reaching
a diminution around 18.2% at '� = 1. Even though both maps are qualitatively similar, the
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tube thickness affects the pressure drop sensibly. For the same ratio of cross-sectional areas,
those cases sizing according to Boiler et al. (2013) (Figure 7.17 (b)) achieve larges molten
salt velocities, as was observed in the maps of heat transfer coefficient, which leads to higher
values of pressure drop. To illustrate this situation, an example is provided: for a concentric
bayonet tube with '� = 0.5, the pressure drop changes from 10.9 bar, when the tube thickness
is similar to those employed in the nominal case, to 21.1 bar when the thickness is adequately
selected. However, the effect of tube thickness is more notorious for '� << 1, since, for
example, for '� = 0.8, the variation of the pressure drop is around 3.3% and it grows
exponentially with '�.
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Figure 7.17: Map of pressure drop obtained for several ratio of cross-sectional areas ('�) and
eccentricities (b) for bayonet tube design with: (a) Constant tube thickness equal to reference geometry.
Simulated cases: #1 − #32, (b) Optimizing for the operating conditions according ASME. Simulated
cases: �1 − �32.

The effect of the tube thickness can be more clearly appreciated in Figure 7.18, where
the map of maximum temperature is shown for either a constant tube thickness equal that to
reference geometry or a tube thickness adapted to the operating conditions of the receiver.
As was observed in Figure 7.17, as the ratio of cross-sectional areas decreases, the pressure
drop rises. According to Boiler et al. (2013), this fact leads to a rise in tube thickness.
Although from a hydrodynamical point of view, this can not generate a high difference,
from a thermo-mechanical point of view, this fact gains relevance due to the increase of
the heat absorbed by the tube walls is traduced as augment of its temperature. The largest
tube thickness implies the worst tube wall refrigeration and achieves the highest wall tube
temperature. This fact can be observed clearly if Figure 7.18 (a) and (b) are compared.
Where the tube thickness is kept constant independently of the ratio of cross-sectional areas,
the enhancing of the convective heat transfer, associated with the enlarges of the molten
salt velocity, leads to lower temperatures for eccentric bayonet tube with thinnest annular
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cross-sections as shows Figure 7.18 (a). While for a design according to Boiler et al. (2013),
the most considerable tube thickness obtained for '� << 1 causes that the temperature grows
for this configuration. According to Figure 7.18 (b), there is a zone where the eccentric
bayonet tube reaches minimum temperatures. This area is ranging between 0.8 ≤ '� ≤ 1.1.
In this area, the enhancing of the heat transfer generated by the eccentricity is combined with a
tube thickness no huge and acceptable pressure drop and reveals a potential optimum bayonet
tube design.
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Figure 7.18: Map of maximum tube temperature obtained for several ratio of cross-sectional areas
('�) and eccentricities (b) for bayonet tube design with: (a) Constant tube thickness equal to reference
geometry. Simulated cases: #1 − #32, (b) Optimizing for the operating conditions according ASME.
Simulated cases: �1 − �32.

The map of maximum tube temperature is the maximum equivalent von Mises stress is
analogous to the map of maximum tube temperature, which is shown in Figure 7.19. When
the tube thickness is not dependent on the receiver operating conditions, i.e., same thickness
for each exterior tube, the enhancing of the refrigeration tube walls causes that the thermal
stress reduces for smaller values of '�, as shown in Figure 7.19 (a). Besides, the eccentric
configuration of cases with '� ≈ 0.5 causes a considerable reduction of the thermal stresses.
Nevertheless, when the tube thickness grows with the pressure drop, this zone is moved to
higher values of '�where the lowest molten salt velocity and tinniest tube thickness generates
lower tube temperatures. This fact is reflected in the thermal stresses. Based on Figure 7.19 (b)
this area is around '� = 1.

7.6.3 Optimization of bayonet tubes

By analyzing Figures 7.18 (b) and 7.19 (b), it is possible to localize a design of bayonet tube
with the best features from a thermo-mechanical point of view. Based on these results, it
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Figure 7.19: Map of maximum equivalent vonMises stress obtained for several ratio of cross-sectional
areas ('�) and eccentricities (b) for bayonet tube design with: (a) Constant tube thickness equal to
reference geometry. Simulated cases: #1− #32, (b) Optimizing for the operating conditions according
ASME. Simulated cases: �1 − �32.

can be affirmed that exist several bayonet tube layouts that achieve the lowest temperatures
and stresses. For those bayonet tubes which eccentricity and the ratio of cross-sectional areas
are contained in 0.05 < b < 0.5 and 0.8 < '� < 1.15, their maximum temperature, and
stress would be under 582 >� and 599 "%0. The results shown in the previous section were
obtained with bayonet receivers whose tube thickness was designed according to Section 8
of Boiler et al. (2013). For the same '�, the operating pressure was equal for each tube,
independently of the eccentricity. Nevertheless, the eccentricity allows reducing the pressure
drop of the receiver, which would lead to a lower tube thickness. Based on this premise,
the tube thickness has been recalculated and considering the operating pressure of each
configuration to calculate the tube thickness. A contour map where the outer tube thickness,
particularize to its operating conditions, is provided in the function of eccentricity and ratio
of cross-sectional areas.

Two CFD simulations have been performed for the bayonet tube configuration, that
achieves the lowest temperature and thermal stresses to analyze the sensitivity of the proper
thickness sizing. This configuration is '� ≈ 0.9 and b = 0.40. For this geometry, the
tube thickness when the operating conditions of the concentric bayonet tube are considered
is 1.4 mm. This value is reduced 0.1 mm when the thickness is calculated according to the
pressure of the eccentric configuration. Although the thickness plays a crucial role in the
thermo-mechanical performance of the tube, the effect of reduced 0.1 mm the tube thickness
is negligible on tube temperature, leading to a diminution around 2.2 >� the maximum
tube temperature. Thanks to this analysis can be concluded that the tube thickness can be
calculated in base of the pressure drop achieved in concentric configuration, which can be
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easily calculated from Equation 6.1.
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Figure 7.20: Map of the tube thickness in function of the eccentricity and ratio of cross-sectional
areas and calculated according the operating condition of the eccentric bayonet tube.

According to these results, the bayonet tube can be a potential alternative for the tubes
of SPT plants. Nevertheless, this fact depends on the dimensions of the receiver tubes. The
thinner and smaller diameters tubes obtain a lower temperature and stresses, causing that the
bayonet tube could not enhance the thermo-mechanical performance of these tubes. A series
of CFD simulations have been performed to characterize the behavior of several simple tube
layouts where the outer diameter and tube thickness are modified to analyze their influence on
the tube’s thermo-mechanical performance. From these simulations, it can be discussed the
range of dimensions where the bayonet tube is advantageous over the conventional receiver
tubes. In the simulations of the simple tubes, the main boundary conditions are similar to
those employed in the previous sections, viz: at the inlet of the molten salt, its mass-flow and
temperature are defined, while at the outlet, a pressure-outlet condition is imposed. The fluid
is heated at the outer surface of the exterior tube through a variable heat flux whose axial
variation is obtained from SPTFlux for an aiming strategy of : = 3.0 for the solar noon of the
spring equinox, while the circumferential variation is provided by Equation 5.2. The same
heat rate absorbed by the molten salt is set in all the simulations to compare the simple tube
layouts under the same heating conditions.

Themaximum values of temperature and equivalent stress achieved in the simple tube have
been represented in a map, in the function of the thickness and outer diameter, in Figure 7.21.
As the thermal stress depends on the tube temperature, bothmaps are similar from a qualitative
perspective. For each diameter analyzed, the temperature and stress are minimized for the
thinner tubes since the molten salt can refrigerate better the tube walls, reducing its heat
accumulate and decreasing its temperature. The maximum temperature grows with the tube
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thickness, being almost linear in its evolution. The better performance of the bayonet tube is
obtained for '� ≈ 0.9 and b = 0.40, which achieves for the same boundary conditions than
simple tube a maximum temperature of 564.4 >�. Although, this enhancement is not only
reached for this optimum configuration also several bayonet tube layouts are acceptable as
potential designs since achieving temperatures under 582 >� as is shown in Figure 7.21 (a).
Therefore, these results make clear the wide variety of bayonet tube configurations that can
offer better performance than simple tubes.

Figure 7.21 (b) shows the map of the maximum stress achieved for different configurations
of simple tubes. Similar to the maximum temperature map, the peaks of stress are located
in those designs with the largest thickness and diameters. Since in these configurations, the
highest temperatures are combined with an increase of the tube bending, associated with the
rise of tube mass. Despite reducing the temperatures obtained by the bayonet tube, the range
where it is advantageous over simple tubes is reduced. To illustrate this fact, the Gemasolar
receiver tubes, �4 = 25 mm and Cℎ = 1.2 mm, achieve maximum stress of 555 MPa, while
the value obtained by the optimizing geometry of the bayonet tube is 1.4% higher.
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Figure 7.21: Results for simple tube: Map of maximum temperature and equivalent von Mises stress
obtained for several outer diameter and tube thickness.

Based on the results presented in Chapters 6 and 7, it can be concluded that the bayonet
receiver can be a potential candidate to be the absorber tube of the next generation of SPT
plants since this kind of tube is thermo-mechanically advantageous over a wide range of
simple tube. Besides, the receiver manufacturing cost of bayonet tubes might be lower than
those obtained with simple tubes due to reducing the number of tubes per panel.
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7.7 Conclusions

In this chapter, the thermo-mechanical performance of the bayonet tube was analyzed. A
series of 3D CFD simulations were performed to characterize the effect of the eccentricity
and the ratio of cross-sectional areas on the behavior of bayonet tubes under steady-state
conditions. The solar noon of the spring equinox was selected as the representative day for the
analysis. The same heat rate of the molten salt was set to perform a fair comparison between
bayonet tube layouts. The tubes were made of Haynes 230.

A series of numerical CFD simulations were carried out to analyze the influence of the
eccentricity on the thermo-mechanical performance of the bayonet tube. The dimensions
of the bayonet tube were obtained from the thermal and pressure drop optimization shown
in Chapter 6. In the simulations of the present chapter, the eccentricity was varied from
a concentric position, b = 0.0, until the walls of exterior and interior tubes were in touch,
b = 0.5. Thanks to these simulations the benefits of eccentric bayonet tubes were quantified,
where the eccentricity could reduce until 30.8% the pressure drop and increase until 26.1%
the convective heat transfer achieved in a concentric configuration. This enhancement of the
tube wall refrigeration is reflected in the maximum tube temperature and stresses, which both
are diminished around 8% with the highest eccentric configuration.

Once the effect on the eccentricity was analyzed, the investigation was extended to a wide
range of bayonet tube geometrical configurations. The influence of the ratio of cross-sectional
areas and the tube eccentricity on the tube’s performance were studied through these new
simulations. Two different criteria were used to size the tube thickness and uncouple the
effect caused by the eccentricity/ratio of cross-sectional areas and those generated by the tube
thickness. In this study, a set of cases had the same tube thickness as the reference bayonet
tube to isolate the influence of eccentricity and ratio of cross-sectional areas. Another set of
cases had different tube thickness, which was obtained according to Section 8 of Boiler et al.
(2013) taking into account the operating conditions. From a general point of view, when the
ratio of cross-sectional areas decreases, the pressure drop rises, rising in tube thickness. Thus,
the heat absorbed by the tube walls increases producing a temperature rise. The difference
between both thickness design criteria was observed in temperature distribution. When the
tube thickness was modeled independently of the operating conditions, the reduction of the
ratio of cross-sectional areas caused an enhancing of the convective heat transfer due to the
increase of the molten salt velocity. Thus, lower temperatures were obtained for eccentric
bayonet tubes with the thinnest annular cross-sections. Nevertheless, if the thickness is sized
according to the operating condition, the pressure drop’s growth had affected the required tube
thickness, producing that the cases with smaller annular sections had higher tube thickness.
Due to the combination of eccentricity and thinner tubes configurations, an area with a wall
temperature lower than those achieved in simple tubes was observed for the bayonet tube.

As the pressure drop, is substantially reduced with the eccentricity, it’s possible to reduce
the tube thickness if it is sized under the operating condition of the eccentric bayonet tube
in place of the concentric configuration. Under this consideration, the tube thickness could
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be reduced around 0.1 mm compared with the cases with a tube thickness obtained from the
conditions of the concentric configuration. This thickness reduction caused a reduction of
around 2.2 >� in the maximum temperature of the tube. Thanks to this analysis it can be
concluded that the tube thickness can be calculated in a base of the operating conditions of
concentric bayonet tube, which its pressure drop can be easily calculated from Equation 6.1.

Based on the results of this chapter, it is possible to affirm that there are several bayonet
tube geometrical configurations capable of achieving lower temperatures and stresses than
simple tubes for the same heating condition. Furthermore, this chapter provided a map where
the maximum temperature and stresses were shown for several dimensions of simple tubes,
allowing the precise identification of the range where the bayonet tube is a better option than
conventional receiver tubes. In particular, for the bayonet tubes in which the eccentricity and
ratio of cross-sectional areas are within the ranges of 0.05 < b < 0.5 and 0.8 < '� < 1.15,
the maximum temperature and stress of the tube wall was found to be under 582 >� and
599 "%0 respectively. Thus, bayonet tubes have a theoretical advantage over a simple tubes
if the geometry parameters of the former are correctly chosen.
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Chapter 8
Conclusions and Future Work

Concentrating Solar Power (CSP) is a technology based on solar energy, which has great
potential for use in industry to produce sustainable energy while ensuring good dispatchability
compared with other solar technologies. However, the maturing of CSP technologies and their
operations is far from the theoretical potential of its exploitation. The current roadmap of CSP
technologies is to increase their dispatchability and to make them cost-competitive compared
with existing technologies based on fossil resources. The attainment of these goals lies
in lowering the electric generation cost and optimizing the components of the CSP plants,
guaranteeing their safe operation during a plant’s lifespan. Solar Power Tower (SPT) plants
stand out from CSP technologies due to their high thermal efficiency and the possibility of
using thermal storage, which allows the intermittence of the solar resource to be attenuated and
the production of energy adapted to the demand. The solar receiver is one of the most critical
components of SPT plants due to its demanding operating conditions. This thesis dissertation
contributes to the maturing of SPT technology by developing a broad set of theoretical and
simulation studies of the preheating of the tubes (a key phase in the operation of SPT plants),
their substantial non-asymmetric heating, and the characterization and optimization of bayonet
tubes.

Chapter 2 studied the thermal stress and the fatigue damage associated with the preheating
of the tubes of a nitrate salt receiver, using the Vant-Hull algorithm to define the flux density.
The temporal evolution of temperatures and stresses achieved for the receiver tubes during
the preheating and the resulting fatigue damage was obtained for two receivers similar
to the existing Gemasolar and Dunhuang SPT plants under no-wind and windy ambient
conditions. The characterization of the receiver preheat was performed through two numerical
CFD models with different degrees of complexity. The results of this chapter show that,
independently of the tube diameter, the peak of stresses is reached in the front side of the
tube during the first 2 minutes of preheating with the Vant-Hull algorithm. The value of the
peak grows with the diameter. The fatigue damage associated with the preheat of nitrate salt
receiver is much lower than the 5% upper limit of fatigue damage set to avoid significant
creep-fatigue interaction, implying that the preheating procedure proposed by Vant-Hull does
not compromise the structural integrity of the receiver.

The enhancement of power cycle efficiency in the next generation of SPT plants will
be achieved through the use of an B�$2 Brayton cycle, which requires temperatures above
700 >� to operate at its best efficiency levels. This fact leads to the selection of alternative
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HTFs for the receiver since conventional nitrate salt degrades at temperatures above 600 >�.
Thus, using the models developed in Chapter 2, the viability of preheating the receiver
tubes above the freezing temperature of carbonate and chloride salts, which withstand high
temperatures without decomposing, was studied in Chapter 3 for the Gemasolar SPT plant.
The Vant-Hull algorithm is only adequate to preheat the nitrate salt receiver tubes because
the carbonate and chloride salts have higher freezing temperatures. Therefore, in Chapter
3, several modifications were introduced in the Vant-Hull algorithm to achieve sufficient
temperature in the receiver tubes to fill them with such high-temperature HTFs. Thus, the
incident heat flux required to preheat a receiver that works with carbonate or chloride salts is
higher than those necessary to preheat a nitrate salt receiver, meaning a delay at the beginning
of electric production. For the conditions analyzed in Chapter 3, the results reveal that the
use of the chloride salt and especially the carbonate salts solves the problem of an increase
in the receiver losses, and hence improves the heat absorption efficiency, because the average
temperature in the receiver is higher and the maximum increase in temperature is limited due
to the higher freezing temperatures of these molten salts. Therefore, the efficiency of a B�$2
Brayton cycle in the SPT plant must be above 50% when the HTF is carbonate or chloride
salts in order to compensate for the loss of energy associated with the reduction of the receiver
efficiency and delay of the receiver start-up. According to the results shown in this Chapter,
the creep and fatigue damages can be kept lower than the allowable damage limit through a
preheating strategy modified ad-hoc for each type of salt, and the use of material tubes with
high-temperature strength and excellent fatigue properties at elevated temperatures.

In Chapter 4, a set of numerical CFD models were used to study the convection heat
transfer in the receiver tubes. The non-uniform heating of the absorber tubes leads to a
circumferentially variable temperature distribution at the receiver tubes. This temperature
distribution caused some zones of the molten salt at the tube walls to have lower temperatures
than the mean molten salt temperature. Thus, if Newton’s law of cooling is used to calculate
the convective heat transfer coefficient, a discontinuity is observed in its circumferential
distribution. This circumferentially variable distribution of the heat transfer coefficient
differs from the uniform convection coefficient commonly employed to characterize the
heat transfer of the molten salt. Nevertheless, the error associated with this angular
variability of the convective coefficient in the temperature distribution is, for a simple tube,
under 1.2%. Moreover, in Chapter 4, the accuracy of radial 1D heat transfer models to
describe the temperature and stresses in the receiver tube walls was assessed for the typical
operation ranges of the SPT receiver. Furthermore, the importance of temperature-dependent
properties was studied, revealing the necessity of modeling the mechanical properties as
temperature-dependent variables.

Chapters 5, 6 and 7 address the design, characterization and optimization of bayonet tubes
as an alternative to simple tubes in SPT receivers. In this doctoral dissertation, the potential
application of bayonet tubes to SPT receivers was analyzed from a thermo-mechanical point of
view. Chapter 5 was devoted to the description and characterization of a bayonet tube, whose
performance was characterized through analytical and numerical models. The analytical
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model was developed to characterize the parameters that most affect the performance of a
concentric bayonet tube. This analytical methodology is based on an energy balance applied
to a bayonet tube uniformly heated in the axial direction. The eccentricity of the inner tube
of a bayonet tube and the end-cap flow behavior are not considered because of the simplicity
of this model. Instead, all these elements are considered in a detailed numerical CFD model
in 3D, which characterizes a full bayonet tube under steady-state conditions and serves to
verify the analytical model. The discrepancy of the mean temperature calculated with both
models is lower than 0.3%. This comparison shows that a new methodology to characterize
the temperatures of the bayonet tube must be provided since the wall temperature obtained
with the analytical model through a network resistance does not satisfactorily reproduce
the behavior of the rear side of the bayonet tube. Moreover, in this chapter, two bayonet
configurations were analyzed depending on the inlet section chosen for the molten salt flow.
For the same operating conditions, the best performance of the bayonet tube was achieved
when the cold molten salt enters through the interior tube section of the bayonet tube.

In Chapter 6, the thermo-mechanical viability of a bayonet receiver was analyzed using
the 3D numerical model described in Chapter 5. Thanks to this detailed CFD model, the
performance of the bayonet tube was obtained and compared with the conventional simple
tubes for the same SPT receiver conditions. Firstly, three parameters were studied: the
ratio of areas between annular and circular sections, eccentricity, and the axial heat flux
distribution. When the ratio of areas is reduced, the velocity of the molten salt at the annular
section rises, improving the heat transfer and better refrigerating the tube walls. When
the eccentricity of the bayonet tube grows, an asymmetry in the turbulent molten salt flow is
generated, diminishing the temperature gradients and the thermal stresses of the bayonet tubes
while the pressure drop is slightly reduced. Nevertheless, when the annular cross-section is
reduced, the pressure drop grows exponentially as a consequence of the increase in molten
salt velocity. Thus, an optimized design of the bayonet tube is needed that enhances the
thermal efficiency of the tube while keeping the pressure loss at acceptable values. To
achieve this goal, different design criteria of the bayonet tube were proposed to detect the
best configuration that equals or surpasses the simple tube performance. From these criteria,
bayonet tubes with an outer diameter 2 and 3 times higher than the simple tube were analyzed
through CFD simulations. The results revealed that for the concentric configurations, the
thermo-mechanical performance of both bayonet tubes is worse than the simple tube, while
for eccentric configurations a slight advantage is observed over the conventional receiver
tubes. The large diameter of the bayonet tube makes it possible to reduce the number of tubes
per panel, diminishing the number of welds of the total receiver. Considering the savings in
tube material when the interior tube is made with a material with lower mechanical properties
and lower cost than the exterior tube, the manufacturing cost of the bayonet receiver can be
16.5% lower than a simple tube receiver.

As a natural continuation of Chapter 6, though the CFDmodel described in Chapter 5, the
influence of eccentricity and the ratio of areas on the heat transfer and the pressure drops were
studied for a bayonet tube in Chapter 7. For a bayonet tube with the same area for annular and
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circular cross-sections, the eccentricity could reduce the pressure drop by up to 30.8% and
increase the convective heat transfer achieved in a concentric configuration by up to 26.1%,
which leads to a maximum temperature reduction of around 8%. The tube thickness can
be determined based on the pressure drop achieved in concentric configuration, which can
be easily calculated from Section 8, Division 1, paragraph UG-27 of ASME Code. A map
where the maximum temperature and stresses were obtained in this chapter is presented for
several dimensions of simple tubes, allowing the identification of the range of variable for
which the bayonet tube is a better option than conventional tubes in SPT receivers. Based on
the results of this chapter, it is possible to affirm that several bayonet tube layouts can achieve
the goal of having lower temperatures and stresses than simple tubes for the same heating
condition. In particular, for the bayonet tubes in which the eccentricity and the ratio of areas
are contained in 0.05 < b < 0.5 and 0.8 < '� < 1.15, Chapter 7 showed that their maximum
temperature and stress would be under 582 >� and 599 "%0 respectively. From these results,
it can be concluded that, for the same absorbed heat rate, the bayonet tubes have a theoretical
advantage, from a thermo-mechanical point of view, over a wide range of simple tube layouts,
with this advantage being outstanding for simple tubes with higher diameter and thickness.

Future research avenues

The results obtained in this doctoral dissertation were focused on modeling and simulation
because of the level of detail they provide and the inherent difficulties involved in undertaking
experiments given the severe conditions and dimensions of solar receivers. Despite the model
used being constructed on the basis of conservation laws (i.e. mass momentum and energy
balances), well known and validated empirical correlations and routinely used hypotheses,
the results of the model as a whole need experimental verification. Hence, an evident future
research direction is to carry out experimental campaigns to verify these results whenever
possible. There is room for experiments of limited size under conditions resembling those of a
solar receiver in the most essential variables. For instance, a lab-scale analysis of the transient
tube heating or the characterization of the convection heat transfer of eccentric bayonet tubes
may be conducted for a tube section of reduced length.

The results of the present dissertation reflect the challenges that arise in the design of
the receiver when the working fluid is high temperature molten salts in order to increase the
overall efficiency of the next generation of SPT plants. Nevertheless, future investigation
should continue to pursue the goal of assessing alternative high temperature working fluids
for the receivers of the next-generation SPT plants. In particular, the high-temperature
requirements of these plants make it challenging to select working fluids, whose operating
temperature range should be compatible with that of supercritical �$2 Brayton cycles, which
are the most promising power cycles in terms of their efficiency and size of components.
Some examples of potential HTF candidates are liquid sodium for an indirect receiver layout,
similar to those analyzed in the present thesis, and �$2 for direct receivers, where the HTF
of the receiver is the same as the power cycle working fluid. Undoubtedly, these and other
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alternative working fluids will also involve challenges derived from their secure operation,
working pressures and acquisition cost, amongst other factors.

The novel results presented in this work concerning the use of bayonet tubes in SPT
receivers indicate that they provide some advantages from the thermal and mechanical point
of view and within certain nominal operational conditions. However, the next step to fully
assess bayonet tubes as an alternative to simple tubes in SPT plants is to analyze their
behavior in other necessary operations, such as the filling and evacuation of the working fluid
in vertically aligned bayonet tubes (the layout in a central receiver),the viability of preheating
the bayonet receiver without exceeding the allowable damage limits, and the evaluation of the
adaptability of this receiver to the high temperature requirements of the next generation of
SPT plants.
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