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Abstract

Concentrated solar thermal energy systems have an immense potential to renewably and sustainably
address the growing global energy demand. The application scope of these technologies is broad and ranges from
power generation to industrial process heating which in itself is wide ranging. The ability of concentrated solar
thermal technologies to produce heat, via a working fluid, at high temperatures is what allows for this broad range
of application. Operating temperatures in excess of 1000 °C can well be attained through concentrated solar
thermal.

A critical component of any concentrated solar thermal system is its receiver which is the subsystem that
absorbs the concentrated solar radiation incident on it and transfers it to a heat transfer fluid that passes through
it. The efficiency and effectiveness with which the solar receiver is able to transfer the incident radiation to the
heat transfer fluid largely decides the overall performance of any concentrated solar thermal system.

In this thesis, a novel type of solar receiver, is proposed and explored with the objective of developing
receivers with performances rivalling or bettering those of the state of the art. The proposed receivers are based
on compact heat exchanger concepts in so far that the flow channels of the receivers imitate those typically used
in compact heat exchangers. The motivation behind this are the well understood and demonstrated performance
enhancements achieved in compact heat exchangers, especially when the working fluid is a gas or a supercritical
fluid. This improved performance owes itself to the compactness of the flow channels which boosts the heat
transfer to the fluid though at the expense of an increased pressure drop. Smaller sized receivers, which is an
inherent feature and advantage of compact structures, results in savings in material costs.

There are several compact flow channel geometries, commonly used in compact heat exchangers, which
may be employed in solar receivers. In order to evaluate the performance of each of these flow channel geometries,
a numerical model of solar receivers using a pressurised fluid has been developed. The numerical model has been
programmed in such a way as to easily facilitate the inclusion of different flow channel geometries and vary their
respective geometrical configurations.

Applying the developed numerical model to a central solar pressurised air receiver power plant coupled
to a supercritical carbon dioxide Brayton cycle, a steady state parametric and optimisation analysis was performed
on six different receiver flow channel geometries. The six geometries selected were the plain rectangular, plain
triangular, wavy, offset strip, perforate and louvred fin flow channels. Four geometrical parameters, common to
all flow channel geometries, were identified and varied in the parametric study. These are the channel height,
channel breadth, channel wall thickness and number of vertical channels. Performance indicators for receiver
evaluation were studied and it was determined that exergy efficiency, which accounts for both heat transfer to the
fluid and pressure drop in it besides the incident solar radiation, is a useful tool for optimisation and comparison.

The parametric study revealed that perforated fin receivers, followed by plain rectangular and wavy fin
receivers, exhibited the highest exergy efficiencies with taller and narrower channels with thicker walls and fewer
vertical channels improving this efficiency. The methodology used in this analysis, besides the receiver operating
conditions and system modelling assumptions, greatly affects the results and relative performances of the receiver
configurations. A validation of the model and some of its underlying assumptions was conducted by comparing it

to a previous study and a more complex three-dimensional computational fluid dynamics model.



To substantiate the findings of the numerical model, an experimental campaign on receivers of differing
flow channel geometric configurations was proposed. The high flux solar simulator of the IMDEA Energy
institute, namely KIRAN-42, was employed as the radiation heat source for the experiments. A calorimetric
testbed was designed, assembled and commissioned for the purpose of experimentation on pressurised gas
receivers. Procedures for the operation and control of the pressurised receiver testbed were established after a
series of preliminary test runs.

Four variants of the plain rectangular fin receiver were designed and fabricated using additive
manufacturing. The geometrical variations in the receivers were increased height, increased breadth, and reduced
channel wall thickness respectively. The receivers were manufactured in stainless steel and Inconel 718 though
only the stainless-steel receivers were experimented on. An experiment plan was drawn out specifying the
experimental characterisation to be performed on each receiver. This was performed varying the mass flow rate
of air, receiver inlet pressure and incident radiation peak flux.

The experimental campaign confirmed important findings and predictions of the pressurised receiver
numerical model. These include the maximum thermal efficiency and pressure loss occurring at the smallest
channel size and also the positive effect of taller and narrower channels. The maximum thermal efficiency
observed was 94.7% at an inlet pressure of 12 bar, a mass flow rate of 2 g s and a peak incident flux of 400 kW
m-2 with the corresponding pressure drop measured at below 1% of the inlet pressure. This performance, in terms
of thermal efficiency and relative pressure drops, is on par and even surpasses the state-of-the-art receivers of its
type. Such high thermal efficiencies (above 90%) and low relative pressure drops (below 1%) were observed for
other operating conditions and receiver geometries as well.

The numerical model of the receiver was modified to better represent experimental realities such as the
flow channel surface roughness, non-uniform incident radiation, uneven receiver surface absorptance and receiver
inlet/outlet section pressure losses. While the pressurised receiver numerical model generally corresponded well
with the experiments, within the bounds of experimental error, a sensitivity analysis was performed to evaluate
the influence of operational parameters that had significant associated uncertainties. These included the mass flow
rate, incident radiation flux, inlet pressure, air composition and receiver surface absorptance. The performance
indicators evaluated in this sensitivity analysis were the receiver outlet temperature, pressure drop, thermal and
energy efficiencies.

In conclusion, the use of compact flow channels in pressurised gas receivers has been numerically and
experimentally demonstrated to produce high performance receivers. When optimised for geometry, these
receivers can effectively transfer incident solar radiation to the heat transfer fluid at thermal efficiency and

pressure drop combinations that rival and excel the state of the art in pressurised gas receivers.



Resumen

Los sistemas de energia solar térmica concentrada tienen un inmenso potencial para hacer frente de forma
renovable y sostenible a la creciente demanda mundial de energia. EI ambito de aplicacion de estas tecnologias es
amplio y abarca desde la generacién de energia eléctrica hasta la produccion de calor para multitud de procesos
industriales. Estas tecnologias tienen la capacidad de producir calor en un amplio rango de temperaturas, a través
de un fluido de trabajo, lo que permite su adaptacién a una amplia gama de aplicaciones. Las tecnologias de
concentracion solar permiten alcanzar perfectamente temperaturas de funcionamiento superiores a 1.000 °C.

Un componente critico de cualquier sistema solar térmico de concentracion es el receptor, que es el
subsistema que absorbe la radiacidon solar concentrada que incide sobre él, procedente del elemento concentrador,
y la transfiere a un fluido caloportador que lo atraviesa. El rendimiento y la efectividad con los que el receptor
solar es capaz de transferir la radiacion incidente al fluido caloportador influye notablemente sobre el rendimiento
global de cualquier sistema solar térmico de concentracion.

En esta tesis, se propone y analiza un nuevo tipo de receptor solar con el objetivo de desarrollar receptores
con rendimientos similares 0 mejores a los referidos en el estado del arte. El receptor propuesto se basa en el
concepto de intercambiador de calor compacto, ya que los canales de circulacion del fluido a su través, imitan a
los utilizados habitualmente en este tipo de intercambiadores de calor. EI motivo de esta similitud es el mejor
funcionamiento y rendimiento que se consigue en los intercambiadores de calor compactos, especialmente cuando
el fluido de trabajo es un gas o una fase supercritica. Esta mejora del rendimiento se debe a la compacidad de los
canales de flujo, que aumenta la transferencia de calor al fluido, aunque a expensas de una mayor caida de presién.
El menor tamafio de los receptores, que es una caracteristica inherente y una ventaja de las estructuras compactas,
redunda en un ahorro de costes de material.

Existen varias geometrias compactas de canal de flujo, utilizadas habitualmente en los intercambiadores
de calor compactos, que pueden emplearse en los receptores solares. Para evaluar el rendimiento de cada una de
estas geometrias compactas, se ha desarrollado un modelo numérico de receptores solares que utilizan un fluido
presurizado. El modelo numérico programado es muy versatil, permitiendo la inclusion de diferentes geometrias
de canales de flujo y diferentes valores de sus parametros geométricos.

A continuacion, se ha aplicado el modelo numérico desarrollado a una central termosolar de torre central,
que emplea aire presurizado en el receptor y esta acoplada a un ciclo Brayton de diéxido de carbono supercritico.
Se ha realizado un analisis paramétrico y de optimizacién en estado estacionario de seis geometrias compactas
diferentes. Las seis geometrias seleccionadas fueron de tipo: aleta plana rectangular, aleta plana triangular, aleta
curvada, aleta desplazada, aleta perforada y aleta dentada. En el estudio paramétrico se identificaron y variaron
cuatro pardmetros geometricos comunes a todas las geometrias. Se trata de la altura del canal, la anchura del canal,
el grosor de la pared del canal y el nimero de canales verticales. Se analizaron diferentes indicadores de
rendimiento para la evaluacion del receptor y se determiné que el rendimiento exergético, que tiene en cuenta
tanto la transferencia de calor al fluido como la caida de presion en el mismo, ademas de la radiacion solar
incidente, es una herramienta Gtil para la optimizacion y la comparacion.

El estudio paramétrico puso de manifiesto que los receptores de aletas perforadas, seguidos de los
receptores de aletas rectangulares lisas y curvadas, presentaban los rendimientos exergéticos mas elevados, ya que

dicho rendimiento se ve favorecido por el empleo de canales mas altos y estrechos, junto con paredes mas gruesas



y menos canales verticales. La metodologia utilizada en este andlisis, ademas de las condiciones de
funcionamiento del receptor y las hip6tesis de modelizacion del sistema, afecta en gran medida a los resultados y
al rendimiento relativo de las configuraciones del receptor. Se realiz6 una validacion del modelo y de algunos de
sus supuestos subyacentes comparandolo con un estudio anterior y con un modelo tridimensional mas complejo
de dinamica de fluidos computacional.

Para corroborar los resultados del modelo numérico, se disefid y realizd una campafia experimental con
receptores de distintas configuraciones geométricas de los canales de flujo. EI simulador solar de alto flujo del
instituto IMDEA Energia, KIRAN-42, se empleé como fuente de calor por radiacion para los experimentos. Se
disefié, montd y puso en marcha un banco de pruebas calorimétrico para la experimentacién con receptores de gas
a presion. Tras una serie de pruebas preliminares, se establecieron los procedimientos de funcionamiento y control
del banco de pruebas de receptores presurizados.

Se disefiaron cuatro variantes del receptor de aleta plana rectangular y se fabricaron mediante fabricacién
aditiva. Las variaciones geométricas de los receptores consistieron en un aumento de la altura, un aumento de la
anchura y una reduccion del grosor de la pared del canal, respectivamente. Los receptores se fabricaron en acero
inoxidable y en Inconel 718, aunque solo se experimentd con los de acero inoxidable. Se elabor6 un plan de
ensayos en el que se especificaba la caracterizacién experimental que debia realizarse en cada receptor. Para ello,
se consideraron como variables el caudal masico de aire, la presion de entrada al receptor y el flujo pico de
radiacion incidente.

La campafia experimental sirvié para confirmar las principales conclusiones y predicciones del modelo
numeérico del receptor presurizado. Entre ellos se incluyen el maximo rendimiento térmico y la pérdida de presion
que se producen con el tamafio de canal méas pequefio, asi como el efecto positivo de los canales mas altos y
estrechos. El rendimiento térmico maximo observado fue del 94,7% a una presién de entrada de 12 bar, un caudal
masico de 2 g sy un flujo incidente maximo de 400 kW m, con la correspondiente pérdida de carga medida
por debajo del 1% de la presion de entrada. Este rendimiento, en términos de eficiencia térmica y caidas de presion
relativas, esta a la par e incluso supera a los receptores mas avanzados de su tipo. Estas altas eficiencias térmicas
(por encima del 90%) y bajas caidas de presion relativas (por debajo del 1%) se observaron también para otras
condiciones de funcionamiento y geometrias del receptor.

El modelo numérico del receptor se modificé para representar mejor determinadas caracteristicas, como
la rugosidad de la superficie del canal, la radiacién incidente no uniforme, la absorbancia desigual de la superficie
del receptor y las pérdidas de presion de la seccion de entrada/salida del receptor. Aunque el modelo numérico
del receptor presurizado se correspondia en general bien con los experimentos, dentro de los limites del error
experimental, se realizd un analisis de sensibilidad para evaluar la influencia de los parametros operativos que
tenian incertidumbres asociadas significativas. Entre ellos se incluian el caudal mésico, el flujo de radiacion
incidente, la presion de entrada, la composicidn del aire presurizado y la absortancia de la superficie del receptor.
Los indicadores de rendimiento evaluados en este analisis de sensibilidad fueron la temperatura de salida del
receptor, la caida de presion y las eficiencias térmica y energética.

Como conclusion, en esta Tesis se ha demostrado, numérica y experimentalmente, el uso de receptores
en canales compactos para gases presurizados como un disefio de alto rendimiento. Cuando se optimiza su

geometria, estos receptores pueden transferir eficazmente la radiacién solar concentrada al fluido caloportador,



con un rendimiento térmico y caida de presion que rivalizan y superan las prestaciones de los receptores de gas

presurizado presentes en la bibliografia técnica.
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1.1. Concentrated Solar Thermal Systems

There are simultaneously a growing global consumption of energy as well as a demand for renewable
energy sources to play a greater role in meeting the world’s energy requirements [1]-[4]. However, despite this,
fossil fuels continue to dominate the energy mix and may continue to do so unless urgent action is taken. A
significant factor contributing to the lack of penetration of renewable energy is that not all sectors are able to
utilise most renewable energy sources directly [3], [5], [6]. In the current techno-economic scenario, the dominant
renewable technologies (wind and solar photovoltaics) are unable to compete and usurp conventional systems
across all sectors of the energy load spectrum.

A good example of this is in the industrial and transportation sectors (which jointly comprise over 80%
of global energy demand) in which renewable energy sources are very poorly represented [2], [3] as can be
observed in Figure 1. Even in the electricity sector, in which renewables have made far greater inroads, the most
commercialised and common renewables (i.e. solar photovoltaics and wind) have the issue of dispatchability in

the electricity that they produce [7].

Heating and Cooling Transport 32%
11.2% 3.7% 28.0%
Renewable Renewable Renewable
energy energy energy

Figure 1. Sector-wise distribution of total final energy consumption with the corresponding renewable energy
proportion (2019) [3]

Concentrated Solar Thermal (CST) can address several of these issues. It can be more readily used for
industrial process heating, thermal desalination and potentially even process cooling [8]. Thermochemical
applications of CST are also of growing interest with far reaching potential from mineral processing [9] to fuel
production [10]. A synopsis of the applications of CST, outside of electricity generation, will be covered in section
1.1.3.

Power generation using conventional thermodynamic cycles has been the primary sector of interest in
the application of CST for several decades [8], [11]-[13] and it is in the electricity generation sector that CST
technologies have seen the most commercial application [14]. When CST is used specifically for power
generation, the technology is more commonly referred to as Concentrated Solar Power (CSP). There are currently
114 CSP plants in operation, with a cumulative capacity of 6.31 GW, with 10 plants under construction [15].

CST couples well with thermal energy storage (TES) systems, which are relatively well developed,
affordable and commercialised means of energy storage [16]-[19], to permit dispatchable energy loads [20]-[23].
Current thermal energy storage technologies can be classified as either sensible heat [24], latent heat [25] and
thermochemical heat storage systems [26]. Of these sensible heat storage systems are the most deployed,
especially using molten salts as a working fluid [16], [18]. Modern TES systems can store energy for several hours
and have good scalability. This combination with TES affords CST systems near 24 hour operation capability.
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1.1.1. Features & types of CST

As the name suggests, CST systems involve the concentration of solar radiation for the sole purpose of
delivering energy at higher temperatures than would be possible with non-concentrating systems such as flat plate
collectors [8]. Higher process temperatures are required for several industrial processes and CST is the only solar

energy technology that is currently able to provide heat at these elevated temperatures as is shown in Figure 2.

Technology: Solar Agriculture space and
media heating

Concentrating Solar Concentrating Solar

Evacuated Tube Evacuated Tube

Flat-plate Collector Flat Plate

Industrial distillation,

Transpired Air Collector | Transpired Cooking, pressurization,  concentrating, Chemical or other
sterilization, and and drying or high-temperature
Unglazed Collector § Unglazed bleaching kilning processes

0°C 150°C | 180°C | 200°C
Working Temperature (°C)

Figure 2. Operating temperature ranges of solar thermal technologies superimposed on select thermal industrial

processes [27].

In general, all CST systems are comprised of a concentrator and a receiver. The concentrator is the optical
system that directs solar radiation onto the receiver whose function it is to convert the concentrated incident
radiation into useful thermal energy. The concentrators, also commonly termed as collectors, are primarily highly
reflective mirrors of various geometries depending on the CST type that may be continuous reflectors or
discretised. There are two varieties of CST systems, classified on the basis of the method of concentration, as line
focussed and point focussed systems. Line focussing systems concentrate the incident solar radiation onto a line
along which the receiver lies whereas point focussing systems concentrate the light to a point at which the receiver
is located.

Point focussing systems require much smaller receiver areas as the light is concentrated onto a point i.e.
a smaller area and hence these systems are capable of achieving much higher temperatures than line focussing
systems. In other words, line focussing systems can concentrated the incident solar radiation flux between 30-80
times whereas point focussing systems can do so up to concentration factors of 1000 [28]. Being two dimensional
concentrators, line focussing systems only require single axis tracking mirrors whereas point focussing systems
require two axis tracking mirrors as the concentrator is three dimensional [29].

Parabolic trough (PT) and linear Fresnel reflectors (LFR) are the principal variants of line focussing
systems while central receiver systems (CR) and paraboloid dish (PD) are the two main subtypes of point

focussing systems. These four main types of CST systems are diagrammatically represented in Figure 3.



Type of

Continuous reflector Discrete reflector
concentrator

Line focussing

Point
focussing

>

(c) (d)
Figure 3. CST types: (a) PT, (b) LFR, (c) PD and (d) CR. Dashed lines and arrows indicate axes and directions

of rotation respectively. Blue lines mark the concentrators/collectors and the receivers are coloured orange [30].

Parabolic trough (PT) technologies use a continuous parabolic reflector to linearly concentrate the
incident solar radiation. The receiver remains fixed while the entire concentrating reflector rotates about a single
axis tracking the sun along the day. Commercially available PTs achieve concentration ratios within the 50 to 80
range [28]. They are the most widely deployed CSP technology variant with almost 4.7 GW of PT systems
operational accounting for 74.35% of all CSP plants in operation [15].

Linear Fresnel reflector (LFR) systems also use a fixed receiver but the reflectors are multiple mirrors,
either plane (flat) or slightly parabolic, located parallel to the ground with each mirror rotating about its own axis
to focus the incident solar radiation linearly on the receiver. Such LFR systems can achieve concentration ratios
in the 30 to 70 range [31]. There is currently 255.7 MW of LFR capacity in operation comprising just over 4% of
the total CSP capacity [15].

Paraboloid dish (PD) technologies create a paraboloidal reflector by either using a continuous reflector
or separate sections. In these systems, the receiver is fixed on the paraboloidal focal point itself and hence both
reflector and receiver rotate when aligning, along two axes as there is three-dimensional concentration, to the
direct normal radiation. The receiver must be sized in such a way as to minimise the shadow it casts on the
reflectors which may achieve concentration ratios above 2000 [31]. There are no active CSP plants that use PDs
[15].
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Central receiver (CR) systems employ several heliostats, which are reflectors on the ground, to reflect
incident sunlight on a point on a tower. Each heliostat moves independently (along two degrees of freedom) as
the day progresses in order to align itself and focus its reflected ray on the elevated target point on the tower. The
collective action of the heliostat field is to concentrate the sunlight, by concentration ratios from 200 to several
thousand, on the aperture of the receiver [14], [32], [33]. CR plants have a little over 1.3 GW capacity in operation
which comprise a little over 20% of the active CSP capacity [15].

The breakdown of each respective CSP technology in the overall operational capacity mix is shown in

Figure 4.

405 0.79

m PT

LFR

Figure 4. Share (percentage) of various CSP technologies in the operational CSP capacity mix [15].

1.1.2. Heat transfer fluids

The selection of the heat transfer medium (HTM), or the working medium that circulates in the solar
receiver, is one of the most critical design choices as the properties of the HTM largely influence the overall
performance and operating envelope of the system. This in turn impacts the applicability of the CST system
employing the HTM to different process applications. The process temperature requirements is a critical design
point of CST systems and is discussed in more detail in the following section about the applications of CST
(section 1.1.3).

To maximise the thermal efficiency i.e. solar to useful heat conversion, the non-solid HTM or heat
transfer fluid (HTF) must have a low viscosity with high thermal conductivity and volumetric heat capacity [34].
This combination of thermo-physical properties also prevents overheating of the receiver material and the
induction of thermal stresses in the solid walls of the receiver itself as the HTF is capable of more effective heat
evacuation. Apart from heat transfer enhancement, pressure drop in the receiver and solar loop is also an important
criterion which is primarily determined by the properties of the HTF. The pressure drop is a crucial performance
parameter to minimise as it is directly related to the parasitic pumping/recirculation work that is required to be
performed in order to circulate the HTF in the circuit [35].

In addition to these performance related aspects, the HTF must be cost effective, environmentally non-
hazardous, non-corrosive, physically and chemically stable over the range of operating temperatures and pressures

and easy to handle and store.



Thermal oil is the most commonly used HTF with its use reported in over 60% of operational CSP plants
[15] and such mineral or synthetic oils being tested as working fluids as early as the 1970’s [31] in demonstration
project plants. Among the primary reasons behind the historically widespread use of thermal oils are their good
thermal stability, relatively low price, low vapour pressure and long life. Thermal oils may have an operational
lifetime of over 30 years when operated within their upper temperature limits and a suitable oil ullage system is
in place to treat the HTF and maintain its purity as these thermal oils naturally decompose and are more chemically
unstable at higher temperatures [29], [31], [36]. The relatively high rates of degradation may serve to dampen the
heat capacity of the HTF besides leading to the evolution of gases which must be removed so as to not reduce the
heat transfer coefficient due to higher gas to liquid proportions in the thermal oil. Hydrogen gas evolution is
particularly troublesome as it may penetrate through the absorber tube walls and enter the vacuum insulation, if
one is used as is generally the case with PT receivers, and increase the heat losses to the ambient [37]. Another
significant limitation of thermal oils is that their temperature limit is below 400 °C which severely limits its
applicability to higher temperature process applications. Additionally, leakages of thermal oil are a fire hazard
due to their relatively low fire points and also an environmental contamination risk due to these oils’ elevated
toxicities.

Given these substantial drawbacks of thermal oils, molten salts are more frequently being employed
especially in applications that require higher operating temperatures which typically deploy solar tower/central
receiver systems [29]. Molten salts currently in use in CST plants are composed of a mixture of potassium nitrate
and sodium nitrate in the ratio of 2:3 and, importantly, are stable up to 600 °C besides being relatively inexpensive
(1 € kg™") [13]. Owing to their good thermal and chemical stability, molten salts are also widely deployed as
thermal storage media. This provides an additional advantage when using molten salts since it obviates the use of
an intermediary heat exchanger between the solar field circuit and TES circuit. This in turn greatly reduces system
cost and complexity.

On the downside, molten salts have a high freezing point and can start solidifying at temperatures of
around 240 °C which leads to salt crystallisation and the formation of plugs that creates blockages in the circuit
[31]. To prevent this, heating elements, called heat traces, are required across the pipelines and components to
ensure the molten salt is sufficiently heated at all times. Heat tracing is a major parasitic energy loss in molten salt
systems and their implementation incurs a significant material and financial cost [35]. Additionally, corrosion and
erosion caused by molten salts, especially closer to the receiver when the molten salt becomes more chemically
unstable at higher temperature, is a concern that needs to be monitored and entails the use of corrosion resistant
alloys [38], [39].

Gases offer unique advantages when compared to thermal oil or molten salts [35], [40]. They are
chemically and physically stable over a wide range of temperatures and pressures and hence do not require any
heat tracing or oil ullage. This stability also simplifies the startup and shutdown procedures of the plant. The
candidate gases, which will be discussed in more depth shortly, are environmentally benign, non-toxic and
inexpensive. Corrosion and erosion risks to the piping and system components are also minimum, especially if
appropriate filters are used, as the gases are mostly inert. The higher operational temperatures of gases (> 1000
°C) allows for more efficient thermal storage as the temperature difference of the fluid entering and leaving the
solar field, and hence the thermal gradient in the TES, is greater permitting smaller TES sizes.

However, gases have far lower heat transfer coefficients as they have lower densities as compared to
other fluids [31]. Owing to its poor thermophysical properties, the heat transfer to the fluid is worse in the case of

gases which can lead to serious overheating concerns in the receiver [35]. This consideration is what truly limits
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the design operating temperature of gas receivers more than the gas’ temperature stability itself and it also
necessitates the use of high temperature materials in the receiver. Lower densities, and thus higher specific
volumes, also imply larger pressure drops in the circuit which call for greater pumping power in order to circulate
the gas in the solar loop.

Pressurisation of the gases offsets these disadvantages, to an extent, by ensuring that there is adequate
mass flow in all flow channels of the receiver thus avoiding flow instabilities and excessive local heating
characteristic of volumetric/atmospheric receivers [41],[42],[43]. Besides, if the gas is pressurised, the pressure
drop is reduced for an equivalent mass flow rate and cross section area as density is approximately proportional
to pressure, thus the velocity is much lower at high pressure [44]. The circulation power requirement to pump the
gas is inversely proportional to the square of the gas pressure [45]. Additionally, the HTF is not limited to air,
which is the case with atmospheric gas receivers and other gases with more favourable heat transfer characteristics
may be used [46].

The gases generally considered for use in pressurised gas receivers include, but are not limited to, helium
(He), carbon dioxide (CO-) and air [34]. Helium has a higher thermal conductivity and specific heat and hence a
better thermal efficiency when operating at the same temperatures [47] although it has a lower density. The main
drawback with the use of helium is its cost and propensity to leak given its atoms’ small size. CO> is a good
alternative as it has a higher density than compared to other gases at the same pressure and temperature levels.
However, in the case of water infiltration, CO, reacts to form carbonic acid which is corrosive in nature especially
to carbon steels. A system using CO; as its HTF must employ some drying agent to reduce this effect [31].

Air, while having worse thermophysical properties, has the strong advantage of system simplicity,
conventionality and low cost. The requirement of HTF drying is not as critical in the case of air as is the case with
CO- but it is still recommended as water in the circuit always poses a corrosion and oxidation risk. The presence
of oxygen (O) in air also poses oxidation concerns in systems that employ air as the HTF. An inexpensive solution
to minimise oxidation without significantly compromising on HTF performance vis-a-vis air, is to use nitrogen
(N2) as the working fluid which has similar properties as air [31].

Exergetic and energetic analyses into the use of various pressurised gases (air, nitrogen, COa, helium,
neon and argon) for CST was performed through a parametric study varying the mass flow rate and inlet
temperature [48], [49]. Helium was identified as having the best exergy efficiency, which accounts for both heat
transfer to fluid as well as pressure drop, up to inlet temperatures of 650 K after which CO, has the better
efficiency. Air and nitrogen have similar exergy efficiencies which are better than those of neon and argon. A plot

of the exergy efficiencies of the different gases as a function of the inlet temperature is shown in Figure 5.



0.450 -

0.425
0.400 —Ar
— Nitrogan
3
P 0.375 e Carbon dioxide
e Helium
0.350
w— NEon
0.325 === Argon
0.300 T T T T T T T T d
300 350 400 50 500 550 600 650 700 750

Tin (K)

Figure 5. Exergy efficiency (nex) of gases as a function of inlet temperature (Tin) at optimum mass flow rates that

maximise exergy efficiency for each gas at each inlet temperature level [48].

In the thermal analysis, neon is observed to have the higher thermal efficiency at low temperatures, while
helium is the most appropriate solution in the region from 350 K to 500 K. In higher temperature levels, carbon
dioxide is the gas with the greater thermal efficiency. Air and nitrogen again show similar behaviour and perform

better than neon and argon though worse than helium and CO..
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Figure 6. Thermal efficiency (nm) of gases as a function of inlet temperature (Tin) at mass flow rates

corresponding to optimum exergy efficiency for each gas at each inlet temperature level [48].

1.1.3. Applications of CST

Concentrated solar thermal technologies can be applied to the production of power, where the technology
is then more commonly referred to as Concentrated Solar Power (CSP), or the production of heat for downstream
industrial processes. CSP plants typically use steam Rankine thermodynamic cycles though gas Brayton cycles
are promising candidates for future CSP plants [50]. A typical steam Rankine cycle plant driven by concentrated
solar energy is presented in Figure 7. The operating temperature of such a plant is largely dependent on the types
of CSP system used and the HTF selected. Parabolic trough systems using thermal oils can generate steam at

around 370 °C. On the other hand, if molten salts are used as the HTF or direct steam generation is used in solar
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tower systems, higher steam temperatures, up to 540 °C, can be achieved. This higher steam temperature boosts
the thermal efficiency of the plant as the steam turbine operates more efficiently [23].
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Figure 7. Steam Rankine cycle plant coupled to solar field [51].
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Gas Brayton cycles have higher thermal efficiencies than steam Rankine cycles at higher turbine inlet
temperatures as can be seen in Figure 8. This is especially true in the case of supercritical CO; (sCO.) Brayton
cycles which also have the advantage of smaller turbine weight and volume which results in the overall system

having a lower thermal mass besides a less complex power block as compared to steam Rankine cycle plants due
to the higher density of the fluid and simpler cycle design [52].
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Figure 8. Comparative efficiencies of various power cycles [53].

It is for these reasons that sCO, Brayton cycle power plants are considered the next generation of CSP
plants and considerable research endeavour is being invested in furthering its development [35]. The simplest

Brayton cycle layout is shown in Figure 9 and it can employ any suitable gas as its working fluid including sCO»,
helium and air.
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Figure 9. Simple regenerative closed Brayton cycle [54].

It should be noted though that the simple regenerative Brayton cycle is not the most thermally efficient
one and there are several variations that result in higher efficiencies especially using sCO; as the working fluid
[54], [55] though a detailed review into these alternative cycles is beyond the scope of this work.

The use of CST for industrial process heat is a field of growing commercial and research interest as CST
system variants are capable of sustainably meeting a wide range of temperature demands from energy intensive
industrial processes without releasing damaging pollutants unlike conventional fossil fuel heat sources [56]. A
non-exhaustive list [57] of some of the key industrial processes which CST could be coupled to as a heat source,
along with their temperature requirements, can be found in Figure 10.
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Figure 10. Industrial processes with temperature ranges [57].

There are several more potential thermal and thermochemical processes such as desalination or

calcination whose thermal load may be met by CST [31] but a detailed review into this field of application of CST

is beyond the scope of this work.
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1.2. Compact heat exchangers

The definition of a compact heat exchanger (CHE) is relatively arbitrary but may be broadly defined as
a heat exchanger having a surface area density above 700 m?/m® or a hydraulic diameter of below 6 mm if at least
one fluid is a gas [58]-[60]. The reduction in channel size, i.e. compactness of CHEs leads to the following
outcomes:

1) A reduction in the space/required for the same effective heat transfer area. This can cause significant

savings in material costs [61]

2) Smaller fluid passages lead to a higher heat transfer coefficient as it varies as a negative power of the

hydraulic diameter of the passage [62]

3) Increased pressure drop [58]

CHEs are particularly relevant when using gases [60] as they have lower densities when compared to
liquids and hence require higher pumping demand to overcome the higher friction power as a proportion of the
heat transferred to the fluid. When the friction power is high, typically a solution to the heat exchanger design
would be to increase the number of parallel flow channels to reduce the flow velocity. The flow velocity is a
crucial design parameter as it decides both the heat transfer rate per unit surface area, which varies as something
less than the first power the flow velocity, and the friction power which varies as something between the square
and cube of the same.

Increasing the number of parallel flow channels to decrease the flow velocity, and hence the friction
power, will thus also reduce the heat transfer rate per unit of surface area but this reduction will be far lower than
that of the friction power. To compensate for this loss of heat transfer, the surface area must be increased by
increasing the length of the flow channels which will also correspond to an increase in the friction power but this
increase will be roughly proportional to the heat transfer rate increase.

Gases, with their friction power restrictions, require low mass velocities (mass flow rate per unit cross
sectional flow area) and this combined with the generally poor thermal conductivity of gases results in low heat
transfer rates per unit surface area. Therefore, greater surface areas are necessary in the heat exchanger when gases
are employed. CHESs achieve this objective by increasing the surface area density while boosting the heat transfer

coefficient through compact channels [62].

1.2.1. Features & types of CHE

There are several variants of CHEs but the most the most widespread and commercial ones may be
broadly classified as: Plate Heat Exchanger (PHE), Plate-Fin Heat Exchanger (PFHE), Printed circuit heat
exchanger (PCHE), and Spiral heat exchanger (SHE)

Plate Heat Exchangers (PHEs) are comprised of parallel plates corrugated in such a way that the
corrugations between adjacent plates cross one another to form narrow winding flow channels. The plates
themselves are held by a rigid frame with gaskets providing the sealing between streams. An example of a gasketed
PHE can be seen in Figure 11.

PHESs have high heat transfer coefficients because of their small hydraulic diameter and good heat transfer
caused by the corrugations which serve to increase the turbulence and advection of the fluid from the channel
centre to the near wall. The corrugations also destroy the boundary layer and inhibit new layer formation and
reattachment [58]. The gaskets tend to limit the temperature to which the PHE can operate. Additionally the PHEs

have higher pressure drops due to their narrow channels which can also be blocked by flow contaminants [63].
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Figure 11. Flow principle of PHEs [64].

Plate-Fin Heat Exchangers (PFHES) consist of alternate finned patterns which are separated vertically by

flat sheets and along the sides by side bars to form channels as can be seen in Figure 12 below.

Ay
Figure 12. PFHE (exploded view) [58].

Brazing is used to attach the parting sheets, fins and side edges. The fluid channels are the spaces between
the fins and each fluid flows on across the parting sheet. There is a wide scope for optimisation in design with
parameters such as the number of the plates, the size of the plate and fin, the height of the fin and the type of fin
being easily adjustable [65]. The ease in rearranging fin layouts allows the PFHE to operate in cross-flow, counter-

flow, cross-counterflow or co-current flow.

14



The fins perform the dual function of enhancing the heat transfer by increasing the wetted surface area
while reducing the hydraulic diameter and thermal resistance and also provide structural support and allow the
CHE to withstand higher pressures. There are several types of fins including perforated, serrated and herringbone
besides plain fin. Each fin has different features (in terms or relative heat transfer enhancement and pressure drops)
and hence applications [58].

PFHEs are prone to fouling owing to their small channels and, moreover, they cannot be cleaned
mechanically. Hence fluid streams with fouling potential must use a filtration system. In addition to this, PFHES
are more expensive as more detail is required in their manufacture.

Printed Circuit Heat Exchangers (PCHEs) are formed by diffusion bonding plates which have been
previously photo-chemically etched. The diffusion bonding process results in extremely robust and metallic heat
exchangers that can withstand extremely high internal pressures. The lifetime and corrosion resistance is also
greatly improved due to the diffusion bonding process. This is because of the nature of diffusion bonding in which
a period of thermal soaking allows for grain growth which smoothens joint interfaces and provides them with

strength comparable to that of the base material [66], [67].
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Figure 13. Types of PCHEs with various flow channel geometries [66].

d

&2

PCHEs may be configured to operate in parallel, counter or cross flow or any combination of these. As
with all CHE, the small channel size improves the heat transfer process. The unique advantage of PCHEs are their
high operating pressure tolerance and inherent safety owing to the fact that there are no gaskets or brazed materials.
Leakage is also hence a negligible factor as the PCHE is practically one solid without discontinuities.

High pressure drops are the main drawback of PCHEs especially at low-medium pressures where it is
more of a constraint.

Spiral Heat Exchangers (SHE) or circular (helical) heat exchangers are formed by rolling out two metal

sheets to form concentric spirals of rectangular cross-section as can be seen in Figure 14.
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Figure 14. Spiral Heat Exchanger [58].

Depending on how the edges are sealed (welded or with gaskets) there may be double spiral counter flow,

one in spiral the other cross flow (across the spiral) or a combination of one being counter and cross flow [68].

The curvature of the fluid passage causes a centrifugal force which, in turn, causes eddy currents and vortices that

greatly improve the heat transfer [69].

1.2.2. CHE:s for solar receiver applications

There have been several studies investigating the use of CHEs as the intermediary HE between the solar

field and the power block [67],[70],[71]. but fewer studies into directly using CHE geometries and concepts for

solar receivers, as summarised in the next paragraphs.

The operational limits of the main types of CHEs are presented in [58], although it should be noted that

these limits are not absolute and largely depend on the materials used and manufacturing processes. It is intended

to be indicative of the relative capacities of each type of CHE.

Table 1. Operational limits of CHEs. PHE represents Plate Heat Exchanger; PFHE stands for Plate Fin Heat

Exchanger; PCHE denotes Printed Circuit Heat Exchanger; and SHE denotes Spiral Heat Exchanger [58].

CHE Type Maximunfzoté;nperature Maximum pressure (bar)
Gasketed PHE 200-250 35
Brazed PHE 225 45
PFHE 800 120
Diffusion bonded PFHE 800 620
PCHE 900 500-1000
SHE 540 25
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Given the high temperature requirements of all solar receivers (> 900 °C), Plate Heat Exchangers (PHES)
are not feasible and the CHEs must use materials that can withstand such temperatures such as ceramics, nickel
and titanium alloys. Diffusion bonded Plate Fin Heat Exchangers (PFHES) and Printed Circuit Heat Exchangers
(PCHEs) were considered the most suitable candidates for application as solar receivers, due to their high
efficiency as well as mechanical strength. Nevertheless, for typical pressurised gas receiver (PGR) working
pressures, even in the case of direct coupling with a supercritical power cycle (approximately 200 bar), it is
sufficient to use a diffusion bonded PFHE type, so the research has focused on this type, yielding to several
prototypes described in next section.

Finally, it is interesting to note that there are additive methods to manufacture these compact structures
including Electrically Assisted (EA) forming [72] and Selective Laser Melting (SLM) [73] that provide a greater
degree of flexibility in the design of the CHE microchannels There are also novel techniques, specifically
Electrical Discharge Machining (EDM), employed to increase the aspect ratio (channel height to width) in PFHES
[74],[75].
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1.3. Solar Central Receivers using pressurised gases

Pressurised gas receivers may be classified, on the basis of the mechanism of the solar radiation
absorption and heat transfer to the HTF, as directly, indirectly or hybrid irradiated receivers [47]. As the name
suggests, directly irradiated receivers have their flow channels irradiated or alternatively, the solid surface in
contact with the HTF as well as the HTF itself are directly illuminated. On the other hand, indirect receivers have
a solid physical separation between the irradiated surface and the flow channels of the HTF.

This analysis will focus on indirectly irradiated receivers as directly irradiated receivers are limited in
their operating pressure by the fragility of the quartz glass window [47], [76]. For CSP plants being proposed with
novel sCO, Brayton power cycles, sCO, and the HTF should have similar operating pressures to ease the design
of the intermediate heat exchanger [55]. The high pressure and low pressure extremes of the sCO; cycle are around
250 bar and 75 bar respectively [54], [55], [77], [78] which are beyond the capacity of quartz windows [76]. Hence
in order to achieve HTF pressures close to those used in the sCO; cycle, an indirect receiver must be used.

A brief description of selected pressurised gas receivers (which have been experimentally tested)
followed by a table with more technical details and relevant calculated parameters will be presented and

summarised.

1.3.1. SOLGATE tubular Receiver

A modular tubular receiver designed in a cavity shape (in order to trap more incident solar radiation) was
the concept proposed by the SOLGATE (Solar hybrid Gas and Electric Turbine) project [79]. As the project name
indicates, it intended to integrate CST into a gas turbine cycle. The tubular receiver, which is focussed on here,
was used as the low temperature heat source module to preheat the air before further heating subsequent modules.

The goal of the receiver (Figure 15) was, hence, to heat the air after the compressor from 350 °C to 550 °C.

\

Figure 15: SOLGATE Receiver [79].

The SOLGATE receiver had one main inlet (and outlet) which split into 16 parallel tubes. Each tube had

a diameter of 28 mm and a length of 2.3 m.
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1.3.2 SOLHYCO tubular Receiver
Building on the success of the tubular cavity receiver concept of SOLGATE, the SOLHYCO (Solar-

Hybrid Power and Cogeneration Plants) project aimed to design a pressurised air receiver that would singularly
heat the air to a high temperature before entry into a combustion chamber. The objectives of the SOLGATE
receiver (Figure 16) were to achieve a high thermal efficiency, a pressure drop below 100 mbar and air outlet
temperatures up to 800 °C without heating the tubes over 900 °C [80], [81].

Figure 16: SOLHYCO Receiver [81].

The receiver had 40 straight 2.5 m tubes (each with an outer diameter of 26.7 mm and thickness of 2.11
mm) inside the cavity with 0.9 m aperture diameter.

Wire coil inserts (Figure 17) were used in every tube to eliminate the thermal boundary layer and promote
fluid mixing and hence enhancing the heat transfer.

Figure 17. Wire coils used inside tubes of SOLHYCO Receiver [80].

The wire coils had a wire diameter for 2 mm and a pitch of 55.4 mm. An analytical model showed the

addition of the wire coils reduced the required overall receiver tube length by 54.8 m or 35.4%

1.3.3. SOLUGAS tubular Receiver
Improving and scaling up the SOLHY CO receiver concept, the SOLUGAS tubular receiver consisted of

10 panels, each with 17 tubes of 5m length, and aimed to heat pressurised air from around 300 °C to 800 °C at
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Chapter 1. Introduction

thermal efficiencies of 80% [82]. The tubes individually had an inner diameter of 19.6 mm and a thickness of 1.4

mm.

Figure 18. SOLUGAS Receiver [82].

1.3.4. Flat Panel Tubular Receiver

As a base case for a novel tubular receiver panel arrangement [83], three flat plate panels of 13 parallel
pipes welded to inlet/outlet header manifolds are tested with pressurised air (Figure 19). Although the receiver
was designed to use sCO,, the preliminary experiments (which are presented here) were performed with

pressurised air. Each tube had an outer diameter of 12.7 mm and a wall thickness of 1.651 mm

1.3.5. Bladed Receiver

The bladed receiver has, in front of three flat tubular panels, three inclined (50°) panels (blades) that each
have 9 tubes. The individual tubes are identical to the ones used in the Flat Panel Receiver. The bladed panels
serve to better absorb the incident solar radiation and reduce thermal losses. It was found that this bladed

arrangement increased the thermal efficiency by at least 6% over the Flat Panel Receiver [35], [83], [84]
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Figure 19. Flat Plate Tubular Receiver [83]. Figure 20. Bladed Tubular Receiver [83], [84].

1.3.6. Embedded circumferential Receiver
In this receiver the incident solar radiation enters a square cavity around which pressurised air flows [85].

The aperture of the receiver (Figure 21(a)) was 96 mm x 96 mm and its cavity length was 194 mm.

p— = = ]
|l T =

T Sl il i

(a) (b)

Figure 21. Embedded Receivers [85]: (a) circumferential, (b) axial

1.3.7. Embedded axial Receiver
This receiver is similar to the previously described one, except that the flow is no longer around the
circumference but along its length. Baffles are used to enhance heat transfer [85]. The cavity of this receiver

(Figure 21(b)) was smaller than the circumferential type at a 70 mm x 70 mm aperture.
1.3.8. Microchannel Receiver

The microchannel receiver was designed based on Compact Heat Exchanger (CHE) concepts and

geometries reviewed by the same research group previously [58]. The receiver was divided into 12 parallel
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channels with each channel being 1 mm wide and 3 mm high. Rectangular ribs were attached on top of each
channel. These ribs had the same width as the channel and a height and pitch of 2 mm and 1 mm respectively.

The first rib was placed just at the entrance of the air passage as can be seen in Figure 22 [73].

Figure 22. Microchannel Receiver [73].

The receiver was manufactured using Selective Laser Melting (SLM). The upper (top) surface of 30 mm
x 30 mm was the irradiated plane.

1.3.9. Cavity Receiver with Reticulated Porous Ceramic (RPC) Lining (low power)

As can be seen in Figure 23, the concept of such receivers is to use a porous foam (usually SiC ceramics)
on the inner lining of the receiver cavity to improve the heat transfer between the heated cavity walls and the HTF
[86]. In this 3kW receiver [87], a cylindrical cavity of 30 mm in diameter (inner), 75 mm in length and 5 mm thick
walls made of sintered a-silicon carbide (SSiC) had a 15 mm thick RPC made of 10 ppi SiC foam.

The receiver was designed with the intention of its use for driving a combined Brayton-Rankine cycle.
The nominal temperatures and pressures at the gas turbine inlet are in the range of 1000-1600 K and 5-30 bars

and this set the design operating point for the receiver.

22



1.3.10. RPC Cavity Receiver (high power)

A scaled up (50 kW) version of the previous RPC Cavity receiver was developed and experimented on
[88] with similar objectives i.e. to achieve outlet air temperatures in the range of 700-1400 °C at pressures between
3-35 bar for use with gas turbines.

As with the smaller receiver, the cavity itself was constructed of SSiC and the RPC of SiC. The cavity’s
inner diameter was 250 mm with a length of 500 mm and a wall thickness of 7 mm. The ceramic foam on the
annulus had three configurations; 10 ppi, 20 ppi and 10 ppi with air flow baffles.

thermocouple: 7, safety

hot air
outlet

i("old air inlets

Pressure vessel

Insulation

cpPC

RPC

0 0.2 0.4 (m) /‘
[ e —] cold air
0.1 0.3 inlets (4x)

Figure 23. Cavity Receiver with RPC Lining [47]. Figure 24. RPC Cavity Receiver (high
power).
1.3.11. Impinging cavity receiver (preliminary)
The impinging cavity receiver is a novel concept [89]-[92] that uses high velocity jets of air, directed at
the cavity walls, to enhance the convection heat transfer coefficient and hence the heat transfer. The principle of

the same can be seen in Figure 25. The concept was developed and tested at the KTH Royal Institute of
Technology, Sweden.

HTF Impinging Jet

/
I

Cavity Absorber

Figure 25. Impinging cavity receiver working [47].
The preliminary experiments used a cavity receiver of 280 mm in diameter and 250 mm in length with

12 nozzles (of 10 mm in diameter). The annulus was chosen as 40 mm to reduce the potential thermal gradients
and influence of flow distribution.
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The stated objective of the receiver was to achieve a pressure drop below 3%, a thermal efficiency of at
least 75%, absorber temperature gradients below 200 °C to avoid thermal stress and an air outlet temperature of
above 800 °C in order for its intended use with a gas turbine [93].

The experiments showed poor performance in terms of thermal efficiency (43%-53%) and very low outlet
temperatures (160-253 °C) although the pressure drop was low 1-2.5 mbar. This poor thermal performance, and
deviation from analytical expectations, was attributed to poor insulation and oxidation of the inner cavity surface
[93].

(A) Wall thickness: 3mm s

(8) | Air outlet

Viewport

Air inlet

557

Figure 26. Design of the preliminary impinging cavity receiver [93].

1.3.12. Impinging cavity receiver (improved)

The same Impinging cavity receiver (Figure 26), in terms of the design and system configuration, was
used in the second round of experimentation [94] with the addition of 80 mm thick ceramic wool insulation around
the receiver and a Pyromark® 2500 flat black paint on the absorber surface to improve its absorptivity. Another
change was the addition of a heat exchanger to preheat the air before entering the receiver. These changes resulted
in an improved efficiency (74%) and an air outlet temperature of up to 810 °C although with a preheated inlet air
temperature of 674 °C.

1.3.13. Summary of pressurised gas receivers

A table with more detailed technical specifications and calculated parameters of the receivers mentioned
above can be found in the appendix. To summarise, indirectly irradiated pressurised gas receivers can be classified,
on the basis of their geometry, as tubular, cavity (annular) or microchannel receivers. While these receivers can
operate at higher pressures, they suffer the penalty of the extra thermal resistance of the absorbing/incident surface

through which the HTF is heated. Hence the primary objective of these receiver types is to better the heat transfer
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to the HTF which is further hampered by the inherently poor thermophysical properties of gases in general.
Pressure losses are a major degrading factor, however, as they increase the pumping power required on the one
hand but are almost inevitable especially when attempting to enhance the heat transfer to the HTF. A careful
optimisation must therefore be carried out when assessing the performance and in the design phase of pressurised
gas receivers.

Tubular receivers, which are the most studied, demonstrated and understood type, are able to achieve
high air outlet temperatures and are also able to be deployed in different configurations so as to make use of the
cavity effect or other solar trapping arrangements and can hence achieve higher optical efficiencies [83]. While
tubular receivers boast low pressure drops of below 2% of their inlet pressure, the thermal efficiency of such
receivers does not exceed 80%.

Other proposed pressurised receivers have sought to improve on the performance of the conventional
tubular receiver but inevitably face the same competing considerations of thermal efficiency maximisation and
pressure drop minimisation. While some receivers, notably the flat panel, bladed and embedded receivers, are able
to achieve high efficiencies, they do so at the cost of excessive pressure drops well above 10% of the inlet pressure.
On the other hand, other receiver concepts, such as the RPC and impinging cavity receivers, have lower pressure
drops below 1% of their inlet pressure levels. However, the corresponding thermal efficiencies attained by these
receivers is also lower, often below 60%.

Further numerical analyses and experimental work needs to be carried out on microchannel receivers as
well as the many innovative concepts within the subset of cavity receivers including impinging jets, embedded
channels and RPC lined cavities. New concepts to better the heat transfer to the working fluid as well as reducing

the pressure drop are also called for in the development of the next generation of pressurised gas receivers.
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1.4. Performance indicators

The performance of a solar receiver may be evaluated by different performance indicators. These include,
but are not limited to, exergy efficiency, thermal efficiency, optical efficiency and pressure drop [40]. Exergy and
entropy analyses provide interesting tools in the performance assessment of receivers and may generate useful
objective functions for optimisation. Such an objective function must simultaneously account for the useful fluid
heat gain and the undesirable heat losses and pressure losses. In conventional heat exchanger theory, functions
minimising the entropy rise are widely used [95],[96]. Entropy is generated in the fluid due to the heat gain and

also the pressure drop. The general equation quantifying the entropy addition is given by equation (1):

-2 23
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In equation (1), the first term on the right hand side is the contribution made by heat transfer, while the
second term is the contribution due to fluid friction; Gcony,,., is the convection heat transfer per unit length; m is
the mass flow rate per channel, fp is the Darcy friction factor; Tayg is the average fluid temperature; payg is the
average fluid density; kavg is the average fluid conductivity; Nuayg is the average Nusselt number; and Dy is the
hydraulic diameter. A drawback of using equation (1) in isolation is that it does not account for the solar energy
supplied to the receiver but merely the entropy generated by the fluid. Alternatively, exergy gain in the fluid may

also be used [97] with the expression for compressible fluids being equation (2)
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where Tamp is the ambient temperature; Tuwrp is the log mean temperature difference between the outlet
and inlet; n is the number of moles; R is the ideal gas constant; and P is the average fluid pressure. Both equation
(1) and (2) have the heat gain term on the left and the pressure drop/fluid friction term on the right. To factor in

the receiver heat losses, the exergy associated to the incident solar radiation is calculated by the Parrot equation

(3) [98]:

° 4 Tamb Tamb
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where Q.4 is the total incident solar radiation on the receiver, also appearing in equation (3); Tsun is
the equivalent temperature of the sun as a blackbody (~5800 K); and & is the half-angle of the cone subtended by
the sun’s disc (6 ~ 4.7 mrad, on a clear day). Combining equations (2) and (3), a parameter henceforth referred to

as the exergy efficiency is obtained as expressed in equation (4);

AE‘XHTF

(4)

nexergy AExsolar "
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The exergy efficiency, defined in equation (4), factors in all three effects pertinent to the performance of
a solar receiver. It can hence act as an objective function to each receiver type, evaluating it for each permutation
of the operating parameters, within their ranges, to determine which is the optimum set for each configuration and
overall. As mentioned before, there are also other performance indicators that are evaluated and presented
including energy efficiency [99], defined in equation (5), optical efficiency [87], defined in equation (6) and the

widely used thermal efficiency given in equation (7).

QHTF
Nenergy = 7 ’ 5)
Qsolar
Qab
Nopt = = = ) (6)
Qsolar
Q HTF
Nthermal = e ) (7)
Qabs

where Q7 is the useful heat transferred to the HTF and Q,,, is the absorbed solar radiation.
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1.5. Objectives and scope

The main focus of this thesis is the application of compact flow channels of various geometries to
pressurised gas receivers to improve their performance. Utilising flow channel geometries and concepts that are
well established in compact heat exchangers and applying them in solar receivers, it is endeavoured to achieve
the performance improvements realised, due to increased compactness and novel geometries, in compact heat
exchangers and replicate them in solar receivers using pressurised gases. The objective of this work is hence to
develop high performance novel solar receivers using compact flow channel geometries.

The evaluation of the performance of these solar receivers with various compact flow channel geometries
is conducted using numerical modelling and experimental analyses of selected receiver geometries. The numerical
model is intended to be versatile and able to test the performance of receivers with several flow channel geometries
and variations to each channel geometry type. Following this numerical analysis, a pressurised receiver testbed
must be designed, installed and commissioned in order to perform the following step of the development process,
i.e. experimental testing. Pressurised receivers must also be designed, employing the numerical model as required,
and fabricated to this end.

The subsequent experimental campaign must be designed to physically demonstrate and experimentally
validate the findings of the numerical modelling analysis. In this work, the scope is limited to the application of
compact flow channels to solar receivers for central receiver solar towers but it should be noted that the concepts
herein may well be applied to other concentrating solar thermal technologies and variants thereof.

In summary, the objectives of this thesis are:

1) Develop a simplified and versatile pressurised receiver numerical model capable of implementing

multiple compact flow channel geometries and configurations

2)  Apply the developed receiver model to a CSP system in order to identify the optimum compact flow

channel geometrical configuration for the application

3) Design, install and commission a pressurised receiver testbed using the KIRAN 42 high flux solar

simulator at IMDEA Energy

4) Design and fabricate pressurised receivers to be used for the experimental analysis

5) Prepare procedures for the operation of the testbed, experiment procedure and design of experiments

6) Perform experimental characterisation of receivers and analyse experiment results

7) Experimentally validate receiver numerical model by comparing its predictions with experiment

results and findings

8) Perform a sensitivity analysis to evaluate and quantify the effects of different control parameters on

the receiver performance
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1.6. Structure of thesis

In chapter 1, an introduction to the different types of concentrated solar thermal technologies is provided
with sections on the use of different heat transfer fluids, especially pressurised gases, and applications of
concentrated solar technologies. An overview on compact heat exchanger technologies, with their subtypes and
unique features, is presented with a focus on the suitability of their application to solar receivers. A state of the
art review of indirectly irradiated pressurised gas solar receivers is then laid out as this is the category into which
compact channel geometry receivers can most easily fit. Performance indicators that may be used in solar receiver
analysis and optimisation studies are also briefly presented.

Chapter 2 is dedicated to the numerical modelling of pressurised gas receivers using compact flow
channels. The numerical model is developed and explained in terms of its working principles and governing
equations. As the objective of the model is to incorporate multiple flow channel geometries, each with its own
peculiarities, the numerical model must be developed to allow for versatility in its use. The second part of the
chapter is the application of the receiver model to a supercritical carbon dioxide Brayton cycle plant coupled to a
central receiver solar tower system. Different flow channel geometries are introduced and applied to the receiver
model with a parametric study optimising to find the best combination of geometric parameters for each flow
channel geometry. The resulting optimum geometrical configurations for each flow channel type are then
compared and discussed. A validation of the model is carried out by directly comparing it to a previous study as
well as a more thorough validation by comparing the receiver model to a three dimensional computational fluid
dynamics simulation that could validate some of the key simplifying assumptions made by the model. Finally the
conclusions of the work and future work with the numerical model of the receiver are discussed.

Following the numerical analysis, Chapter 3 delves into the preparation, development and design of the
experimental campaign. Beginning with the description of the KIRAN 42 high flux solar simulator and the
capacities of its associated test facilities. The development of the experimental setup and calorimetric testbed for
the planned experimental work is then detailed along with information about the particular instrumentation used
and the related error analysis of the measurement equipment. The design of the receivers to be used in the
experimental campaign is also explained subsequently. Preliminary test runs are conducted and the results and
learnings of the same are presented as a means to eventually arrive at the experimental procedures to be followed,
and modifications to the testbed to be undertaken, when performing the final experiments. Finally, the experiment
design and overall experimental campaign is described.

Chapter 4 dives into the experiments with the receivers using the receiver testbed that was previously
developed. Each of the receivers is first individually analysed with peculiarities related to their experimentation
and their behaviour in general explained. A comparison is then made between the receivers tested to contrast their
performances at different operating conditions. Errors, being an inescapable reality of experimental work, are
evaluated for their effect on the performance of the receivers through a sensitivity analysis in which the operational
parameters that are deemed to be most relevant to the receiver performance are analysed.

Finally, the conclusions to the thesis are presented and the work done is summarised. Future research
outlooks and endeavours that naturally offshoot from this work are discussed as well as challenges that were faced

in the development of this research, both numerical and experimental.
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2.1. Introduction

Multiple internal flow channel geometries, inspired by compact heat exchanger concepts, may be used
in solar receivers to improve their performance [44]. In order to analyse and compare each of these solar receivers
with various flow channel geometries, a thermo-fluidic numerical model has been developed. The
conceptualisation and development of the mathematical receiver model, selection of different channel geometries
based of compact heat exchanger designs and application of the model to a concentrated solar power plant in order
to compare and contrast the various geometries and the influence of key common design parameters defining each
one are all detailed in this chapter.

A guiding principle behind the development of the numerical model was to inculcate versatility and
simplicity in order to easily adapt the model to different flow geometries, working fluids, incident radiation
conditions, receiver solid material and operating conditions of the working fluid. Beyond facilitating the inclusion
of multiple internal channel geometries for analysis, this intrinsic flexibility of the model also permits a wide
range of parametric studies and application of the receiver model to several concentrated solar thermal plant
concepts.

In this chapter, a comparative analysis of the performance of pressurised gas receivers with various
internal flow channel geometries, laid out in section 2.2.2, is performed with each individual receiver subtype
further analysed in a parametric study varying four parameters (section 2.4.2) common to all receiver geometry
subtypes. A brief introduction to some thermo-mechanical aspects related to external receiver design is given in
section 2.2.1.

The thermal model of the microchannel pressurised gas receiver, presented in section 2.3, is applied after
setting a suitable operational framework and boundary conditions for the receiver. These operating conditions are
reported in section 2.4, when describing the global Solar Thermal Power Plant (STPP) based on the microchannel
pressurised gas receiver. After establishing these boundary conditions, the sizing and operating conditions of the
receiver subsystem are set out in section 2.4.1. The geometrical characterisation of the different Plated Fin Heat
Exchanger (PFHE) compact structures, as well as the scope of the parametric study, are presented in section 2.4.2.
The numerical model used to analyse and compare the various CHE geometric structures is detailed in section
2.3.1.

Section 1.5 is devoted to the results including an analysis of the performance and behaviour of the
different receiver types (section 2.5.1) and a comparative analysis (section 2.5.2). Exergy efficiency, defined in
the previous chapter (section 1.4), is identified as a suitable figure of merit as it considers the exergy increase
associated to the fluid heat gain, and the exergy decrease caused by the pressure drop and the heat loss. The results
present the optimal geometric parameters for each compact structure and the comparison between optima.

A validation of the developed numerical model is carried out in section 2.6 by comparing it with previous
studies (section 2.6.1) as well as by analysing the simulation results of a three-dimensional model performed on
a commercial Computational Fluid Dynamics (CFD) software (section 2.6.2). At last, section 2.7 summarises the
main conclusions, as well as future research lines. The appendix also provides the complementary information

related to the heat transfer and pressure drop correlations used in the numerical model besides additional results.
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2.2. Design of the solar receiver and flow channels

2.2.1. Thermo-mechanical considerations

Solar receivers must be designed to maximise the energy conversion from the incident solar radiation to
the heat transfer fluid (HTF). This implies minimising the thermal resistance to this heat transfer process besides
the heat losses to the ambient. These goals though are often inhibited by thermo-mechanical, engineering and,
ultimately, economic constraints. Thermo-mechanical restrictions refer to those physical limits of the individual
components, which together form the grander receiver system, themselves owing to their material properties and
operating conditions. Engineering challenges broadly refer to those limitations of current engineering capacities
which include, but are not limited to, manufacturing, assembly, monitoring and control capabilities. Ultimately,
economic feasibility is the omnipresent and all-encompassing criterion limiting any design as, irrespective of
whether a design may be technically conceivable, if it is not commercially viable to build, operate and maintain
the system/component, it will not have any real world application which is the intended objective.

While the broad engineering and economic constraints are evident and will not be elaborated further, the
thermo-mechanical considerations will be explained in more detail. For a pressurised solar receiver with a flat
wall separating the incident radiation from the pressurised fluid, as in Figure 27, there are the following

considerations:

_ Incident
Pressurised Solar
Fluid (HTF) Radiation
Flow

Receiver Outer Wall
Figure 27. Simplified illustration of the physical phenomena occurring around the receiver outer wall that is
exposed to solar radiation on one side and the HTF on the other. The thermal gradient is meant to depict the
general trend across the wall’s depth and along the HTF flow direction with blue to red indicating colder and
hotter regions respectively.

There exists a natural temperature gradient from the external irradiated surface to the internal surface in
contact with the HTF. This gradient depends on the thermal resistance of the receiver which in turn is a factor of
the thermal conductivity of the solid material of the receiver, the convective heat transfer coefficient to the HTF,
the thermal capacity of the HTF, etc. A high thermal gradient increases the thermal strain on the solid material
and eventually causes thermal deformations, reducing the operational life of the receiver.

The reduction of this thermal gradient is hence vital and may be achieved by, among other things,
reducing the thickness of the receiver wall. But there is a minimum wall thickness required as it must be
sufficiently strong to withstand forces exerted by the pressurised HTF passing through the receiver. This is because
the pressure inside the flow channel, pressing against the internal surface of the receiver wall in Figure 27, also
exerts a force and induces stresses in the receiver wall. The receiver wall must be sufficiently thick as to withstand
these stresses induced by internal pressure, further complicated by the fact that solid material strength worsens at

the elevated temperatures typical of solar receivers.
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Such thermo-mechanical considerations are vitally important to the operational longevity and safe
operation of the receiver. They provide operational limits to the design and sizing of the receiver and its internal
structures. Conventionally, the design by rule approach is used for the sizing of components with pertinent
international and national standards such as [100]-[102] utilised as direct references and guides. More recently
though another design approach has grown in popularity namely the design by analysis approach. As the name
suggests, a design by analysis uses analytical tools, chiefly finite element analyses and simulations, to more
precisely identify the stresses in the components as opposed to design by rule which, more simply, follows sets of
equations which, after entering the required design parameters, provides the safe operating limits of the
component.

The design by rule approach, following the ASME Section VIII Division | [102] has been utilised in this
work in section 2.4.2 to determine the parameter limits when conducting a parametric study varying the geometry

of the proposed receiver, as will be detailed in the subsequent sections.

2.2.2. Internal flow channel geometries

The selected Compact Heat Exchanger (CHE) channel geometries, for the internal flow paths of each
absorber, analysed and compared in this work are the following [68]: Plain Rectangular Fin (PRF), Plain
Triangular Fin (PTF), Wavy Fin (WF), Offset Strip Fin (OSF), Perforated Fin (PF) with rectangular cross-section,
and triangular shaped Louvred Fin (LF). These geometries are presented in Figure 28.

(€) U]
Figure 28. CHE channel geometries analysed in the pressurised air receiver model. (a) Plain Rectangular Fin
(PRF); (b) Plain Triangular Fin (PTF); (c) Wavy Fin (WF); (d) Offset strip Fin (OSF); (e) Perforated
(Rectangular) Fin (PF); and (f) Louvred (Triangular) Fin (LF).

It should be noted here that there are other potential flow channel geometries but these are the most

commonplace geometries used in compact heat exchangers [68] and were hence selected for this study. The
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channel geometries presented in Figure 28 can be characterised by common parameters. ldentifying these
parameters and studying the effects of their variations will allow for an optimisation analysis that reveals the best
parameter set for each channel geometry type. Besides, the analysis also facilitates a comparison among the
different receivers, each with different channel geometries. This will be discussed in more detail in the design of

the parametric study in section 2.4.2.
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2.3. Thermo-fluid dynamic model

In order to analyse the various proposed compact structures for the pressurised receiver, a bi-dimensional
model has been developed, exploiting its implicit simplicity and versatility, permitting different geometries to be

easily incorporated and evaluated. The overall structure of the receiver model is portrayed in Figure 29.
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Figure 29. Overall process flow of the pressurised air receiver model.

After determining the global operating conditions of the receiver, the analysis of the individual absorber
is performed. It is important to note that all absorbers of the receiver are considered to operate under the same

conditions and hence only one absorber need be analysed to comprehend the performance of the overall receiver.
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2.3.1. Heat transfer model

The model works by dividing the absorber into multiple elements along its length i.e. the flow direction,
each referred to as a Heat Collector Element (HCE), and enforcing an energy balance on the individual elements
along the flow direction. A thermal resistance model, discussed in more detail in the following section, is applied
within each HCE to determine the thermal gradient along the absorber depth. The simultaneous use of the two
heat transfer models, one along the flow direction and the other along the absorber depth, can be visualised in
Figure 30.
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Figure 30. Bidimensional numerical model: diagrammatic representation of working principle [103].

For each HCE, the radial heat flux is initially assumed to be uniform and normal to the incident plane
surface, and it is evaluated at the average temperature between the inlet and outlet of the HCE. It is assumed that
there is no heat transfer across the breadth of the receiver i.e. the temperature across the receiver breadth is
uniform. These are conventional assumptions for bi-dimensional solar receiver models [104],[105].

For each HCE, the incident concentrated solar radiation (Qs,,4,-) impinges and is absorbed by the absorber
panel (Q,ps). Most of this absorbed radiation is transmitted by conduction through the panel walls and the compact
structure (Qcona.wa) to be finally transmitted by convection to the working fluid (Qony rr)- Since the outer wall
of the panel is usually at a higher temperature than the ambient, there is a convection and radiation heat loss
(Qloss,conv and Qloss,'radv respectively). The total heat loss also includes the contribution due to reflected radiation
(Qloss,ref)r which is not absorbed by the panel. These heat transfer phenomena are summarised in equations (8)-
(12):
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Qsolar = Qabs + Qloss,ref , )

Qabs = Qcond,wall + Qloss,conv + Qloss,rad ) (9)
Qcond,wall = Qconv,HTF ’ (10)
Qloss = Qloss,conv + Qloss,rad + Qloss,ref . (11)

This system of four equations is completed by a first law energy balance applied to the working fluid, as

it passes through each HCE as expressed in equation (12);

. ) 1
Qconvurr =M |(hoye — hin ) + 2 (vgut - vizn)] ) (12)

where m is the mass flow rate, h is the enthalpy and v is the fluid velocity. In this equation, potential energy is
neglected. The required HTF thermal properties at the HCE outlet are calculated once the HCE inlet thermal
properties and the boundary conditions are known. Of course, the inlet conditions of an element are simply the
outlet conditions of the preceding element with the exception of the very first element whose inlet conditions are
predefined.

The outlet pressure is determined by calculating the pressure drop across the element and subtracting that
from the inlet pressure. With these two properties known, the remaining required fluid properties can be
determined. This process is sequentially implemented from the first HCE (at the absorber inlet) to the final HCE
(at the absorber outlet). The conduction heat transfer between adjoining HCEs is not considered and there are no
heat transfer boundary conditions imposed at the inlet and outlet nor at the back surface of the receiver.

If the HTF outlet temperature is within the tolerance range of the setpoint, the performance indicators of
the absorber (thermal and exergy efficiency, pressure drop, etc.) are evaluated before proceeding to the next
absorber configuration. These process steps are schematically outlined in Figure 31. Determination of the heat
transfer coefficient and friction factor is required in each HCE and is done by implementing empirical and semi-
empirical correlations. These correlations are unique to each CHE geometry and are tabulated in the annexes A.2
and A.3.
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Figure 31. Absorber evaluation subprocess.

40



2.3.2. Thermal resistance model

As indicated previously, to quantify the external surface heat losses it is first required to determine the
absorber’s surface temperature. This temperature distribution through the absorber depth (from the irradiated front
surface to the back of the absorber) is determined using a Thermal Resistance Model (TRM) accounting for the
fluid flow characteristics and the thermal properties of the receiver material [106],[107],[108]. Figure 32 depicts
the thermal model for the simplest geometry, plain rectangular fin, but is also indicative of the other geometries.

I S
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:

R Bconv
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R
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Figure 32. Thermal resistance model in HCE of absorber with plain rectangular fin geometry. Red arrows

indicate the irradiated plane and direction of heat transfer.

Referring to Figure 32, the thermal resistances from the irradiated surface to the end of the first flow
channel row (and the beginning of the second) are the conductive plate resistance (Rp), convective channel wall
resistance (Rw.conv), conductive resistance of the base wall (Ry.cond), cOnvective resistance of the base wall (Rp,conv),
conductive resistance of the channel wall which is divided into two halves (Rwcond) and finally the thermal
resistance due to the HTF heat gain (Rure). The pattern is repeated from one channel row to the next and hence
the TRM may be built factoring in the number of vertical channels/rows (Ncy).

The equation set to determine the thermal resistance for each HCE through a flow channel is further
detailed in equations (13-19). The influence of the main geometrical parameters that define the absorber, presented
in Figure 35, on the thermal resistance is evident with their prominence in the following set of equations. The

conductive thermal resistance of the top plate wall (Rp) is defined in equation (13);

R, = o

’ kabsorber (%) Le

(13)

where t, is the top plate thickness, Kassorver IS the thermal conductivity of the absorber and L. is the length of the

HCE. The convective thermal resistance of the channel walls (Rw.conv) is given in equation (14),

1 (14)

R =—
w,conv 4
’ h’COTlV HC Le
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where heony is the heat transfer coefficient. The convective and conductive thermal resistance of the base wall

(Ro,conv @nd Ry cona) are respectively calculated by equations (15) and (16),

1
Rb,conv = Bc) (]_5)
conv 2
t
Rb,cond - Bc +t (16)
absorber 2 )

Equation (17) computes the conductive thermal resistance of the channel half wall (Rw,cond),

Hc

Ry,cona = t ' (17)
2 kabsorber (7) Le

The thermal resistance due to the fluid heat gain (Rure) is defined in equation (18),
1

Ryrp = ———
HTF p Cp UAC (18)

where p is the density, c,, is the specific heat and v is the fluid velocity. Referring to Figure 32, the total thermal
resistance of vertically aligned half-channels in a HCE (which can seamlessly extend to describe the thermal

resistance of the whole HCE) is expressed in equation (19):

Rapsorber = Rp + Ny [Rb,cond
+ {Rb,conv
19)
I (Rw,cond + ((Rw,cond + Rb,conv) Il Rw,conv)) + RHTF}] .

where the parallel symbol (II) between two terms x and y (x |l y) notates one-half of the harmonic mean of x and
y. As mentioned previously, this thermal resistance model has been developed specifically for the plain
rectangular fin geometry, but it is indicative of all the compact structures analysed, if the correlations for
convection heat transfer coefficient and friction factor are specified for each of them. These correlations are

summarised in the appendix in Table 32 and Table 33 respectively.
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2.4. Application of the model to a central solar receiver plant

The performance analysis of a solar receiver primarily requires an adequate framework, which is fixed
by the overall STPP performance at design point. The operating conditions of the receiver are firstly imposed by
the useful thermal power required by the thermal cycle. Although this pressurised receiver can be coupled to
several power cycles, a supercritical carbon dioxide (SCO2) power cycle has been considered following a layout
similar to that depicted in Figure 33.

Gas Gas
i circulator circulator
Supercritical cycle Central receiver system
HTF: sCO, PCHE HTF: Pressurised Air

Air-to-sCO,

Figure 33. Scheme of a STPP based on a pressurised air central receiver coupled to a supercritical CO, power

cycle.

As shown in Figure 33, the supercritical layout selected is the conventional recompression
thermodynamic cycle though it should be noted that the cycle chosen serves only as a framework to set the
boundary steady state operating conditions of the receiver. The cycle power output has been set at 10 MW, with
a solar multiple of 1.5. An electrical power of 10 MW, is considered representative for an initial prototype that
will later be scaled to a commercial level. The isentropic efficiencies of both the turbine and the compressors have
been set at 92% and 88%, respectively; a dry cooling by means of a precooler is assumed; and the sCO; pressure
and temperature at the turbine inlet are 200 bar and 688 °C, respectively. At these conditions, the nominal thermal
efficiency is 49.57%, thus the thermal power required in the primary heat exchanger is 20.17 MWy, [67].
Assuming a thermal efficiency in the source heat exchanger equal to 98%, and considering the solar multiple
previously mentioned, the total thermal power in the central solar receiver is 30.26 MW, The heat transfer fluid
in the proposed receiver is pressurised air. The air temperatures at the inlet and outlet of the solar receiver are also
determined by the power cycle conditions. Specifically, if the source heat exchanger is assumed to be balanced
and the temperature difference between the two fluid streams is constant and fixed at 12 °C, then the inlet and
outlet air temperatures are 557.6 °C and 700 °C, respectively. The air pressure at the receiver inlet is taken as
25 bar. Since the pressure difference between sCO; and pressurised air streams is high, a Printed Circuit Heat
Exchanger (PCHE), which is capable of operating under such conditions, is recommended for use as the Heat
Exchanger (HE), coupling the solar field to the power cycle with previous studies having undertaken such design
studies [67].

For the receiver simulation model, the thermodynamic properties of the pressurised air have been sourced

from the NIST database [109], for temperature steps below 1.5°C and pressure steps of roughly 1 mbar.
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Furthermore, assumed environmental conditions are the ambient temperature at 25 °C, the sky temperature at

15 °C and the wind speed equal to 1 m s,

2.4.1. Overall receiver and plant system

Before making a performance analysis of the various compact structures, it is first necessary to define an
overall receiver structure. As shown in Figure 34, an external cylindrical receiver configuration has been defined
having 20 rectangular panels in a parallel configuration, uniformly irradiated, through which pressurised air flows
in a single pass. These absorber panels (henceforth referred to as absorbers) are assembled so as to form 2 vertical
rows of 10 cylindrically arranged absorbers. CHE structures are implemented in each absorber. Cold air enters
from a common inlet manifold, located between the two rows, before splitting into the individual absorbers. This

configuration is similar to the one adopted for the SCO- receiver proposed by NREL [110].
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Figure 34. Receiver configuration, i.e. external cylindrical like receiver comprised of 20 parallel rectangular

absorber panels arranged cylindrically in 2 vertical rows.

Inconel 617 has been selected as the receiver material because of its machinability and high temperature
corrosion resistance [111],[112]. Deferring to the state of the art [12],[33], the receiver aspect ratio (receiver length
to diameter ratio) is fixed at 0.7 with the maximum and minimum mean incident fluxes set at 800 kW m2 and
400 kW m2, These along with additional operation boundary conditions, summarised in Table 2, are used to size

the absorbers and, in turn, the overall receiver in an iterative process which is detailed in Section 2.4.
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Table 2. Operational boundaries conditions of pressurised air receiver.

Parameter Unit — Operating Limits -
Minimum Maximum
Mean incident flux kKW m-2 400 800
Channel velocity ms?t - 50
Outer surface temperature °C - 800
Absorber temperature
gradient (outer to back °C - 200
surfaces)
Reynolds number - 10* -

The temperature gradient from the absorber’s external irradiated surface to the back is expected to be
high given the low thermal conductivity of Inconel 617 [111] and the generally poor heat transfer characteristics
of air; hence the addition of an upper limit to this temperature gradient as well as mean incident flux which are
both presented in Table 1. As a consequence of air’s low density, the absorber cross section area, directly related
to the absorber breadth and hence receiver diameter, required for a given absorber mass flow rate and channel
velocity is relatively high. Keeping this in mind, the number of absorbers in parallel (which determines the mass
flow rate in each absorber) and the bounds of mean incident flux have been set to maintain a reasonable receiver
aspect ratio. Given that the absorbers tend to broader and shorter dimensions, stacking the absorbers one above
the other mitigates, to an extent, the low receiver aspect ratio issue by effectively doubling the receiver length.
These considerations ultimately give shape to the conceived receiver configuration shown in Figure 34

For the working temperatures considered in this study (above 700 °C), a cavity type receiver is most
recommended to reduce radiation heat losses [12]. Nevertheless, there is a recent research line that seeks to
decrease the radiation losses by the reduction of the view factors, using microscopic or macroscopic geometries
that would act as solar traps [39],[113]. At the microscopic scale, the external receiver proposed has adopted the
configuration developed by NREL for their pressurised microchannel receiver [110], as mentioned in the state of
the art review. This design employs cylindrical quartz tubes attached perpendicularly to its external surface, in
such a way as to reduce the view factor and the convective losses.

For the external receiver proposed in this work, cylindrical quartz tubes with an aspect ratio (height-to-
diameter ratio) of 0.5 are considered. The view factor of this cavity is calculated using a conventional formula for

parallel circular disks with centres along the same normal [114],

(20)

2
where X =1 +1;L§, R, = % R, = %; ri/r; and L are the quartz cylinder radius and length, respectively.
1

Assuming R; = R, = 1, X = 3 and the view factor is F..._,, = 0.382, which is the value introduced in the
program. It is important to point out that this estimation of the view factor can be varied if different configurations
are adopted as solar traps, the emissivity value may also be changed if different materials are considered. One of
the advantages of the simulation model developed is its versatility to adapt to many designs. A summary of the

proposed receiver model and its working conditions are presented in Table 3.
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Table 3. Summary of the main thermal and geometric parameters of the pressurised air receiver.

Parameter Unit Value
Material - Inconel 617
Inlet temperature °C 557.6
Outlet temperature °C 700.0
Inlet pressure bar 25

Mass flow rate kg s 191.49
Receiver area m? 63.44
Receiver length m 3.79
Receiver diameter m 541
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2.4.2. Parameters related to channel geometries

Four parameters, common to all channel geometries, have been identified as the most crucial and these
are the channel height (H,.), channel breadth (B,), channel wall thickness (t) and the number of vertical channels
or rows (N.,,). Note that the thicknesses of the walls separating horizontally and vertically adjacent channels are

taken as identical (t).
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Figure 35. Channel geometrical parameters for rectangular fin (left) and triangular fin (right) receivers.

Habsorber
Habsorber

All the channel geometries are either rectangular or triangular shaped channels when viewed from the
flow inlet/outlet. Figure 35 depicts the geometric parameters defining these structures including the previously
defined constant absorber breadth (B,psorper) DeSides derived parameters such as the channel pitch (p) and
absorber height (H,psorper ), bOth of which are calculated after defining the four variable parameters.

The parametric study varying the four parameters uses the datapoints presented in Table 4 and all
combinations of the variables are fed into the simulation model. It should be noted that for the LF geometry, H,

and B, were initiated at 7 mm as excessive pressure drops were observed at lower values.

Table 4. Parametric study performed for optimisation analysis.

Parameter Unit Studied Parameter Values
H, mm 6.00% 8.25 10.50 12.75 15.00
N, - 3 5 7 8 10
B, mm 6.00% 8.25 10.50 12.75 15.00
t mm 1.00 1.50 2.00 2.50 3.00

&For the LF geometry, H and B. are initiated at 7 mm to avoid excessive pressure drop.
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2.5. Results and Discussion
2.5.1. Parametric study

This section presents the results of the parametric study over the range of the four parameters shown in
Table 4. channel height (Hc), channel breadth (Bc), number of vertical channels (Ncy), and channel thickness (t). It
is important to note that only the most relevant and representative figures are selected, given the large scope and
quantum of graphical information.

The general expected behaviour and performance of the receiver is first elaborated. Increasing the
hydraulic diameter, by increasing the channel height and/or the channel breadth, will reduce the fluid flow velocity
in the channels. This will adversely affect the convection coefficient and worsen the heat transfer to the fluid.
Consequently, more input heat will be required to achieve the same outlet temperature. The thermal resistance of
the absorber will also rise causing higher absorber outer surface temperatures and hence increased thermal losses.
On the other hand, the decreased fluid velocity reduces the overall pressure drop in the receiver.

Besides changes to the hydraulic diameter, the fluid velocity is also affected by the number of channels.
For a fixed mass flow rate in the receiver, the increase in the number of channels results in decreasing velocity,
as the same flow is divided into more channels. The number of horizontal channels is calculated accounting for
the fixed absorber breadth and the variable channel breadth and channel wall thickness. An increase in the number
of vertical channels hence causes the increase in the thermal resistance by reducing the convective heat transfer
coefficient besides by increasing the number of thermal resistances in series in the absorber network. The pressure
drop is also expected to decrease with greater channels as it is indirectly related to channel velocity.

Regarding the absorber’s equivalent thermal resistance, the channel wall thickness is an important
parameter in determining the conductive thermal resistance with thicker walls reducing this resistance and hence
allowing for better heat transfer through the solid volume. Thicker walls also reduce the number of horizontal
channels and hence, as explained previously, the increase in fluid velocity associated with fewer channels results
in higher convection coefficient and lower convective thermal resistance. However, a negative consequence of
this effect is that the resulting pressure drop is larger owing to the higher velocities.

As observed in Figure 36, the highest exergy efficiency (58.80%) occurs at the largest channel thickness
(t =3 mm) and smallest number of vertical channels (N¢y = 3) within the analysed range. The bettering of the heat
transfer, with increased channel thickness and reduced vertical channels, clearly outweighs the increased pressure
drop, as marked by the rising exergy efficiency. As it will be seen in Figure 10, the rising channel thickness also

favoured the energy efficiency.
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Figure 36. Exergy efficiency (in %) as function of the channel breadth and height for different channel thickness
and number of vertical channels for the plain rectangular fin geometry. (a) t = 3 mm, Ney = 3; (b) t =1 mm,
Nev = 3; (¢) t =3 mm, Ney = 10; and (d) t =1 mm, N¢y = 10.

In both Figure 36(a) and Figure 36(b), it is observed that rectangular channels are optimal though with
different aspect ratios in each case. This difference in aspect ratios can be attributed to the competing effects of
conduction through the solid channel wall and convection to be the preferred mode of heat transfer offering the
least thermal resistance. Conduction is favourable when the channel walls are thicker, which leads to the
preference for channels with a lower breadth and hence more horizontal channels and channel walls as seen in
Figure 36(a). To keep the pressure drop in check, the hydraulic diameter must be sufficiently large which entails
a larger channel height to compensate for the optimal channel breadth being at its minimum.

The inverse of this phenomenon is seen in Figure 36(b) when the channel thickness is low and convection
offers the less thermally resistive path compared to conduction. Wider channels reduce the number of horizontal
channels and channel walls; shorter channels further reduce the solid volume and the related conductive thermal
resistance.

When the number of vertical channels is high, as is the case in Figure 36(c) and Figure 36(d), the channel
velocities are so low that the pressure drop factor in the efficiency is inconsequential. This is further evidenced
by the fact that the corresponding energy efficiency contours i.e. Figure 37(c) and Figure 37(d), are identical in
trend. The maximum exergy efficiency hence occurs at the smallest channel sizes with the largest channel

thickness which together provide the least thermal resistance and best heat transfer to the fluid.
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Figure 37. Energy efficiency (in %) as function of the channel breadth and height for different channel thickness
and number of vertical channels in the plain rectangular fin geometry. (2) t =3 mm, Ny = 3; (b) t =1 mm,
Nev = 3; (¢) t =3 mm, Ney = 10; and (d) t =1 mm, N¢y = 10.

In parallel, Figure 37 shows the energy efficiency variation for the same parametric study applied to the
plain rectangular fin geometry. From this, it is evident that the behaviour of the energy efficiency is relatively
simple as it only considers the heat transfer phenomena and not the related pressure drop. Smaller and fewer
channels with thicker walls all work to increase the energy efficiency. These trends hold true for all receiver
configurations. On the other hand, the exergy efficiency behaviour in other receiver configurations is more
complex as the HTF flow characteristics are significantly different. The exergy and energy efficiency contour
plots for the other geometries are presented in the appendix.

Sankey and Grassmann diagrams, shown in Figure 11, help visualise the energetic and exergetic
phenomena occurring in the receiver respectively. These diagrams have been generated for the optimum
geometrical configuration of the plain rectangular fin receiver, i.e. the parameter set resulting in the maximum

exergy efficiency.
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Figure 38. Sankey and Grassmann diagram depicting the energy and exergy flow in the plain rectangular fin
geometry receiver with the optimum (maximum exergy efficiency) configuration set: Hc = 8.25 mm, t = 3 mm,
Nev = 3, Bc = 6 mm.

Referring to Figure 11(a), the three energy loss mechanisms, namely reflection, convection and radiation,
subtract from incident solar radiation on the receiver as has been described in section 2.4. The final heat transferred
to the fluid, after deducting the energy losses, represents the same energy efficiency as described by equation (18).
There are more physical phenomena that cause exergy loss in the system, quantified as per standard exergy
analyses [115],[116], as can be seen in Figure 11(b). It is observed that the highest exergy loss is associated with
the absorption of the incident solar exergy by the receiver. While the exergy loss related to pressure drop, as a
fraction of the solar exergy, is negligible it is nonetheless critical to the performance of the receiver as is clear
from Figure 9 and the ensuing discussion. The net exergy gain in the fluid corresponds to the exergy efficiency as

defined in equation (17).
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2.5.2. Comparative and optimisation analysis

Using the exergy efficiency as the objective function to be maximised, the different receiver geometries
have been optimised (within the operating range of the four varied parameters) for the configuration yielding the
highest exergy efficiency. The energy efficiency and the pressure drop corresponding to these configurations have
also been tabulated and it can be found in Table 4.

Table 5. Receiver configurations yielding maximum exergy efficiency.

Receiver (M:;;g;m) Engrgy Pressure Absorber panel dimensions
ggoTnpei(;; efficiency eff|(%|/§)ncy ?br:rp; H (mm) | Ne B, t
(%) () (mm) (mm)
PRF 58.80 89.96 0.35 8.25 3 6.00 3.00
PTF 55.33 85.43 0.55 6.00 5 6.00 3.00
WEF 58.37 89.01 0.24 6.00 5 6.00 3.00
OSF 56.09 86.62 0.57 12.75 3 6.00 3.00
PF 59.21 90.14 0.19 6.00 3 6.00 3.00
LF 53.03 81.82 0.53 7.00 3 7.00 1.00

As it can be observed from Table 5, the perforated rectangular fin has the highest exergy efficiency
(59.21%), followed by the plain rectangular fin (58.8%) and the wavy fin (58.37%). The corresponding energy
efficiency also follows a similar trend (90.14%, 89.96% and 89.01% respectively). Owing to the inherent
differences in each geometry’s heat transfer and pressure drop characteristics, the resulting optimal configuration
for each geometry is different. Simply put, the exergy efficiency is highest when the heat transfer to the fluid is
maximal i.e. the heat losses are minimal and the pressure drop over the flow length is minimal. These two factors
run opposed to one another i.e. better fluid heat transfer necessitates greater pressure drop.

In this regard there are interesting trade-offs seen between the number of vertical channels and the
channel dimensions, especially its height. This can be clearly visualised in the contour plots of the different
geometries at their optimal configurations in Figure 39 which excludes the plain rectangular fin geometry to avoid
repeating Figure 36(a). Comparing the plain triangular fin geometry’s optimal configuration in Figure 39(b) with
its performance using fewer vertical channels in Figure 39(a), it can be seen that the trends in both ultimately
serve to reduce the pressure drop though in different ways. By either increasing the number of channels, as is the
case with the wavy fin in addition to the plain triangular fin, or the hydraulic diameter, which is the case with the
plain rectangular and offset strip fin, this purpose may be sufficiently served.

In the case of the perforated fin, the pressure drop is sufficiently low to allow for the configuration with,
theoretically, the greatest pressure drop to coincide with the optimal exergy efficiency operation point. The
louvred fin geometry has the interesting feature of combining higher convective heat transfer with greater pressure
loss and this is what leads to its optimal configuration having the smallest channel thickness. However, this
excessive pressure loss causes it to have the worst exergy efficiency.

It should be noted though that the relative differences between the various CHE optimal configurations
(especially the aforementioned top three performers) are not large and may fall within the range of modelling
uncertainty. In this regard, the correlations in the appendix already have uncertainties in the range of 3-10%. While
the precise values of these performance indicators may be further refined and their errors ascertained, these results

provide a good indication of the relative performances of the different receiver internal flow geometries. They
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also highlight the immense scope of work in this area and the importance of a thorough and careful optimisation

analysis paying heed to the selection of objective functions and figures of merit.
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Chapter 2. Numerical model of the pressurised receiver

2.6. Validation of the model

2.6.1. Direct validation by comparison with previous study

The thermo-fluid dynamic model has been validated by comparison with data from a Resistance Network
Model (RNM) and a Computational Fluid Dynamics (CFD) model implemented using the Icepak 4.2 software
[108]. The RNM itself was validated using the CFD model and some limited experimentation. It should be noted
that the given application of the model used for validation was for heat sinks and not specifically for solar
receivers. However, since it uses a single heat flux on one surface and has a multilayer microchannel geometry, it
is well suited for application to solar receiver modelling. The model employed for validation was used to simulate
the behaviour of a plain rectangular fin receiver with three channels; one horizontal and three verticals. Copper
was used as the solid material and a heat flux of 2 W is applied on the top surface. The model used channels of
0.2 mm x 0.8 mm with a channel thickness of 0.2 mm. The overall length, breadth and height were 30 mm,
0.6 mm and 3.2 mm, respectively. Water was used as fluid with flow rates of 2 ml min, 6 ml min and 10 ml
mint. However, results using a flow rate of 2 ml min't were invalid for the validation given the heat transfer and
pressure drop correlations used.

As observed in Figure 40, the temperature rise in the current model matches that predicted by the
validation model and the CFD simulation. There is a significant deviation noted at the beginning and end of the
receiver which can be attributed to inherent assumptions made in both models. The current model assumes a
uniform heat flux distribution whereas the validation model iteratively solves for the heat flux and temperature
distribution (finite difference method) keeping the integrated heat flux over the irradiated surface as constant. The
receiver outlet temperature, which may be considered one of the most relevant parameters for receiver’s
performance evaluation, is well predicted by the model with deviations from the CFD tool and validation model

less than 2%.

Lei-RNM 10 ml/min
Model 10 mi/min
Lei-CFD 10 ml/min

30 - T T i | . B
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Figure 40. Temperature evolution comparison between model developed in this work and resistance network

model and CFD simulations given by Lei [108].

54



2.6.2. Comparison with in-house developed CFD model

A three-dimensional model of a plain rectangular fin receiver was developed in the COMSOL
Multiphysics software environment [117] to compare and contrast its findings with those of the bi-dimensional
numerical model used in this study. It is also hoped to justify the simplifying assumptions used to reduce the
model to a two dimensional one.

The 3D receiver model itself, displayed in Figure 41, was designed and sized so as to be suitable for
experimental analysis which is the principal subject of the following chapters. The details pertaining to its design

are elucidated in chapter 3 (section 4).

Figure 41. Three dimensional receiver model used in CFD analysis

The receiver design parameters used in the CFD study are summarised in Table 6.

Table 6. Design parameters of receiver used in CFD analysis

Quantity Symbol Unit Value
Channel breadth B, mm 1
Channel height H, mm 1

Top Plate (outermost ¢ mm 3
wall) thickness pt
Base Plate (outermost ¢ mm 3
wall) thickness pb
Side Plate (outermost
wall) th(ickness tps mm 35
Channel wall " mm 3
thickness
Number of horizontal N i 5
channels ch
Number of vertical
channels Nev i 2

Based on the internal design parameters, the overall receiver sizing can be determined:
Receiver height Hyeceiper = 2 X ty + Nep X He + (N — 1) X t = 11mm
Receiver breadth Breceiver = 2 Xt + Nep X B + (Ngp, — 1) X t = 24 mm

Receiver Incident Area A, .ceiper = 13.68 cm?
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Chapter 2. Numerical model of the pressurised receiver

The material of the receiver was chosen as stainless steel AISI 316L. The operating conditions of the
CFD simulation were set as are presented in Table 7. Pressurised air was used as the working fluid with ‘weakly
compressible flow’ which considers the density variation in the fluid a function of its temperature at a constant
reference pressure. This differs slightly from the numerical model which calculates the fluid properties as
functions of both the pressure and temperature but nevertheless this fluid model was chosen for the CFD analysis
as it is a simplified formulation, leading to increased computational speed. Moreover, as the pressure drop in the

receiver is relatively small, this assumption reasonable. The k-¢ turbulence model is used in this CFD study.

Table 7. Receiver operating conditions for CFD simulation study

Quantity Symbol Unit Value
Mass flow rate Myec gs 2
Incident heat flux Jrec kKW m™ 200
Fluid inlet temperature Tintet HTF K 300
Outlet fluid pressure Poutlet bar 4

Only one face of the receiver is irradiated, as is highlighted in Figure 42, while the other faces are
adiabatic. A constant heat flux of 200 kW m is applied on the ‘irradiated’ surface which also has radiation heat

losses to the environment at 20 °C.

Figure 42. Irradiated surface of receiver in CFD simulation model. Non-highlighted surfaces are insulated.

One of the principal simplifications of the bi-dimensional thermo-fluid model is the assumption that the
lateral temperature gradient, across the breadth of the receiver, is negligible. This permits the reduction of the
model to a two dimensional one in which only the heat transfer in the flow direction and through the depth of the
receiver are considered. As can be seen in Figure 43, the temperature distribution across the receiver breadth
(measured along horizontal line between the two vertical channel rows) does not significantly vary (< 1%) at

neither the inlet, middle nor outlet cross-sections.
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direction measured along central horizontal (between channel rows)

Beyond this finding, the behaviour of the distribution is expected as there is more cooling away from the
insulated side walls and in the microchannel section. The overall temperature distribution in the receiver is shown
in Figure 44 where the solid temperature rise along the flow direction is evident besides the expected gradient
from the irradiated (top) surface to the bottom. The effect of the adiabatic walls boundary condition is evident in
Figure 44(b) where the inlet and outlet regions have a tapering effect as was observed in the study conducted in
[108].

It should be noted though that Figure 44(a) depicts the solid surface temperature distribution and not
the bulk temperature of the solid which is why it differs slightly from Figure 44(b) though not significantly.
Figure 44(b) plots the temperature along three measurement lines running in parallel along the receiver length at
the same height (centre of the receiver between the two channel rows) and one in the horizontal centre and the
other two lines either side of it.
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Chapter 2. Numerical model of the pressurised receiver

The temperature rise in the fluid from inlet to outlet is presented in Figure 45. The higher temperature
levels seen in Figure 45(a) are because the fluid temperatures close to the solid wall are visible and not the bulk
fluid temperature. The fluid temperature close to the channel wall is much higher than the fluid temperature at the
centre of the channel which is measured in Figure 45(b).
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Figure 45. Temperature evolution in fluid over receiver length/flow direction: (a) 3D view of all channels, (b)

temperatures along lines running through centres of all channels

In Figure 45(b) it is observed that the fluid temperature at the centre of the channel doesn’t initially heat
up as it progresses down the flow channel before its rate of temperature rise increases and then becoming more
linear. This behaviour can be attributed to the thermal inertia and diffusivity of the fluid which causes slower
temperature change at the inlet and a steady rise of temperature till its outlet.

In order to make a comparison with the pressurised receiver numerical model, the bulk fluid temperature
must be used as this is ultimately what is evaluated in the numerical model. A plot comparing these bulk fluid
temperatures in the receiver numerical model and the CFD model is presented in Figure 46.
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Figure 46. Bulk fluid temperature along receiver length in receiver numerical model and CFD model
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The pressure drop in the fluid as it progresses along the flow channel is plotted in Figure 47. This
variation in pressure along the receiver length is largely as predicted though the numerical model does show a
slightly higher rate of pressure loss which is likely due to the specific friction factor correlations used in the two

models.
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Figure 47. Fluid pressure as a function of flow channel length

The bidimensional thermo-fluid model developed in this study is a simplified version of the three-
dimensional CFD model. Its principal objectives are to provide the most critical fluid conditions and receiver
performance parameters, under specified inputs, such as fluid outlet temperature, pressure, receiver solid
temperature, heat losses etc. It cannot directly be contrasted and compared to a three dimensional CFD model as
it has not been designed to produce the level of in-depth analysis that a specialised CFD tool such as COMSOL
is capable of performing. However, in terms of predicting the outlet temperature and pressure drop, which may
be considered some of the most critical performance indicators, a good agreement within 2% is seen between the
two models. Besides this, the CFD model provides some interesting insights into the working of a pressurised
receiver using microchannels and additional work may be carried out in this area to evaluate the effect of

microchannel geometries, operating and boundary conditions on the performance of the receiver.
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Chapter 2. Numerical model of the pressurised receiver

2.7. Conclusions

Compact heat exchangers are a commercially demonstrated technology that improves the heat transfer
and the volumetric efficiency of heat exchange devices. Such compact heat exchangers come in many geometrical
forms, when it comes to the internal channels or flow paths, each with their unique properties. The application of
these concepts to solar towers results in microchannel receivers that show the potential of operating at high
temperatures while maintaining high reliability and thermal efficiency. This is especially true when the heat
transfer fluid employed is a pressurised gas, as smaller channels are thermo-mechanically more capable of
handling such fluids. In this context, this study has investigated the use of different receiver internal flow
geometries, inspired by compact heat exchanger concepts, to analyse the performance of various microchannel
receivers. It has been assumed that the heat transfer fluid through the receiver is pressurised air. In this analysis,
the particular conditions at the receiver inlet/outlet are determined by coupling the receiver to a supercritical CO;
recompression cycle, although other coupling possibilities would also be valid.

For this microchannel receiver, the compact geometries analysed were the plain rectangular fin, plain
triangular fin, perforated fin, wavy fin, offset strip fin and the louvred fin. Besides comparing several compact
geometries, internal parametric and optimisation studies were performed with each flow geometry to determine
the optimum configuration. The parameters varied were the channel height, breadth, wall thickness (between
channels) and the number of vertical channels (number of channels along the height dimension).

Exergy efficiency has been defined and identified as a suitable performance indicator and objective
function to be maximised for the optimisation study. It is deemed suitable as it accounts for the heat losses besides
the heat transferred to the fluid and the pressure drop across the receiver. Perforated fin followed by plain
rectangular and wavy fin receivers were identified as the best performing receiver subtypes.

The thermal resistance of the receiver, in addition to the pressure drop, plays an important role in
determining the optimal geometric configuration. For the best heat transfer to the fluid, which is an important part
of the exergy efficiency, the smallest channels or lowest hydraulic diameters are preferred. If this causes excessive
pressure drops, either deeper channels or a greater number of vertical channels is preferred to improve the exergy
efficiency by mitigating the pressure drop. In virtually all cases narrower channels with thicker walls are favoured
because of the better conduction through the solid receiver channel walls compared to the parallel heat flow path
of convection via the pressurised air. The lower thermal resistance lowers the receiver’s heat loss, as well as
provides a more uniform temperature through the receiver.

The methodology used in the analysis, its inherent assumptions in addition to the operating and boundary
conditions and limits, lends itself to the characteristics of gas phase receivers and the unique challenges posed in
studying such receivers. The selection of operating and boundary conditions including, but not limited to,
parameters such as the channel velocity, view factor and incident flux play an important part in the receiver’s
performance and optimal configuration. Investigating the physical limits and phenomena limiting the operation
boundary of gas receivers, aside from developing methodologies for their analysis, appears as an interesting area
of study.

A three dimensional Computational Fluid Dynamics (CFD) model was used to provide additional
insights into the functioning of the receiver and largely validated a key assumption of the simplified model i.e.
the uniform temperature across the breadth of the receiver which permitted the simplification and reduction of the
problem to a bidimensional one. The outlet temperature and pressure drop, which are key performance parameters

of the developed numerical model, correspond well with the findings of the more detailed simulation model
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besides previous studies’ results. Such a CFD analysis may be performed on the other flow geometries and
operating parameters as well to validate their findings, provide meaningful insights into the receiver’s
performance and potentially improve the simplified model.

The present results indicate a promising scope to the use of compact heat exchanger concepts for solar
receivers especially with regards the internal flow channel geometry. While the results themselves carry some
uncertainties (an area of future investigation), this analysis clearly demonstrates the utility of using exergy
efficiency as a performance indicator and it provides indications to the comparative performance of different
receiver geometry types.
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3.1. Introduction

Following the conclusion of the development of the pressurised receiver numerical model and ensuing
results from its exploitation, an experimental validation of the same is proposed. In order to do this, a pressurised
receiver testbed has to be designed, assembled and commissioned. The pressurised receivers themselves, being
the centrepiece of the experimental analysis, must be designed and fabricated in such a way as to demonstrate
experimentally the expected findings of the numerical analysis through their experimental characterisation.

The experiment campaign will employ a high flux solar simulator as its radiation heat source. In this
chapter, high flux solar simulators (HFSS) in general and the KIRAN 42, which will be used in this experiment
campaign, in particular will be thoroughly described in section 3.2.

Following this, the development of the pressurised receiver experimental testbed will be explained in
section 3.3, including a description of the instrumentation and measurement equipment used. The designing of
the pressurised receivers is also addressed in section 3.5.

After the assembly of the entire testbed and introduction of the pressurised receivers to it, preliminary
experiment runs are performed in cold (without the HFSS) and hot conditions which are elaborated in section 3.6.
It is from these preliminary experiment runs that critical shortcomings in the receiver testing were identified and
addressed and final procedures for the operation of the testbed were formulated as presented in section 3.7. These
progressive learnings through successive test runs are documented in this chapter as well as the final operational
procedures arrived at.

Finally the chapter concludes with the design of experiments, described in section 3.8, in which the
experimental characterisation of the receiver is planned varying selected operating parameters at distinct operating
points. This experimental design is to be applied to each receiver tested

3.2. The high flux solar simulator KIRAN 42

3.2.1. Solar Simulators: An Overview

Laboratory scale testing, including experimental characterisations, using HFSS is an important stage in
the development cycle before on-sun experimentation. This holds true in the case of new solar receiver and reactor
models. Experimentation on novel concepts and prototypes of solar receivers in on-sun conditions is relatively
more challenging than experimenting on the same in indoor HFSS test beds [118]. This is mainly due to the higher
associated expenses of installation, operation and maintenance of Central Receiver System (CRS) test facilities.
Indoor experimental facilities also generally allow for greater adaptability and operational flexibility, for example
incident radiation fluxes can be readily and controllably varied or maintained at constant flux levels and
experiment runs are not dictated by outdoor conditions [119] which results in shorter and less risk prone
experimental campaigns.

A solar simulator is essentially a device that can approximate natural sunlight in terms of spectral
distribution [120]. When used in concentrated solar energy systems, the HFSS must perform the dual task of being
the radiation (light) source as well as the optical concentrator to obtain the required levels of irradiance on the
target plane. This concentrator function is a homologue of that performed by the heliostat field or parabolic dish
in a solar field in on-sun experiments. A HFSS hence consists of two components, the light source which is
referred to as the lamp and the reflector which acts as the concentrator. Ellipsoidal reflectors are widely used as
concentrators in HFSS [121], [122] as they have high optical efficiencies [123] when correctly aligned. The

principle and operation of these reflectors will be discussed in more detail in the following section.
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Several studies have been conducted into the use of various light sources in solar simulators and the
appropriateness of each light source in terms of how well its spectrum matches the solar spectrum [124]. The most
common light sources used in HFSS are xenon arc, metal halide, argon arc lamps and tungsten halide. The KIRAN
42 HFSS employs xenon short-arc lamps which use a high voltage electric arc to create light in an ionised high
pressure xenon gas atmosphere [125], [126]. Xenon arc lamps have crucial advantages such as a spectral balance
that does not significantly change with power variation [127] and excellent continuum in the ultra-violet through
the visible band with a stable spectral qualities though they present strong emission lines in the near infrared 800—
1000 nm region, as it is shown in Figure 48.

This causes a considerable shift in the energy balance of the emitted radiation towards the infrared with
49% of the total energy being emitted by the xenon lamp in this spectral range versus only 37% in the solar
spectrum [121]. This necessitates artificial cooling from either air cooling or water cooling systems depending on
the lamp’s wattage. The reflectors too need cooling, normally by forced air cooling, to prevent thermal expansion

and deformation due to overheating [128].
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Figure 48. Xenon arc spectral emission versus standard solar spectrum [121]

While the xenon arc lamp’s emission spectrum is more heavily weighted toward the infrared region as
compared to the solar spectrum, this deviation may not be significant to the analysis of a receiver using a xenon
arc lamp HFSS [129], [130]. Considering that a receiver’s primary function is to maximise the amount of incident
radiation absorbed (and later transferred to a fluid) and minimise the radiation loss by emission, a high absorptance
(ideally 1) is desired in the wavelength range of 300-2500 nm approximately and a low emittance (ideally 0)
beyond 2500 nm to prevent high temperature radiation losses. This is illustrated in Figure 49. Thus when
evaluating the performance of a receiver using a solar simulator it is the average incident flux on its surface, across
the spectral range of interest, that is of greater relevance than an accurate spectral fitting of the artificial light
source. A more significant disadvantage to the use of xenon arc lamps owes to its high pressure (up to 40 bar) gas
pressure which poses an explosive risk. Their radiation outputs are also sensitive to the power input which

necessitates specialised power supplies [126], [127].
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Figure 49. Ideal receiver absorptive behaviour with blackbody (BB) radiation at 500 °C and 700 °C, divided by

a factor of 10 for illustrative clarity, and solar spectrum [121], [131].

3.2.2. Description and Characterisation of the KIRAN 42 HFSS
The KIRAN 42 HFSS is a multi-lamp high flux solar simulator located in the IMDEA Energy Institute,

Madrid. It comprises of 7 Xenon short arc lamps which are arranged in a hexagonal array (see Figure 50) with
each lamp having a nominal electrical input of 6 kW.. Truncated ellipsoidal reflectors are positioned and used, in
conjunction with the lamps, in such a way as to possess a common focal point. After its initial experimental
characterisation [132], the KIRAN 42 has been subsequently used in other experimental efforts [133], [134]

besides studies into its configuration [135] and potential lamp pointing strategies [136].

Figure 50. KIRAN 42 High Flux Solar Simulator. (Left) front view, (right) KIRAN 42 in operation
(from observation window)
From previous characterisation and experimental works [132], [134], the cumulative incident power of
the KIRAN 42 is 14 kWi, on the focal plane with a peak flux of 3500 kW m. It should be noted though that these

values are based on experiments carried out in 2013 and several changes, including scheduled replacement of the

67



Chapter 3. Experiment preparation and design

lamps, has been carried out the KIRAN 42 since then. Moreover these values are based on all lamps pointing at
their common focus which is often not desired especially when attempting to achieve a homogeneous radiation
flux profile.

Consider Figure 51 of the flux distribution profile of all 7 lamps of the KIRAN 42 pointed at the common
focal point. It is clear that radiation flux (referred to as power density in Figure 51) decreases further away from
the focal point radially in the focal plane.
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Figure 51. Radiation Flux profile at the focal plane (left) & Power/Power Density vs Diameter (right) [132].

The radiation flux distribution plays an important role in the performance and service life of a solar
receiver. In the case of external receivers, if there is a large peak to average flux ratio i.e. the flux distribution
profile is not homogeneous, there may be excessive thermal strains on the receiver external surface [137] which
would reduce the receiver’s operational life. The radiation flux profile is especially relevant in the case of
volumetric receivers as inhomogeneity in the flux profile is considered to be potential cause for flow instabilities
and thus worsened receiver performance [138]-[140]. Reducing the inhomogeneity in the flux profile is thus
crucial and previous works have made use of radiation homogenisers to achieve this [134], [141], [142].

In this experimental work, a combination of target plane positioning and adjusted lamp pointing is used
to achieve a homogenising effect on the radiation incident on the absorber face. As mentioned previously, the
KIRAN 42 employs truncated ellipsoidal reflectors in all 7 lamps. Briefly, ellipsoidal reflectors work on the
principle that if the light source (Xenon arc lamp in this case) is placed at one focus the light reflected off the
ellipsoidal reflector will be concentrated at the second focus [121], [122]. This principle can be seen in Figure 52
where the light source (idealised as a point source) at the primary focal point F1 has its light reflected and
concentrated at the secondary focal point F2.
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Figure 52. Schematic of a truncated ellipsoid with ideal reflection for a point light source. Here F1 and F2 are

the foci with a distance 2c between them; a is the semi-major axis and b is the semi-minor axis [121].

Placing the target plane (i.e. the absorber’s front surface) away from this secondary focal point, but along
the optical axis of the reflector, achieves two effects. Firstly, the peak flux and total radiation power will reduce
and secondly, the ‘spot’ (the roughly circular region of high radiation flux) will be more spread out. In other
words, the radiation flux profile will become more homogenous at the cost of radiation power. This effect can be
clearly seen in Figure 53 where one flux map is taken at the focal plane (Figure 53(a)) and the latter is taken 300
mm away from the focal plane (Figure 53(b)). The contour plots of Figure 53 have been made by truncating the
radiation level at 100 KW m2, The axes limits in Figure 53(b) are larger than those of Figure 53(a), indicating that
the radiation is more spread out. The peak flux at the focal plane is 347 kW m2 whereas the corresponding value
300 mm in front of this plane is only 310 kW m2. In terms of incident radiative power, at the focal plane, a square
(with a side of 2 cm) centred at the point of peak flux, receives 127 W against the 118 W received when the target

plane is out of focus.
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Figure 53. Radiation flux maps of central lamp of KIRANA42: (left) at focal plane; (right) 300 mm away from

focal plane.
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Figure 54. Radiation flux maps of the lamps of KIRAN 42 at the focal plane with the lamps pointing at the
common focal point. (a) Lamp 1: Peak flux = 483 kW m2, Total power on plane = 2.14 kW; (b) Lamp 2. Peak
flux = 367 kW m, Total power on plane = 2.02 kW; (c) Lamp 3: Peak flux = 410 kW m, Total power on plane
=2.00 kW; (d) Lamp 5: Peak flux = 432 kW m2, Total power on plane = 2.41 kW; (e) Lamp 6: Peak flux = 330
kW m2, Total power on plane = 1.87 kW; (f) Lamp 7: Peak flux = 277 kW m, Total power on plane = 2.04

kW.
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The other tactic employed to achieve better homogeneity of the flux profile is to point some of the lamps
away from the common focal point. This has the dual effect of homogenising the incident radiation on the target
plane by ensuring it will be out of focus as well as repositioning the spot of the lamp to be at the desired position
on the target plane. The drawback of moving a lamp’s spot away from the centre of the absorber, where it would
otherwise be pointing, is excessive spillage as can be observed by the growing difference between the total
incident power and the power on absorber.

To assess the current state of the KIRAN 42 HFSS, a characterisation of each of its 7 lamps is carried
out on the focal plane with all the lamps pointing at the common focal point. There are multiple methods of
characterisation but the one used in this analysis is the flux mapping or indirect method. The results of this
characterisation are the radiation flux maps that are presented in Figure 54. The flux map of lamp 4, which is the
central lamp, has already been presented in Figure 53(a) and is hence omitted from the subset of figures in Figure
54. The general objective of such characterisations is the determination of the lamp’s incident peak flux, total
beam power, incident radiation flux distribution besides the spatial uniformity, temporal stability and spectral
distribution [122].

Over time the radiation power of the lamps diminishes and/or becomes unstable due to erosion at the
electrodes [122] which is why it is recommended to restrict their operating life to 500 hours [143]. The KIRAN
42 HFSS uses OSRAM XBO 6000 W/DHP XL OFR lamps which, when newly installed, can provide a peak flux
of over 500 kW m2. Observing the flux maps in Figure 54, it is clear that lamps 6 and 7 are performing poorly.
This is either due to ageing of the lamps or some misalignment of the lamps with respect to the reflector.

As mentioned before, the availability and versatility of high flux solar simulators are what make them
ideal candidates for lab scale experimental works requiring a concentrated solar spectrum light source. This study
will employ the KIRAN 42 high flux solar simulator as its heat and light source. Combining the seven flux maps

reveals the maximum limit of radiative power that the KIRAN 42 HFSS can provide and this is seen in Figure 55.
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3.3. Pressurised Receiver Experimental Setup

3.3.1. Development of the calorimetric testbed

In order to experimentally analyse the pressurised absorbers proposed in this study, it is necessary to first
develop and commission a calorimetric experimental facility. The primary purpose of this testbed is to quantify
the heat transfer occurring in the absorber i.e. from the KIRAN 42 HFSS to the HTF while permitting control of
some key operating parameters.

When designing and sizing the testbed, the factors limiting the operating envelope of the testbed must be
borne in mind. One of the main operating limits of the testbed is the incident radiation which has been covered in
detail in the previous section on the KIRAN 42 HFSS. Another critical limiting parameter is the mass flow rate
of the HTF. An ambitious experimental campaign, which is called for in this study as will be discussed in the
experiment plan in section 3.8, requires a large quantity of HTF. It was initial considered to use compressed air
from a compressor but, as will be seen in section 3.6, this was untenable as the HTF composition could not be
controlled and hence led to a large uncertainty and inconsistency in the results. Utilising other gases such as
helium (He) or carbon dioxide (CO2) at such a scale would be prohibitively expensive.

It was thus decided to use pressurised air with a fixed composition from high pressure cylinders. These
gas cylinders, supplied by Nippon Gases, are of 50 L and contain pressurised dry air at 200 bar with a composition
of 79% Nitrogen (N2) and 21% Oxygen (Oy). As one cylinder is used per experiment (after which it has to be
replaced and a new experiment started) and assuming an experiment duration of 100 minutes, the maximum
potential mass flow rate of the testbed is ascertained to be 2 g s as calculated in equation (21). Regarding the
assumed experiment duration, 20 minutes are required for radiation flux from the lamps to stabilise [133] followed
by, potentially, 20 minutes for each operating point and 4 operating points varying the radiation flux for each
point. When thermal equilibrium in the absorber is reached (discussed in more detail in section 3.7), the operator
may move from one operation point to the next. It is impossible to predict how long the absorber might take to

achieve this equilibrium and hence a generous time of 20 minutes has been allotted for it.

. p chl
= 21
Mmax Experiment time 21)

kg 1000g 1m3
_ 232.02m3 X ko kg X 50 L><1000 I

100 min X 60 ——
min

~2gs7t,

where p is the density of air at 200 bar and 20 °C, and V., is the internal volume of the cylinder (50 L)

The inlet pressure is a less critical design factor and is relatively more discretionary, though once its
upper limit is decided the piping and instrumentation must be suitably rated to operate under the design pressures.
It was decided to limit the testbed to a maximum of 25 bar. With these design parameters, a testbed was designed

around a ‘blackbox’ pressurised absorber as can be seen in Figure 56.
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Figure 56. Experimental facility developed for gas phase receiver testing with KIRAN 42 HFSS in position

(left) and at close up projected view (right).

The testbed was designed with the objective of flexibility in operating conditions and limits. Multiple
receiver concepts may be tested individually or in some combination (series/parallel) given the multi-lamp high
flux solar simulator and its intrinsically manipulable pointing strategies. This is especially relevant for
experiments in which a higher than ambient inlet temperature is required. Electric heating of flowing air is difficult
and expensive as compared with simply using an absorber as a ‘preheater’ to achieve the desired elevated inlet
HTF temperature in the receiver of interest.

As mentioned previously, the testbed has been designed with the receiver as a ‘blackbox’ which provides
for significant flexibility when designing the receiver. The receiver design is limited by the movable table size
and load bearing capacity besides considerations of the incident radiation profile. The maximum permissible mass
flow rate dictated by the testbed is also a critical design factor when sizing the receiver to be experimented on.
The absorber’s material (normally a metal alloy such as those from the Inconel or Haynes’ series), surface coating,
dimensions and internal flow geometry are some of the receiver properties that may be varied to study their
influence on its performance.

The experimental testbed has been currently assembled, as shown in Figure 57, to use pressurised air
from 5-25 bar at mass flow rates up to 2 g s™*. Flexibility of the testbed permits several potential receiver analyses
to be performed in the future, depending on the findings of previous studies, with little to no change in the setup.
Manipulation of upstream and downstream valves, testbed position and lamp(s) pointing strategy provides a

simple means of operation and control of the experiment and potential to perform several parametric analyses.
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Figure 57. Pressurised receiver testbed as seen from front (left) and back (right).

3.3.2. Instrumentation

The piping and instrument diagram can be seen in Figure 58. Starting from the pressurised air cylinder
that supplies air, initially at 200 bar though this pressure falls continuously as the cylinder’s air is expended, the
high pressure air passes through a pressure regulator that delivers a constant output pressure as required by the
experiment. The air then flows through a mass flowmeter that measures the mass flowrate of the air stream.
Subsequently, a check valve and pressure relief valve are installed to ensure the safety of the system and prevent
any risk of backflow and overpressure respectively. Both of these scenarios are potential dangers in case of a
major blockage downstream which could be detrimental to the mass flowmeter and even posing an explosive risk
if hot pressurised air were to enter the cylinder.

Absolute pressure sensors are placed before and after the receiver as well as thermocouples to quantify
the heat transfer in the HTF owing to the receiver. A series of thermocouples are also proposed at various locations
on the surface of the receiver to assess the solid temperature and its variations across the length and breadth of the
receiver. The heated air then passes through a length of coiled tubing submerged in a cold water tank before the
air is eventually discharged to the environment at room temperature. A needle valve, before this exhaust, is placed

S0 as to ensure adequate backpressure at the receiver outlet.
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Figure 58. Piping and Instrumentation Diagram of testbed.

The water in the tank is continuously cooled by a chiller that maintains the water’s temperature at set
point (generally 20 °C). In addition to the calorimetric testbed, the system instrumentation also includes a closed-
circuit diagram (CCD) camera and a thermographic or infra-red (IR) camera. Both these cameras are situated
behind the lamps of the KIRAN 42 HFSS and are pointed towards the receiver testbed. The CCD camera, with a
light intensity filter, is used to safely view the testbed from the front while the lamps are on and is essential in
generating the radiation flux profiles/maps. The thermographic camera allows for a temperature profile of the
receiver by measuring the emission signature from the same. A gardon radiation flux meter is utilised to quantify
the radiation flux incident on the receiver.

All the data from the instrumentation (excluding cameras) is communicated through National Instrument
data acquisition devices, including C series modules and chassis, to the LabVIEW computer software. In
LabVIEW several programs, or virtual instruments (VIs) as illustrated in Figure 59, were created to facilitate the
visualisation of the experiment in progress and save the experiment data at regular time intervals. This data can
then be further processed, in post-processing software such as MATLAB, Python, Excel, etc. to reveal

performance indicators including thermal and exergy efficiencies, heat gain, pressure drop, etc.

75



Chapter 3. Experiment preparation and design

F_rec_in Trec_in T_rec_out P_rec_out T exit
11,8208 20,2445 117,995 11,7893 15,7358

B q @ Ti:;;:- ‘D‘Q ? Exhaust
Lolil (kﬁvk_fmn ”
A 4 ——
=)

Receiver v |
Side
1975 |:8:| T_ambient 221856
Mass T1 Recewer
flowrate 05926 [5)
(a/9 Back T3 " o L

@
1
1
.
ro
ro
v
o
o
[
[
||
i
1
1
1
1
&
8
Qutlet Temp (des
-
&

[
[=
=

i
_____ ——— I R
0F 1 D
i ! ! 117,78 - 0
- [ A I 16:54:36,710 16:55:26,710  16:56:16,710
- } 05/12/2022 05/12/2022 05/12/2022
|

_____ Time

Figure 59. LabVIEW VI used for experiment data visualisation and logging.

In addition to the instrumentation on the testbed, a spectrophotometer is used to measure the absorptivity
of the receiver/absorber before and after experiments have been conducted on it. As will be apparent in section
3.6.2, an oxide layer with significantly different optical (absorption) properties develops on the surface of the
absorber when it is subjected to elevated temperatures. This effect needs to be accounted for and is done by using
a spectrophotometer with an integrating sphere. The measurement of the absorptivity of the absorber is done at
three different regions, namely the inlet, centre and outlet of the absorber external surface. A customised 3D
printed absorber sample holder was prepared as the absorber was longer though narrower than the
spectrophotometer’s measurement window.

Pictures of the most important components and measurement instruments of the testbed are presented in
the appendix. Table 8, in the following section, details the instrumentation employed including their individual

measurement ranges, accuracies, manufacturers and models.
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3.4. Uncertainty and error analysis

An uncertainty analysis was carried out to determine the uncertainty error in the measured parameters
and its influence on the final results and performance indicators. Such an analysis is crucial, especially in
experimental work, to quantify the inaccuracies and validity of experimentally determined outputs [144]. This
analysis has been performed conforming to the International Organization for Standardization (1SO) guide [145]
which employs the Taylor Series Method (TSM) to model experiment errors and their propagation.

It is first necessary to calculate the error in measured variables such as temperatures from temperature
sensors, mass flowrates from flowmeters etc. In this study, measured variable errors were divided into
experimental errors, instrumentation/calibration errors and random errors. The total error of a measured variable

(Az) was calculated as the root mean square of its experimental, instrumental and random error as;

Az = \/O'ezxp + 0fhs + Ofanaom (22)

where Az is the total error of the measured variable, o, is the experimental error of the measured variable, ;5
is the instrumentation/calibration error of the measured variable, ,4n40m 1S the random error of the measured
variable. Experimental error is the error that arises due to the dispersion or variation of the measured variable
during the experiment run. This is a typical and unavoidable feature of timewise experiments where variations or
‘unsteadiness’ of a parameter in time will occur regardless of whether or not the system is operating in ‘steady-
state’ conditions. One standard deviation from the mean value over the analysed time interval was taken as the
experimental error. Instrumentation/calibration error arises due to inaccuracies in the measuring device itself and
is a physical limitation of the device which cannot be altered/minimised. The instrumentation errors of the various
measuring devices can be found in Table 8. Random error is one which quantifies the disruptive effect of a largely
uncontrollable environmental factor, such as ambient temperature, humidity etc on the measured variable. This
error can only be approximately quantified after a number of experiment repetitions which in this campaign could
only be conducted to a limited degree given time constraints.

The final output parameter, whose uncertainty is to be determined, is a function of some measured and
derived variables. As it is a multivariate function, its error must account for the individual errors of each
independent variable. To quantify this effect, the TSM law of error propagation [144], [145] is applied to give a

probable error for a multivariate function f with n independent variables as;

n

2
Af(ZiJi:l,...,n)z Z(%AZJ ' (23)

=1

The evaluation of the measured and final parameter errors was carried out for each experiment run using
equations (25) and (26).
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Table 8. Instrumentation used in testbed.

Manuf Measured Operating /
Instrument Model Unit Measurement Instrument Error
acturer parameter
Range
Vatell .
Gardon flux Corpor TG- Radiation k\/_\zl 0— 1600 3%
gauge - 1000 flux m
ation
Tvoe K Continuous: 0
Thermocoup TC Ltd ()g)ass Temperatu oc —1100 { +1.5, —40 < T <375
les 1) re Short Term: - 04%T, 375 < T <1000
180 — 1350
Mass Bronkh F- Mass flow 1 o
flowmeter orst 111AC rate gs 0-215 0.5%
Pressure TC Ltd 716- Absolute bar 0-16 0.5%
transducer 912 pressure
. LAMB Radiation
Spectrophot | Perkin | “p\ "\ pcormtivit | - | 175 - 3300 nm 1%
ometer Elmer
1050+ y
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3.5. Development of the receiver samples

As mentioned in section 3.3.1, the pressurised receiver testbed was designed around a receiver ‘blackbox’
with the intention of providing flexibility in the design of the receiver or absorber. However there are still some
limiting design parameters set by the testbed, especially the maximum mass flow rate. Using this as a starting
point, designs of receiver samples for experimentation were conceived as will be explained subsequently.

Since the receivers to be tested are to be of a relatively small size and are designed for a one-off
experiment campaign, additive manufacturing was identified as the preferred means of fabricating the
microchannel receivers. Of course, as noted in Chapter 1, there are several alternative means of production of
such compact geometry structures including but not limited to brazed or diffusion bonded finned plates formed
by chemical etching or fin forming machines. However these techniques require components and equipment
dedicated to a single receiver design concept which is inherently time consuming besides being prohibitively
expensive for the production of a single sample. As noted by one of the conventional compact heat exchanger
manufacturers contacted for this purpose, the initial capital cost when spread over a large volume of produced
pieces will work out more cost effective. While this holds true for commercial scale production, for one-off
fabrication projects of a complex and compact geometry structures, additive manufacturing oftentimes proves
more favourable in both lead time and cost.

It was desired to study the effect of the receiver material on the performance of the receiver and hence it
was proposed to manufacture receivers of stainless steel (316L) and Inconel 718 by the Selective Laser Melting
(SLM) additive manufacturing method.

Receivers of different internal flow geometries are proposed to be built to investigate the effect of the
variation of these geometrical parameters on the performance of the receiver. These experimental investigations
aimed at providing an experimental validation of the numerical model developed in chapter 2 and its findings. To
this end, the four geometrical design parameters identified and varied in the numerical model (channel height,
wall thickness, number of vertical channels and channel breadth) will also be varied in the proposed experimental
receiver designs.

As there are four geometrical parameters varied, there will be four receiver variations. To expedite the
experiment campaign, the outer dimensions of the receivers are designed identical to one another. This will
facilitate mounting and dismounting of samples and instrumentation (especially thermocouples) and will allow
for the same thermal insulation block to be used for all samples.

From chapter 2, the perforated fin and plain rectangular fin receivers were found to have the best
performances. Given the slight but inescapable inaccuracies of 3D printing holes and overhangs (sags and shape
deformations) [146], it was decided to manufacture all the receiver samples using the plain rectangular fin compact

flow geometry.

The designs for the receiver samples were carried out as follows:
For a maximum mass flow rate of 71,,. = 2 g s71
Assuming a receiver with a thermal efficiency of 85%, its thermal power is:

mrec X (hrecout - hrecin)
0.85
=0.612 kW

hrecou[ = 557 k\]/kg at precﬁout = 20 bal’ & Treciout = 275 OC &

Qrec =
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hrecin = 297 k\]/kg at prec_in = 20 bal’ & Trec_in = 25 OC

Taking the temperature gain in the receiver to be 250°C.

From the numerical model, it was observed that smaller channels are required to achieve the required
channel flow velocities (20-30 m s) around which the most favourable operating conditions occurred. For a
channel flow velocity (vc) of 20 m s and at the average air density p (at 150 °C & 12 bar) of 9.8 kg m?3, the total

number of channels is:
) . kg
Myec Myec 0.002 T

N, =— == - — =10.13
Mchannet P Ve fle 987 m—% X 20 2 X 0.001m x 0.001m

where M, anner 1S the mass flow rate in an individual channel, A, is the wetted cross section area of a channel
taken asa 1 mm x 1mm cross section. The following receiver parameters are fixed at: channel breadth B, = 1 mm,

channel height H. = 1 mm.

The outer plate thicknesses have been set at a minimum of 3 mm though this is well above the
requirements of the ASME standard [102] referred to when making the design the procedures of which has been
briefly described in Chapter 2. The internal geometrical configuration of a base case receiver was set as shown in
Table 9.

Table 9. Base case experimental receiver internal geometry.

Quantity Symbol Unit Value
Channel breadth B, mm 1
Channel height H, mm 1

Top Plate (outermost
wall) thickness te mm 3
Base Plate (outermost ; mm 3
wall) thickness pb
Side Plate (outermost
wall) thickness tps mm 3.5
Channel wall thickness t mm 3
Number of horizontal N ) 5
channels ch
Number of vertical
channels Nev i 2
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Habsorber

Figure 60. Geometrical parameters of proposed receiver (cross sectional view).

Referring to Figure 60, the receiver height and breadth can now be determined as:

Receiver height Hyecoiper = tpe + tpp + Ney X He + (N, — 1) X t = 11mm

Receiver breadth Byeceiver = 2 X tps + Nepy X Be + (Ngp, — 1) Xt = 24 mm

Fixing the incident radiation flux at 400 kW m, the required receiver length is:

Qrec _ 0612kW

CIavg Breceiver B 400 k_W - 0.024m
m2

= 63.75mm

Lyeceiver =

Receiver Area A, coiper = 13.68 cm?

A plain rectangular fin receiver can be built with the above specifications. Using this design as a base,

four receiver sample designs are proposed.
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Plain Rectangular Fin model (PR1):

As discussed previously, geometrical configuration of the PR1 base case is summarised in Table 10:

Table 10. PR1 receiver geometry.

Quantity Symbol Unit Value
Channel breadth B, mm 1
Channel height H, mm 1

Top Plate (outermost " mm 3
wall) thickness pt
Base Plate (outermost
wall) thi(ckness tpb mm 3
Side Plate (outermost ; mm 35
wall) thickness ps '
Channel wall thickness t mm 3
Number of horizontal N i 5
channels ch
Number of vertical
channels Nev j 2

Plain Rectangular Fin increased channel height model (PR2):

The geometrical configuration of the PR2 receiver is summarised in Table 11. Increasing the channel
height, while maintaining the overall receiver dimensions the same as in PR1, requires a reduction in the base
plate thickness. The top plate thickness is not changed as it plays a more critical role in the heat transfer to the
fluid being the separating plate between the exposed irradiated plate and the first flow channel row. The bottom
plate is only in contact with the insulation and hence its thickness is less important and is not expected to
significantly affect the heat transfer to the fluid.

Table 11. PR2 receiver geometry.

Quantity Symbol Unit Value
Channel breadth B, mm 1
Channel height H, mm 2

Top Plate (outermost
5vall) th(ickness byt mm 3
Base Plate (outermost " mm 1
wall) thickness pb
Side Plate (outermost
wall) th(ickness tps mm 35
Channel wall thickness t mm 3
Number of horizontal N i 5
channels ch
Number of vertical N ) 2
channels v
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Plain Rectangular Fin increased channel breadth model (PR3):
The geometrical configuration of the PR3 receiver is summarised in Table 12. In order to maintain the
same overall receiver dimensions as the previous receivers while increasing the channel breadth, the side plate

thickness must be reduced.

Table 12. PR3 receiver geometry.

Quantity Symbol Unit Value
Channel breadth B, mm 2
Channel height H, mm 1

Top Plate (outermost ¢ mm 3
wall) thickness pt
Base Plate (outermost ; mm 3
wall) thickness pb
Side Plate (outermost ¢ mm 1
wall) thickness ps
Channel wall thickness t mm 3
Number of horizontal N ) 5
channels ch
Number of vertical
channels New j 2

Plain Rectangular Fin decreased channel wall thickness model (PR4):

The geometrical configuration of the PR4 receiver is summarised in Table 13. The same increased
channel height configuration used in PR2 is replicated in PR4 though with smaller channel wall thicknesses. These
changes are accommodated by decreasing the base plate thickness and increasing the side plate thickness so as to

maintain the overall receiver dimensions.

Table 13. PR4 receiver geometry.

Quantity Symbol Unit Value
Channel breadth B, mm 1
Channel height H, mm 2

Top Plate (outermost ; mm 3
wall) thickness pt
Base Plate (outermost ¢ 2
wall) thickness pb mm
Side Plate (outermost ; mm 4
wall) thickness ps
Channel wall thickness t mm 2
Number of horizontal N i 6
channels ch
Number of vertical
channels New j 2
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Summary of Experimental Absorbers Proposed:

With the receiver sample designs finalised, the four proposed models were simulated for the design case
of a mass flow rate of 2 g s* and an average radiation flux of 400 kW m2 and the results of this study, in terms of
expected outlet temperature and pressure drop, are given in Table 14. It should be noted though that a range of
mass flow rates and radiation fluxes are proposed in the experiment campaign for characterising each receiver
which will be explained in more detail in section 3.8 about the design of experiments.

Table 14. Summary of receiver sample designs and expected performance.

Geometric Parameters Predicted Results InsItErument
. rror
Receiver
tati
(notation) H, (mm) t N, B, ?::Tl]e; Prgﬁcs);re Temp | Pressure
¢ (mm) (rows) (mm) °C) (mbar) (°C) (mbar)
Plain
Rectangular 1 3 2 1 305.0 123.2 1.5 80
(PR1)
Plain
Rectangular 2 3 2 1 299.8 28.5 15 80
(PR2)
Plain
Rectangular 1 3 2 2 298.5 25.5 15 80
(PR3)
Plain
Rectangular 2 2 2 1 298.6 20.3 15 80
(PR4)

(c) (d)
Figure 61. Cross-sectional view of proposed experimental receivers: (a) PR1, (b) PR2, (c) PR3, (d) PR4.



3.6. Preliminary experiment runs

The pressurised receiver testbed, after assembly, was commissioned over a series of tests of the
instrumentation and the system operation. A log of these experiments can be found in Table 15 but will also be
discussed in this section. Learnings from these initial trial runs were used to formulate the procedures of operation
and use of the testbed which are detailed in the following section 3.7.

Before any receiver was installed, a pipe section was used in its place to test for leakages in the assembly
and to test the functionality of the instrumentation and LabVIEW data acquisition system. These initial tests were
carried out on the 29" of July and 1% of August, as can be noted in Table 15, and served to demonstrate the

operability of the testbed and its instrumentation.

3.6.1. Cold tests (without use of KIRAN 42 HFSS)

When a cold (no lamp on) static pressure leakage test is performed by closing the exhaust valve and
opening the cylinder and regulator valve, the line pressure (measured at the ‘receiver’ inlet) will rise continually
before tapering off while the mass flow rate will continuously fall as the system is charged. The mass flow rate
eventually stabilises at around 0.01 g s as can be observed in Figure 62 and Figure 63. In the same test run,
further opening the regulator valve resulted in the equilibrium line pressure shifting from around 10 bar to almost
15 bar.

It was also observed that flow only occurred after a certain cracking pressure at the inlet of the pressure
relief valve but this pressure could be changed by adjusting the valve spring. Another interesting finding was that
when a charged (pressurised) system has its exhaust valve opened, the line pressure does not eventually stabilise.
This can be clearly seen in Figure 64 when despite the exhaust valve being opened twice to try to achieve a
relatively constant mass flow rate and system pressure, the absolute pressure of the line continuously rises. Hence
in order to conduct experiments at high pressures it is recommended to start from a depressurised system (or lower
system) to the design system operating pressure. These findings were definitively confirmed after the installation

and testing of a pressurised receiver in dynamic flow conditions, shown in Figure 67, as will be later discussed.
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Figure 62. Static pressure test at 10 bar conducted on 01/08/2022.
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Figure 63. Static pressure test at 15 bar conducted on 01/08/2022.
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Figure 64. Mass flow rate and absolute system pressure across experiment run on 01/08/2022.
After the successful completion of the cold tests with a pipe section in place of a receiver, a stainless

steel (SS) receiver of the PR1 geometry was installed in the testbed as can be seen in Figure 65. Cold leak tests
were again conducted on the 3™ and 4™ of August to ensure the tightness of the line.
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Figure 65. PR1 geometry receiver installed in testbed as on 03/08/2022.

The static leak test, shown in Figure 66, proved the pressure tightness of the 3D printed receiver and that
it could withstand elevated pressures.
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Figure 66. Cold static leak test conducted on stainless steel PR1 receiver on 03/08/2022.
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Figure 67. Cold static and dynamic tests conducted on stainless steel PR1 receiver on 04/08/2022

The receiver was then tested statically and dynamically on the 4™ of August which is demonstrated in
Figure 67. After the high pressure static tests, the exhaust valve was opened to try to achieve stability but, as was
found previously, the mass flow rate and system pressure do not stabilise but only increase continuously. The line
was then completely depressurised by closing the cylinder valve, leaving the exhaust valve open, and then re-
pressurised by re-opening the cylinder valve. This resulted in stable operating conditions and definitively verified
the previous findings of mass flow rate and system pressure stability reaching equilibrium and stability only when

the system is moved from lower pressure to higher.

3.6.2. Hot tests (using the KIRAN 42 HFSS)

Following the successful conclusion of the cold tests, the preliminary hot tests (i.e. experiment runs that
include the use of one or more lamps of the KIRAN 42 HFSS) could be conducted. A rudimentary insulation of

protective alumina radiation shields was erected around the installed receiver as can be seen in Figure 68.
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Figure 68. Alumina radiation shield around receiver as on 11/08/2022 (before experiment)

For the initial experiment run using the KIRAN 42 HFSS, to minimise any risk, the safest operating
conditions were chosen. This meant operation at a high mass flow rate (for better heat evacuation from the receiver
solid body) and low system pressure and radiation flux. It was decided to use a mass flow rate of 2 g s, receiver
inlet pressure of 4 bar and peak radiation flux of 200 kW m2.
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Figure 69. Experiment run using single lamp (lamp 4) with peak radiation of 200 kW m-2 at mass flow rate of 2
g s and receiver inlet pressure of 4 bar conducted on 12/08/2022.
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Referring to Figure 69, the receiver seemed to function adequately with the temperature at the receiver
outlet slowly rising and reaching temperatures of close to 140 °C. Three thermocouples were placed in contact
with the receiver back surface at the beginning (T1), centre (T2) and end (T3) of the receiver though these
thermocouples were not completely radiation shielded as the receiver was not covered by any insulation as is
clearly evident in Figure 68. The exposure of the thermocouples to radiation means that the measured solid
temperature values shown in Figure 69 are overestimated.

The position of the thermocouples at the back of the receiver can be seen in Figure 70. The three
thermocouples can be seen rising from the bottom and are labelled as T1, T2 and T3 moving from right (receiver
flow inlet) to left (receiver flow outlet). Comparing from before and after the experiment run, besides the obvious
effects of concentrated radiation on the alumina shield the receiver has also slightly oxidised on the microchannel
to tube connection especially at the outlet.

In all, the first hot test was considered a successful experiment run of the pressurised receiver testbed as
all subsystems from the receiver itself to the instrumentation and control were demonstrated to operate
sufficiently. An issue arose with the cooling water tank, and more particularly with its chiller, as it was detected
that significant water leakages occurred after a period of inactivity. This did not affect the experiments in any way
as while the chiller was active the tank water temperature and exhaust air temperature were at or below room

temperature. The issue was rectified in any case as logged in Table 15.

Figure 70. Receiver and radiation shield after experiment run (hot test) on 12/08/2022.

Following this initial hot test, a more elaborate experiment run was conducted at the same mass flow rate
and receiver inlet pressure level but at a range of peak radiation fluxes i.e. from 200 kW m to 500 kW m? at 100
kKW m2 intervals. The radiation flux profiles/maps at each peak flux level is further elaborated on in section 3.8.
This experiment run, conducted on the 22" of September, is plotted as a function of important temperatures in

Figure 71. The receiver and its instrumentation have remained unchanged from the previous experiment.
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The receiver air outlet temperature rises as the incident radiation level rises and the regions of operation
of the four radiation levels are evident from the temperature levels in Figure 71. The solid temperature of the
thermocouple close to the receiver outlet (T1) rises above that of the central thermocouple (T2) despite the peak
flux always occurring in the centre of the receiver. This demonstrates the cooling effect of the microchannel
receiver as the thermocouple T1 is placed outside the microchannel zone. The temperatures of T1 and T2 invert
at a point in the 500 kW m2 operating period and this is owing to the fact that the T2 (and T3 as well though this
is not significant) have lost thermal contact with the solid back wall of the receiver and are fully exposed to the
incident radiation as can been seen in Figure 72 and Figure 73 which depicts the receiver after the experiment

run and CCD images of the receiver at different incident radiation flux levels respectively.
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Figure 71. Experiment run using increasing peak radiation flux levels of 200 kW m2, 300 kW m2, 400 kW m

and 500 kW m2 at mass flow rate of 2 g s™ and receiver inlet pressure of 4 bar conducted on 22/09/2022
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Figure 72. Receiver after experiment run (hot test) on 22/09/2022

Figure 73. CCD images of receivers during experiment run on 22/09/2022 at different flux levels. (a) 200 kW m
2: (b) 300 kW m?; (c) 400 kW m%; (d) 500 kW m
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The significant oxidation seen on the receiver in Figure 72 occurs when the local solid temperature of
the stainless steel rises above 400 °C though the oxidation becomes significantly more pronounced at temperatures
above 600 °C [147], [148]. The regions and levels of oxidation match well with expected regions of elevated
temperature. Referring to Figure 74, it is clear that the most significant regions of oxidation occur outside the
microchannel region (i.e. the receiver) and within the receiver the oxidation gets significantly more pronounced
from the flow inlet (right) to outlet (left). While this is a good result, in terms of visually showcasing the
effectiveness of the microchannels, the receiver was excessively oxidised and needed proper insulation and

radiation shielding. This is especially true in case of the non-microchannel sections and the back of the receiver.

channels end

Figure 74. Depiction of microchannel region of receiver relative to oxidation regions

To this end, an insulating brick was carved out to be used as a thermal insulator to the receiver as can be

seen in Figure 75.

Figure 75. Thermal insulating brick and radiation shield used for receiver insulation

With the additional thermal insulation added (Figure 28), the receiver was reinstalled in the testbed and

prepared for experimentation using the same conditions as was used previously i.e. a mass flow rate of 2 g s and
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receiver inlet pressure of 4 bar with a range of peak radiation fluxes i.e. from 200 kW m? to 500 kW m at 100
kKW m2 intervals. A temperature evolution plot of the experiment run is given in Figure 77.

Figure 76. Receiver with thermal insulation as installed before experimentation on 03/10/2022
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Figure 77. Temperature changes over experiment time during experiment run conducted on 03/10/2022

The temperatures, especially the solid temperatures, seen in Figure 77 are far more reasonable and within
safe operating conditions of the receiver. The receiver outlet temperature stabilised to within 1% of its mean value
after around 7-8 minutes since operation state conditions were reached. Hence for future experiments, 15 minutes
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may be used at any operation condition with the last 5 minutes being the recorded or measurement interval used
for subsequent analysis considering that, in effect, the receiver is operating in ‘steady state’ conditions. The
experiment conducted on the 3 of October was the first completely controlled experiment run and provided
sufficient information to form guidelines and procedures to the operation of the testbed. These have been laid out
in the following section 3.7. This successful experiment run was the culmination of the learnings from the previous
efforts and incremental improvements from the same. Comparing the receiver before and after the experiment run
(Figure 76 and Figure 78 respectively) it is clear that no significant oxidation has occurred as the receiver solid
(back) temperatures were within 400 °C.
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~

Figure 78. Receiver after experimentation on 03/10/2022

Given the large volume of experiments, the possibility of using a compressor was investigated and two
trial runs were conducted. However, comparing the results when using pressurised air supplied by compressor
and cylinder showed significant differences. The control parameters of mass flow rate, receiver inlet pressure and
radiation fluxes were kept the same at 2 g s%, 4 bar and 200-500 kW m respectively.

From Figure 79 and Figure 80, it can be seen that the efficiency of the receiver using the compressor’s
air is higher. This can be attributed to the presence of water vapour in the air, besides argon, which only improves
the heat capacitance of the air mixture. The receiver inlet temperature is also higher in the case of the compressor
as the compressor slightly heats up the ambient air whereas the air from the cylinder is cooled below ambient by
the expansion/throttling action of the cylinder and regulator valve. The increased inlet temperature reduces the
fluid density and increases the velocity of the fluid. As discussed in chapter 2, this serves to increase the pressure
drop and improve the heat transfer to the fluid.
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Figure 80. Air temperatures at receiver inlet and outlet as functions of peak radiation flux for experiment runs

with cylinder and compressor supplied pressurised air

While the improved performance observed when using the compressor is desirable, the variability in

composition on the HTF (depending on the humidity of the day), air temperature and potential of internal oxidation

in the receiver channels (due to the presence of water) creates too much uncertainty in the analysis of the

96



performance of the receiver and it was hence decided to discontinue the use of the compressor and conduct the
experimental campaign using only the dry pressurised air from the cylinders. These have a fixed composition of
79% N2 and 21% O,.

It should here be noted that the inlet temperature when using the cylinders is also not a constant for all
experiments and varies depending on the ambient temperature and humidity. On days when the dew point
temperature is high enough, there is sufficient heating from condensation on the inlet line that the receiver air inlet
temperature matches the ambient (dry bulb) temperature.

' Mf)‘x.\h-:w epe——

Figure 81. Condensation on the pressurised air inlet line when its temperature is below the dew point

temperature. This causes a rise in the receiver inlet air temperature.
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Table 15. Preliminary experiment log

Date

Status of Testbed (Changes to
previous)

Experiment Plan

Result/Comment

29/07/2022

All instrumentation in place
besides TCs
Testbed loop closed (complete)
but without receiver and only
piping in its place
Basic LabVIEW setup to read
pressures and flowrates

Overall objective: Cold
pressure test of the testbed to
characterise its behaviour
Specific objectives: Eliminate
any leaks and determine:-
Inlet pressure to crack anti-
return valve
Receiver inlet to outlet
pressures when static (no flow)
and across range of flowmeter
(0-2 g s%) at receiver inlet
pressures of 5, 10 and 15 bar

Cracking pressure = 12 bar
Testing for leakage:
At 3 bar, negligible flow (0 g s
)

At 5 bar, negligible flow (0.02 g
s

It appears that the cracking
pressure depends on the
tightening of the relief valve. If
further strung, cracking
pressure of relief valve
increases.

At 10 bar some leaks appeared
indicating the need for teflon at
TC unions

1/8/2022

TC unions have been changed
with additional Teflon. Outlet
TC union had to be completely
replaced as it couldn’t be
removed to add Teflon.

Experiment 2:

After leak detection in one of
the TCs (the one that was
replaced) it was removed and
more teflon added

Same as previous

Static pressure test: With the

flow control valve closed, the

flow rate slowly decreases to

zero and the system pressure
rises

Small leak appears to be
coming from the same TC that
was replaced

----Experiment 2 ----

Flowrate of 0.008 g s at
almost 10 bar
Flowrate of 0.01 g s* at 14.6
bar

Opening the flow control valve:
First sharp decrease before
stabilisation of the pressure and
flowrate

The pressure and flowrate take
an extremely long time to
stabilise. After an hour the

stabilisation did not happen.

3/8/2022

Receiver added (PR1) after
removing pipe that was in place
to close the circuit before the
receiver. A small pipe has been
added to cover the remaining
horizontal length as the receiver
isn’t long enough

Overall objective: Cold
pressure test of the testbed with
receiver to characterise its
behaviour
Specific objectives: Eliminate
any leaks and determine:-
Receiver inlet to outlet
pressures when static (no flow)
and across range of flowmeter
(0-2 g 1) at receiver inlet
pressures of 5, 10 and 15 bar

Leak test at around 5 bar and
8.5 bar

The system was left for 1 hour

and finally stabilised at 8.5 bar

with 0.008 g s* flow and 28 bar
cylinder pressure

Increasing the cylinder pressure
to 30 bar

4/8/2022

Receiver position changed
slightly to left given table
movement limitation

Overall objective: Check
dynamic pressure stability and
time to stabilisation
Specific objectives: First leak
test and then a dynamic
pressure test at 0.75-1 g s flow
and 5 bar

Leak test seems to be ok. Flow
rate at 0.01 g s* at 10 bar.
Pressure stabilised at 9.5 bar
after 20 mins approximately.

It seems the only way to have
some stability of flow and
pressure is to first open the flow
control valve at the outlet and
then vary the inlet cylinder
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valve. Starting at an
unpressurised system and then
pressurising it is more stable
than changing the pressure of a
pressurised system.

11/8/2022

Receiver set up with
instrumentation installed

Preliminary hot test: Check
how much time it takes to
stabilisation besides
instrumentation functioning

Mass flow of 2 g s1, 4 bar and
200 KW m2 peak flux
Cylinder pressure of 24 bar
permits this.

Experiment run not performed
due to time restrictions

12/8/2022

No change

Same as previous

Spillage of water observed
overnight likely due to the
suction of water in the cooling
water tubes

Test conditions same as
yesterday
Small chiller seems to be
incapable of cooling water tank
quickly

Chiller leak seen again and the
issue is attributed to the chiller
not being able to work in an
open loop. A short metal pipe
has been added to close the loop
and transfer heat indirectly from
the water tank.

Test carried out successfully.
Only issue was that the cylinder
was nearly empty at the start of
the experiment and so it had to
be stopped as the mass flow rate
was falling

22/9/2022

Testbed and instrumentation
completely set up
Heat exchanger (reflector) with
serpentine internal tubing and
flat conductive surface used for
cooling exchange surface in
tank

SSPR1, 4 bar, 2 g s, 200-500
kW m2

Experiment carried out
successfully.
More insulation to be added for
radiation shielding
Lamp pointing incorrect
Flow rate continuously rises
during experiment. Has to be
carefully manually reduced
from main cylinder valve

3/10/2022

Insulation added to receiver
Exact distance between gardon
centre and receiver centre
calculated

SS PR1, 4 bar, 2 g s, 200-500
kW m-2

Experiment went perfect
15 mins for receiver thermal
equilibirum

6/10/2022

Air supply from building

SSPR1, 4 bar, 2 g s, 200-500
kW m-2

Experiment ok

7/10/2022

Air supply from building

SSPR1, 4 bar, 1.5 g s, 200-
500 kW m2

Experiment ok
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3.7. Procedures developed for a typical experiment run

3.7.1. Radiation flux map generation
The equipment required to generate the radiation flux profile are:
a) Gardon flux meter connected to a water chiller and data acquisition device
b) Target plate (alumina plate)
c) CCD camera with neutral density filter

d) Image processing software such as MATLAB or Python

Precautions to be followed:
a) Before switch on lamp(s) ensure that:
- Water in the chiller is above minimum required mark
- Water chiller to the gardon is on and has no leakages
- There are no obstructions (wires, tubing, tools) to the movable table’s free motion
- Blower(s) of the lamp(s) to be operated is/are on
- Radiation shield protects any sensitive equipment
- CCD camera filter is in place
- CCD camera exposure time setting is below (5000 us) and set to “Manual’ adjustment
- Data acquisition software and cameras are functional
- Switch the air extractor on (recommended but not mandatory)
b) After lamp(s) are switched on regularly check:
- Temperature of water from chiller is not rising and within limits
- No smoke is being evolved or burning detected

Immediately switch off lamp(s) if issues related to any of these are detected

To generate a flux map, experimental data is required namely:

a) Peak radiation flux on measurement plane (measured by gardon)

b) CCD camera image of lamp(s) on target plane

c) CCD camera image with no lamp switched on and at same exposure time setting of camera as was used
when previous image was recorded
The procedure used to acquire this information is given in Figure 82 and the steps needed to process the

data to obtain the flux maps are elaborated in Figure 83.
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( Start )

A 4

Move gardon to desired
flux measurement point

A 4

Switch on lamp(s)

after 20 minutes

Move gardon to position
of peak radiation flux

v

Move table to target

plate at least 50 mm
from gardon

v

Change CCD camera
exposure time

o

230 < Pixel
intensity < 255

Capture image

A 4

Switch off lamp(s)

v
Capture image at same
exposure time

v
End

Figure 82. Procedure for experimental data acquisition for flux map generation
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( Start )

A 4

CCD image of / | Import CCD images into image
lamp(s) on target\ | processing software
CCD image of l
dark room Subtract dark noise from image
h 4

Convert image into
double datatype

\ 4
Convert from pixel intensity matrix to radiation fluxes using linear
interpolation by applying equation:

Flux = Maximum flux recorded by gardon x Pixel value
Maximum pixel intensity value

Truncate flux map by

setting a flux threshold
Maximum
radiation flux v

Plot contour

A 4
End

Figure 83. Data processing steps to generate radiation flux map from experimental data
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3.7.2. Installing a new pressurised receiver/absorber (cold test)
Before a new pressurised receiver is installed there are some precautions and procedures to be followed.
The precautions are:

a) Ensure the line (system) is depressurised before any changes to the testbed are made. This is done
by first closing the main cylinder valve which can be identified in Figure 84a and then opening the
exhaust valve shown in Figure 84b. Check if there is some pressure in the line upstream of the
receiver using the LabVIEW program. If this is the case, proceed by slowly loosening the
compression nut connecting the installed receiver (or piping) at either the inlet (right) or outlet (left)
as indicated in Figure 85. As the nut is loosened, a hissing sound indicates that pressurised air is

escaping and the line is depressurising. Continue gradually loosening the nut until it is fully removed.

Figure 84a " Figure 84b

Figure 84. Cylinder valve and Exhaust (needle) valve

b) If a receiver is being removed and replaced, ensure that it is not hot by monitoring relevant
thermocouple readings in LabVIEW. The piping and surrounding insulation around the receiver may
also be hot if an experiment was recently performed.

c) Inspect the entire system for open connections and fittings.
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Figure 85. Compression nuts at inlet (right) and outlet (right) attaching absorber to the system piping

After installing the receiver, a static pressure test under cold conditions (without HFSS operation) must
be performed to ensure there are no leakages due to incorrect installation of the receiver, defects in the receiver
itself or a leakage from some other point in the system. The procedure for carrying out such a static test is presented

in Figure 86.
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( Start )

A

Close pressure regulator valve

A

Open exhaust valve slightly

A

Open cylinder valve completely

A

Slightly open pressure regulator valve and gradually increase it till
hissing sound can be heard from exhaust valve

Y
Audible air Yes Yes
N N e Leakage
Ieaka%iettfi:%m any 4>| Identify and tlghfn loose fitting(s) persists

No

A

A

Close exhaust valve completely

A

Allow time for system pressure to naturally rise and mass flow rate to
decrease. It may take several minutes.

Y
Inlet pressure Yes
< Open pressure regulator valve
S ——— .
slightly

Design pressure

No

Mass flow rate
<0.01g/s

Depressurise system, add teflon and/or change
fittings

A

End

Figure 86. Procedure for conducting a cold pressure test
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3.7.3. General operating procedure for pressurised receiver testbed

Conducting a ‘hot test” or an experiment run using the KIRAN 42 HFSS carries with it several risks

including blinding, burning and explosive. Hence the safety and normal operating procedures laid out here must

be strictly adhered to.

b)

Precautions to be followed:

Before switch on lamp(s) ensure that:

- The receiver has been installed correctly and a cold static test, in accordance with the procedure in
section 3.7.2) has been performed to pressure test the system and fix any leakages therein

- There is sufficient pressure in the pressurised air cylinder

- Water in the chillers are above minimum required mark

- Water chiller to the gardon is switched on and has no leakages

- Water chiller to the cold water tank is switched on and has no leakages

- There are no obstructions (wires, tubing, tools) to the movable table’s free motion

- Blower(s) of the lamp(s) to be operated is/are on

- Radiation shield protects any sensitive equipment

- CCD camera filter is in place

- CCD camera exposure time setting is below (5000 us) and set to ‘Manual’ adjustment

- Data acquisition software and cameras are functional

- Switch the air extractor on (recommended but not mandatory)

After lamp(s) are switched on regularly check:

- Temperature of water from chiller is not rising and within limits

- No smoke is being evolved or burning detected

- There are no water leaks

- The pressure in the cylinder is above 30 bar and the mass flow rate is not continuously falling

Immediately switch off lamp(s) if issues related to any of these are detected

In addition to these precautions, there are important preliminary preparatory tasks to be accomplished

before an experiment can be started. These tasks are:

a)

b)

d)

Ascertain the experiment plan in terms of desired values and combinations of inlet pressure, mass flow
rate and peak radiation flux

Manipulate the cylinder and exhaust valves to obtain the desired combination of mass flow rate and inlet
pressure. In the current experiment setup, it is not possible to automatically control or change these and
requires entry into the testbed room to make the adjustments to the exhaust valve manually. This can
only be done when the lamps are off and cannot be changed during an experiment run.

Measure the distance between the gardon centre and the absorber centre (or wherever on the absorber the
peak flux is to be) in all three axes.

Perform radiation flux tests with the lamp(s) required to determine the gardon positions for the desired
radiation flux values on absorber. Using the previous measurements, the table positions required for the
absorber sample to be in the desired radiation flux position can be calculated and determined before a

‘hot test’ of the absorber. This saves time and potential damage to the absorber.
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After these preparatory steps have been undertaken, the experiment procedure shown in Figure 87 must
be followed for any experiment run adhering constantly to the precautions listed above.

Follow precautions &
preliminary tasks

l

‘ Reset interval step counter in ‘

LABVIEW program to O

l

Move gardon to lamp pointing position
(if gardon is not present, move the table for lamp pointing
to be at any target plate point at least 30 cm from absorber)

l

Switch on lamp(s) to be used in
experiment run

l

Allow the lamp to run for
15-20 minutes

l

Open cylinder valve completely and allow 5
minutes for flow stabilisation

Pressure and flow rates

acceptable Adjust cylinder valve

b 4
"t
Increment interval step counter in v
LABVIEW program by 1 es Pressure and flow rates
| acceptable
v
Move table for lamp pointing at absorber and
allow 20-25 minutes for thermal equilibrium No
Thermal equilibrium
Wait for 5 minutes /
Steady state
Additional lamps Additional lamp pointing positions
required Iradiation flux levels
Increment interval step counter in
LABVIEW program by 1 Switch off all lamps v
. . L Switch off all lamps and adjust
Switch additional > cylinder and exhaust valves
lamp(s) on
End

Figure 87. Experiment procedure for normal experiment run on pressurised receiver testbed.
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3.8. Design of experiments

The operational limits of the pressurised receiver testbed have been discussed in section 3.3 and were set
by some equipment capacities and design considerations. In the experiment campaign, three operating parameters
have been selected to be varied in order to perform a parametric study and experimental characterisation of each
of the receivers manufactured. These parameters are the peak incident flux, the mass flow rate and the receiver

inlet pressure which are proposed to be controlled at the levels/points given in Table 16.

Table 16. Parametric study of three identified operating control parameters

Parameter Unit Limits Proposed Datapoints
Peak Incident flux kKW m-2 200 — 2000 200 — 300 — 400 — 500
Mass flow rate gs? 1-2 1-150-2
Inlet Pressure bar 3-15 4-12

It was initially proposed to also operate at 8 bar but this operating inlet pressure point had to be scrapped
due to time constraints. The order of experimental runs proposed for each receiver to be tested is presented in
Table 17.

Table 17. Experiment runs proposed for each receiver

Experiment Run Flowrate Inlet Pressure Incident Flux
P (g s?) (bar) (KW m?)

1-4 2 4 200 — 300 — 400 - 500

5-8 15 4 200 — 300 — 400 - 500
9-12 1 4 200 — 300 — 400 - 500
13-16 2 12 200 — 300 — 400 - 500
17-20 15 12 200 — 300 — 400 - 500
21-24 1 12 200 — 300 — 400 - 500

Hence a total of 24 experiments are proposed for each receiver. The incident radiation flux profiles/maps
at each of the levels proposed in Table 16 are illustrated in Figure 88 with further information about each radiation
flux distribution given in Table 18. Following the procedures and guidelines elaborated in section 3.7, the

experimental campaign may commence.
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Figure 88. Incident radiation profile/map at different peak flux levels used in experimental campaign: (a) 200
kW m2, (b) 300 KW m, (c) 400 kW m2, (d) 500 kW m2. The white rectangle represents the incident exposed
surface of the receiver

Table 18. Incident radiation properties at the 4 peak flux levels used in the experiment campaign

Peak radiation flux | Mean radiation flux | Standard deviation RZ%':E;%Z;’”
(kW m?) (KW m?2) (%)
(W)
200 161.8 6.8 252.9
300 2325 14 370.3
400 273.0 2.1 434.9
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Chapter 3. Experiment preparation and design

3.9. Conclusions

In this chapter, the development of the pressurised receiver experimental testbed has been laid out. The
design of the testbed required a careful analysis of the KIRAN 42 high flux solar simulator and its capacities. The
receiver testbed was developed for the experimental characterisation of receivers under varying conditions of
mass flow rate, inlet pressure and incident radiation flux/power though there are some additional operating
conditions that could be varied such as the inlet temperature and gas composition. An overriding objective to the
testbed’s development was to inculcate flexibility in operation to permit for different operational parameter
variations to wider ranges.

The pressurised receivers, which are the subjects of the proposed experiments, have also been designed
in such as way so as to affirm the findings of the numerical model’s analysis. Receivers with different channel
height, breath and wall thickness have been designed.

After the assembly of the testbed and installation of a fabricated receiver, preliminary test runs were
performed in cold and hot conditions i.e. without and with the application of the solar simulator. The learnings
from these preliminary experiments shed light on the shortcomings of the testbed which were subsequently
addressed. They also led to the operational experience required in order to draft operational procedures for the
running of the experiments and their analysis.

Finally, the design of the experiments and the planned experimental characterisation by means of

identifying key operational parameters and their operational values was elucidated.
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4.1. Introduction

In this chapter, the results of the experimental work along with its analysis and dissection will be laid
out. Following the preparation for the experiments and the experiment design that was described in chapter 3, the
experiments have been performed and analysed. To facilitate comparison of the experimental results with the
numerical model of the pressurised receiver that was developed in chapter 2, some modifications to the numerical
model were necessitated and these alterations to the model are discussed in section 4.2.

The experimental results and analysis of the four receivers tested are presented in section 4.3 with each
of its subsections dedicated to each of the receivers. After each of these receivers’ performances are examined, a
comparative analysis of the four receivers is performed to contrast the performance of the different geometries,
across different control parameters, with one another. The experimental log of the entire campaign can be found
in the appendix along with plots of each receiver’s pressure leak test and photos of the receivers after each
experiment run.

A sensitivity analysis is also conducted in section 4.4 to quantify the effect of key parameters such as the
mass flow rate, incident radiation flux, inlet pressure, composition of air and receiver absorptance on the
performance of the receivers. Over the course of the experiment campaign, as well as from the previous
preliminary test runs, it was observed that these parameters had a profound impact on the performance which was
the main motivation of this analysis.

The conclusions of the chapter are presented in the final section 4.5 before the appendix.

4.2. Modifications to numerical model for better comparison to experiments

The numerical model presented in section 2.3 cannot directly be used when contrasting its predictions
with the receivers and experimental work proposed in sections 3.5 and 3.8 respectively as there are several natural
phenomena that affect the results of the experiments that are otherwise not featured in the numerical model. The
lack of inclusion of these real world phenomena may significantly alter the predictions made by the model and
result in excessive deviation from the experimental findings. Hence modifications to the numerical model have
been made in order to input these factors and better the applicability of the model.

Chief among these experimental realities that must be inculcated into the model are: (i) irradiance
distribution; (ii) roughness of flow channel walls; (iii) receiver absorptivity; and (iv) additional pressure drops

In addition to these, the model was also modified to directly read the real experiment data from the
measurement instrumentation (section 3.3.2) which includes input parameters such as the receiver inlet pressure

and temperature, ambient temperature and mass flow rate.

4.2.1. Incident radiation flux distribution

The numerical model previously assumed a uniform incident radiation flux distribution across the
receiver which may be a valid simplifying assumption in a numerical analysis but is not the case in this
experimental campaign using the KIRAN 42 HFSS (described in section 3.2.2) as a light source without a radiation
homogeniser. As the numerical model divides the receiver into heat collector elements (HCESs) along the flow
direction/receiver length, the model was slightly modified to allow for the input of different incident radiation
power for each HCE. The incident radiation flux on the receiver, obtained by the procedure elaborated in section
3.7.1, has been integrated along the receiver breadth for each HCE (i.e. pixel along the receiver breadth in the flux

map image) to determine the incident radiation on each HCE. The number of HCEs depends on the pixel matrix
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Chapter 4. Experimental campaign

that comprises the flux map image and more specifically the number of pixels in the direction along the receiver
length. As the number of HCEs is a controllable input in the model, the incident radiation per HCE obtained from
the flux map processing can be easily fed into the receiver model. The processing of the flux maps into incident

radiation distributions along the receiver length is shown in Figure 89.

4.2.2. Roughness of flow channel walls

The inherent flexibility of the numerical model facilitates the use of whichever empirical or semi-
empirical correlation best suits the situation at hand. In the case of the experimental receivers, it was clear from
the off that the ‘smooth channel’ assumption employed earlier would not be suitable as surface roughness and
imperfections due to additive manufacturing is a well-documented phenomenon [149], [150]. Previous studies on
the roughness of AISI 326L steel pieces produced by 3D printing reported roughness values (Ra) of around 15
um [151], [152].

The addition of channel wall roughness to the model increases the pressure drop of the HTF due to
increased friction with the channel but this increased friction and turbulence also results in better heat transfer to
the HTF [99]. New correlations for the pressure drop and heat transfer modelling must be implemented in the
numerical model to account for the surface roughness.

The pressure drop correlation used is the Nikuradse equation [153] which is given in equation (24);

1 £
—— =3.48—1.737 log(—) ,
og(rh) (24)

Vo

Where ¢ is the surface roughness value (Ra) and ry, is the hydraulic radius.

The heat transfer correlation used is the Martinelli equation [154] which is expressed in equation (25);

Re Pr \/fr/2

| Re\/];E ] (25)
5|Pr +log(1+5Pr)+ 0.5log —Z0

Nu =
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Figure 89. Irradiance map processing to determine incident radiation on each HCE for the different peak flux
levels used in the experimental campaign. Images on left show the flux map with receiver marked in white
rectangle and images on right show incident radiation per HCE from receiver inlet to outlet. (a, b) 200 kW m?,
(c, d) 300 kW m'%; (e, f) 400 KW m2; and (g, h) 500 kW m
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4.2.3. Receiver absorptivity

The receivers used in the experiments were of unoxidised and otherwise untreated stainless steel (AlSI
316L). As was observed during the preliminary hot tests (section 3.6.2), at elevated temperatures an oxide layer
develops which drastically alters its absorptivity. To quantify this, spectroscopy measurements were conducted
thrice on the inlet, central and outlet sections of the receiver after the conclusion of the experiments. The result of
such a measurement on an unoxidised receiver sample, tested as received from the supplier i.e. before any high
temperature experiment had been performed on it, can be seen in Figure 90.
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Figure 90. Absorptivity of unoxidised receiver sample as received from supplier.

Combining the absorptivity measurements with the xenon arc lamp emission spectrum, shown in
Figure 91(a), results in the absorbed radiation profile plotted in Figure 91(b). The term absorptance, henceforth,
refers to the weighted Xe arc spectrum absorptance. Three repetitions of spectroscopy tests were performed

resulting in three absorptance values the average of which is chosen as the final value. The results of these tests
are given in Table 19.
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Figure 91. Absorbed radiation analysis: (a) Xenon lamp emission spectrum; (b) Absorbed radiation by receiver
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Table 19. Absorptance of unoxidised receiver.

Test Absorptance (-)
#1 0.3604
#2 0.3470
#3 0.3532
Average absorptance 0.3536
Standard deviation 0.0067

4.2.4. Additional pressure drops

Referring to the pressurised receiver testbed layout in Figure 58, there are additional sources of loss of
pressure in the system, in addition to the receiver itself, from the inlet pressure sensor to the outlet pressure sensor.
These are the pipe sections and sudden contraction and expansion zones at the receiver inlet and outlet respectively

which can be estimated [155] by equation (26):

Lpipe

1
Ap = Appipe + Ap. + Ape = Zp v? <fD + K.+ Ke>’ (26)

thipe
where Ap,,p,. refers to the pressure drop in the pipe section; Ap. and Ap, are the pressure drop due to contraction

and expansion, respectively; L,;,. refers to the length of the pipe section; and K. and K, are the contraction and

expansion coefficients [155].
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4.3. Experiment characterisation of receivers

The experiments, performed as designed and discussed in section 3.8, produced interesting findings that
will be presented and contrasted with the numerical model in this section. Each of the four stainless steel receivers
experimented upon in this study will be elucidated in a separate subsection. As all the receivers are composed of
stainless steel (AlSI 316L) the same value of high temperature thermal emittance is provided to numerical model

based on previous research into the same [147], [148].

4.3.1. Pressurised receiver 1 (PR1)

The pressurised receiver 1 (PR1) before and after the experimentation can be seen in Figure 92. As is
clearly evident, significant oxidation has taken place due to the high temperatures achieved at the surface which
have discoloured the receiver. The progression of the oxidation on the receiver is showcased in the photos of the

receiver taken after an experiment run which can be found in the appendix.

—

G og—

OUTLET CENTER INLET

Figure 92. PR1 with inlet to right and outlet at left: (a) before experiments, (b) after experiment.

It is normally expected for the outlet section of the receiver to be more oxidised i.e. darker than the inlet
section as this section will experience the higher surface temperature. However, this is not what is observed in
Figure 92(b) as the oxide coating, especially near the outlet, was removed due to uneven thermal expansion of the
substrate metal and the oxide layer during an experiment run with a very high heating rate. Observing Figure 131
in the appendix will clearly depict this phenomenon of oxide layer removal and scorching of the receiver. After
this, subsequent experiments were conducted in such a way so as to control the rate of receiver surface temperature
rise.

Before the experiments were performed, a leak test was conducted to ensure that the receiver was
installed correctly. A depiction of this leak test in terms of mass flow rate and system pressure, is given in the
appendix. An absorptivity test was conducted after the conclusion of the experiments on PR1 and the results of
the same can be found in Table 20. The experimental characterization was performed varying the inlet control
parameters as shown in Table 21. Closed circuit camera (CCD) images of the receiver taken at each peak flux

level are presented in Figure 93.
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4.3. Experiment characterisation of receivers

Table 20. Absorptance measurements of PR1 after experiments.

Absorptance (-)
Zone Measurement Measurement Measurement Retained value
#1 #2 #3
Inlet 0.7185 0.7068 0.7021 0.744+0.018
Centre 0.7252 0.7174 0.7274 0.723+0.005
Outlet 0.7422 0.7628 0.7264 0.709+0.009
Table 21. Input parameters for experiments with PR1
Design setpoints Experimental parameter
Peak flux Inlet pressure | Mass flow rate | Inlet pressure | Mass flow rate
(KW m?) (bar) (gs?) (bar) (gs?)
0 4 1.0 4.03+0.04 1.019+0.005
0 4 15 4.07+0.05 1.478+0.011
0 4 2.0 3.93£0.06 1.928+0.019
200 4 1.0 3.98+0.04 1.006+0.007
200 4 15 4.20+0.05 1.506+0.017
200 4 2.0 4.17+0.08 2.02+0.04
300 4 1.0 3.94+0.04 1.000£0.006
300 4 15 4.21+0.05 1.504+0.014
300 4 2.0 4.17+0.08 2.01+0.04
400 4 1.0 3.96+0.05 1.001+0.016
400 4 1.5 4.21+0.04 1.504+0.014
400 4 2.0 4.15+0.08 2.00£0.04
500 4 1.0 4.00£0.05 1.007+0.009
500 4 15 4.21+0.05 1.502+0.017
500 4 2.0 4.19+0.06 2.006+0.034
0 12 1.0 11.97+0.07 1.004+0.005
0 12 15 11.74+0.08 1.505+0.011
0 12 2.0 12.23+0.07 1.94+0.02
200 12 1.0 12.05+0.07 1.006+0.007
200 12 1.5 11.79+0.08 1.504+0.014
200 12 2.0 12.23+0.08 2.00£0.03
300 12 1.0 12.08+0.07 1.008+0.006
300 12 15 11.77+0.07 1.502+0.013
300 12 2.0 12.04+0.07 2.00+0.02
400 12 1.0 11.81+0.07 1.005£0.006
400 12 1.5 11.75+0.07 1.500+0.013
400 12 2.0 11.94+0.07 2.01+0.02
500 12 1.0 11.78+0.07 1.003+0.006
500 12 1.5 11.75+0.08 1.495+0.018
500 12 2.0 12.12+0.08 2.01+0.02
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Chapter 4. Experimental campaign

Figure 93. CCD images of PR1 during experimentation at different flux levels: (a) 200 kW m2, (b) 300 kW m2,
(c) 400 kW m?, (d) 500 kW m™.

The results of the experiments, in terms of pressure drop and outlet temperature, are plotted in Figure 94.
Observing Figure 94, the pressure drop rises with increasing incident radiation levels. This is because of the
increase in the channel velocity with higher fluid temperatures, and hence lower densities, expected when the
incident radiation level rises. Higher channel velocities cause higher pressure drops. On the other hand, at greater
inlet pressure levels the pressure drop falls which can be attributed to the larger density at elevated pressures and
thus the smaller channel velocity resulting in a lower pressure drop. Higher mass flow rates cause greater channel
velocities, if the cross sectional flow area is constant, and this explains the increased pressure drops at higher flow
rates.

The outlet temperature is expected to rise with higher incident radiation values as the heat input to the
HTF is greater. The mass flow rate is indirectly related to the outlet temperature as a lower flow rate must be
compensated by a higher outlet temperature, assuming that the heat transferred to the HTF is the same. Increased
inlet pressures seem to slightly increase the outlet temperature as the effect of the higher density offsets the
associated fall in channel flow velocity to improve the heat transfer to the fluid.

The numerical model generally seems to line up reasonably well with the experimental data. The pressure
drops coincide well given that the exact value of surface roughness, which plays an important role in the pressure
drop, is unknown. There are more significant deviations in the outlet temperature profiles which can be explained
when the absorptance of the receiver is considered. The absorptance has a strong impact on the heat transfer to

the HTF and hence its outlet temperature. While in reality the absorptance of the receiver changes continuously,
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4.3. Experiment characterisation of receivers

as it is unoxidised and untreated, its absorptance has only been measured once at the end of the experiments on

the receiver (see Table 20) and it is this single value that has been fed to the model. This is why the outlet

temperature at higher flow rates and lower fluxes (when the receiver was relatively less oxidised and had a lower

absorptance) was lower than that predicted by the numerical model which used a higher absorptance.

There is also a divergence of the numerical model’s outlet temperature from the experimental one at

higher fluxes which may have to do with imperfections in the insulation of the receiver allowing for increased

exposure (especially of the top surface) to incident radiation. This effect is particularly enhanced when two lamps,

one from above as discussed in section 3.8, are used.
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Figure 94. Experimental results compared with numerical model. (a) Pressure drop at inlet pressure of 4 bar, (b)
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4.3.2. Pressurised receiver 2 (PR2)

The pressurised receiver 2 (PR2) before and after the experimentation can be seen in Figure 95. As is
clearly evident, significant oxidation has taken place due to the high temperatures achieved at the surface which
have discoloured the receiver. The progression of the oxidation on the receiver is showcased in the photos of the

receiver taken after an experiment run which can be found in the appendix.

Figure 95. PR2 with inlet to right and outlet at left: (a) before experiments, (b) after experiments.

It is normally expected for the outlet section of the receiver to be more oxidised i.e. darker than the inlet
section as this section will experience the higher surface temperature, which is observed in Figure 95(b).

Before the experiments were performed, a leak test was conducted to ensure that the receiver was
installed correctly. A depiction of this leak test in terms of mass flow rate and system pressure, is given in the
appendix. An absorptivity test was conducted on the spectrometer after the conclusion of the experiments on PR2
and the results of the same can be found in Table 22. The experimental characterisation was performed varying
the inlet control parameters as shown in Table 23. The experiments at 500 kW m peak incident radiation flux at
a mass flow rate of 1 g s* were attempted but aborted as the receiver surface temperature rose above 600 °C.

Closed circuit camera (CCD) images of the receiver taken at each peak flux level are presented in Figure 96.
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Table 22. Absorptance measurements of PR2 after experiments

Absorptance (-)
Zone Measurement Measurement Measurement Retained value
#1 #2 #3
Inlet 0.5844 0.6261 0.6349 0.615+0.03
Centre 0.7520 0.7451 0.7507 0.749+0.004
Outlet 0.7677 0.7629 0.7651 0.765+0.002

Table 23. Input parameters for experiments with PR2

Design setpoints Experimental parameter
Mass flow rate | Inlet pressure | Mass flow rate | Inlet pressure | Mass flow rate
(gs?) (bar) (gs?) (mbar) (gs?)

0 4 1.0 4.13+0.04 1.006+0.006

0 4 15 3.85+0.05 1.503+0.012

0 4 2.0 4.22+0.03 2.03+0.02
200 4 1.0 4.10£0.04 1.000+0.008
200 4 15 3.85+0.04 1.500+0.012
200 4 2.0 4.22+0.04 2.01+0.02
300 4 1.0 4.11+0.05 1.001+0.008
300 4 15 3.85+0.04 1.498+0.013
300 4 2.0 4.23+0.04 2.01+0.02
400 4 1.0 4.10+0.04 0.999+0.008
400 4 15 3.82+0.04 1.492+0.014
400 4 2.0 4.23+0.04 2.01+0.02
500 4 1.0 - -
500 4 15 3.86+0.04 1.501+0.013
500 4 2.0 4.22+0.04 1.99+0.02

0 12 1.0 12.12+0.06 1.014+0.006

0 12 15 11.9040.06 1.507+0.012

0 12 2.0 12.48+0.07 1.99+0.02
200 12 1.0 11.75+0.08 0.985+0.006
200 12 15 11.7340.09 1.492+0.014
200 12 2.0 11.9740.07 2.02+0.03
300 12 1.0 11.87+0.07 0.995+0.006
300 12 15 11.79+0.08 1.498+0.014
300 12 2.0 11.91+0.07 2.01+0.02
400 12 1.0 11.7540.07 0.981+0.006
400 12 15 11.87+0.07 1.501+0.013
400 12 2.0 11.90+0.09 2.01+0.02
500 12 1.0 - -
500 12 15 11.90+0.07 1.503+0.012
500 12 2.0 11.83+0.09 1.99+0.02
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Figure 96. CCD images of PR2 during experimentation at different flux levels: (a) 200 kW m-2, (b) 300 kW m?,
(c) 400 kW m2, (d) 500 kW m2.,

The results of the experiments, in terms of pressure drop and outlet temperature, are plotted in Figure 97.
Observing Figure 97, the general trends of the pressure drop and outlet temperature are the same as seen with
PR1. The pressure drop increases with higher mass flow rates and incident radiation power as the channel velocity
increases in both these instances resulting in higher pressure drops. At the same time it falls at elevated pressures
due to increased density levels and lower associated channel velocities. The outlet temperature behaves as
predicted with it rising with rising incident flux levels and falling at higher mass flow rates. The effect of higher
inlet pressures is to increase the outlet temperature by bettering the heat transfer to the HTF due to the higher
densities.

The numerical model generally seems to match reasonably well with the experimental data. The pressure
drops coincide well given that the exact value of surface roughness, which plays an important role in the pressure
drop, is unknown. There are more significant deviations in the outlet temperature profiles which, as explained
previously, are reasonable when the absorptance of the receiver is considered. The absorptance has a strong impact
on the heat transfer to the HTF and hence its outlet temperature. While in reality the absorptance of the receiver
changes continuously, as it is unoxidised and untreated, its absorptance has only been measured once at the end
of the experiments on the receiver (see Table 22) and it is this single value that has been fed to the model. This is
why the outlet temperature at higher flow rates and lower fluxes (when the receiver was relatively less oxidised
and had a lower absorptance) was lower than that predicted by the numerical model which used a higher

absorptance.
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Figure 97. Experimental results compared with numerical model: (a) Pressure drop at inlet pressure of 4 bar, (b)

Pressure drop at inlet pressure of 12 bar, (c) Outlet temperature of air at inlet pressure of 4 bar, (d) Outlet

temperature of air at inlet pressure of 12 bar

There is also a divergence of the numerical model’s outlet temperature from the experimental one at

higher fluxes which may have to do with imperfections in the insulation of the receiver allowing for increased

exposure (especially of the top surface) to incident radiation. This effect is particularly enhanced when two lamps,

one from above as discussed in section 3.8, are used.
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4.3.3. Pressurised receiver 3 (PR3)

The pressurised receiver 3 (PR3) before and after the experimentation can be seen in Figure 98. As is
clearly evident, significant oxidation has taken place due to the high temperatures achieved at the surface which
have discoloured the receiver. The progression of the oxidation on the receiver is showcased in the photos of the

receiver taken after an experiment run which can be found in the appendix.

Figure 98. PR3 with inlet to right and outlet at left: (a) before experiments, (b) after experiments.

It is normally expected for the outlet section of the receiver to be more oxidised i.e. darker than the inlet
section as this section will experience the higher surface temperature, which is observed in Figure 98(b). Before
the experiments were performed, a leak test was conducted to ensure that the receiver was installed correctly. The
leak test, in terms of mass flow rate and system pressure, is given in the appendix. One of the pipe sections of the
receiver was slightly deformed which affected its circularity and prevented it from fully sealing with the
compression nut. Hence a small leak was detected on one of the pipe connections which was placed at the outlet
of the receiver so as not to affect the mass flow rate into the receiver.

An absorptivity test was conducted on the spectrometer after the conclusion of the experiments on PR3
and the results of the same can be found in Table 24. The experimental characterisation was performed varying
the inlet control parameters as shown in Table 25. The experiments at 500 kW m peak incident radiation flux at
a mass flow rate of 1 g s were attempted but aborted as the receiver back surface temperature rose above 600 °C.

Closed circuit camera (CCD) images of the receiver taken at each peak flux level are presented in Figure 99.
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Table 24. Absorptance measurements of PR3 after experiments

Absorptance (-)
Zone Measurement Measurement Measurement Retained value
#1 #2 #3
Inlet 0.4318 0.4293 0.5272 0.46+0.06
Centre 0.8084 0.8083 0.8434 0.82+0.02
Outlet 0.8418 0.8781 0.8723 0.86+0.02

Table 25. Input parameters for experiments with PR3

Design setpoints Experimental parameter
Mass flow rate | Inlet pressure | Mass flow rate | Inlet pressure | Mass flow rate
(gs?) (bar) (gs?) (mbar) (gs?)

0 4 1.0 3.68+0.03 1.006+0.008

0 4 15 3.94+0.04 1.503+0.014

0 4 2.0 4.18+0.04 2.02+0.02
200 4 1.0 3.65+0.04 1.002+0.008
200 4 15 3.88+0.05 1.491+0.015
200 4 2.0 4.17+0.05 2.01+0.02
300 4 1.0 3.64+0.04 0.999+0.009
300 4 15 3.87+0.05 1.487+0.016
300 4 2.0 4.17+0.04 2.01+0.02
400 4 1.0 3.67+0.03 1.007+0.007
400 4 15 3.93+0.04 1.49640.015
400 4 2.0 4.17+0.04 2.01+0.02
500 4 1.0 - -
500 4 15 3.94+0.04 1.501+0.013
500 4 2.0 4.15+0.05 2.00+0.02

0 12 1.0 11.43+0.06 1.004+0.006

0 12 15 11.94+0.06 1.508+0.014

0 12 2.0 11.87+0.06 2.01+0.02
200 12 1.0 11.20+0.08 0.988+0.007
200 12 15 11.86+0.09 1.501+0.013
200 12 2.0 11.741+009 1.99+0.02
300 12 1.0 11.3740.07 1.003+0.008
300 12 15 11.82+0.08 1.496+0.013
300 12 2.0 11.67+0.09 1.98+0.02
400 12 1.0 11.36+0.07 1.004+0.007
400 12 15 11.84+0.07 1.495+0.013
400 12 2.0 11.71+0.10 1.99+0.02
500 12 1.0 - -
500 12 15 11.87+0.07 1.498+0.012
500 12 2.0 11.81+0.07 2.00£0.02
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Figure 99. CCD images of PR3 during experimentation at different flux levels: (a) 200 kW m2, (b) 300 kW m?,
(c) 400 kW m?, (d) 500 kW m™.

The results of the experiments, in terms of pressure drop and outlet temperature, are plotted in Figure
100. Observing Figure 100, the pressure drop and temperature at the outlet behaves as predicted an observed with
the other receivers. In other words, the pressure drop is directly related to the mass flow rate and incident radiation
power and simultaneously inversely related to the inlet pressure level. Since both the mass flow rate and incident
radiation level act to increase the channel velocity when they rise, the pressure drop, which itself is proportional
to the channel velocity, follows suit and also rises. Conversely, the channel velocity drops with increased inlet
pressure which causes the pressure drop to fall. The outlet temperature rises with greater incident radiation levels
due to increased heat available to be transferred to the fluid. It also grows with greater pressure levels as the heat
transfer properties of the HTF are enhanced at higher pressures and densities. The mass flow rate is indirectly
related to the outlet temperature as a fall in the mass flow rate results in a rise in the outlet temperature.

The numerical model generally seems to line up reasonably well with the experimental data. The pressure
drops coincide well given that the exact value of surface roughness, which plays an important role in the pressure
drop, is unknown. There are more significant deviations in the outlet temperature profiles which can be explained
when the absorptance of the receiver is considered. The absorptance has a strong impact on the heat transfer to
the HTF and hence its outlet temperature. While in reality the absorptance of the receiver changes continuously,
as it is unoxidised and untreated, its absorptance has only been measured once at the end of the experiments on
the receiver (see Table 24) and it is this single value that has been fed to the model. This is why the outlet
temperature at higher flow rates and lower fluxes (when the receiver was relatively less oxidised and had a lower

absorptance) was lower than that predicted by the numerical model which used a higher absorptance.
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There is also a divergence of the numerical model’s outlet temperature from the experimental one at

higher fluxes which may have to do with imperfections in the insulation of the receiver allowing for increased

exposure (especially of the top surface) to incident radiation. This effect is particularly enhanced when two lamps,

one from above as discussed in section 3.8, are used.
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Figure 100. Experimental results compared with numerical model: (a) Pressure drop at inlet pressure of 4 bar,

(b) Pressure drop at inlet pressure of 12 bar, (c) Outlet temperature of air at inlet pressure of 4 bar, (d) Outlet

temperature of air at inlet pressure of 12 bar
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4.3.4. Pressurised receiver 4 (PR4)

The pressurised receiver 4 (PR4) before and after the experimentation can be seen in Figure 101. As is
clearly evident, significant oxidation has taken place due to the high temperatures achieved at the surface which
have discoloured the receiver. The progression of the oxidation on the receiver is showcased in the photos of the

receiver taken after an experiment run which can be found in the appendix.

Figure 101. PR4 with inlet to right and outlet at left: (a) before experiments, (b) after experiments

It is normally expected for the outlet section of the receiver to be more oxidised i.e. darker than the inlet
section as this section will experience the higher surface temperature, which is observed in Figure 101(b).

Before the experiments were performed, a leak test was conducted to ensure that the receiver was
installed correctly. A depiction of this leak test in terms of mass flow rate and system pressure, is given in the
appendix.

An absorptivity test was conducted on the spectrometer after the conclusion of the experiments on PR4
and the results of the same can be found in Table 26. The experimental characterisation was performed varying
the inlet control parameters as shown in Table 27. Noting that when the previous receivers were most oxidised
when attempting to operate them at 500 kW m2 peak incident radiation flux and at 1 g s* mass flow rate, it was
decided to not attempt to operate at this experiment design setpoint and to observe the effect on the oxidation
levels of PR4 as compared with the other receivers. As in clear from photos of the receivers after the entire set of
experiments have been completed on them, PR4 is the least oxidised. Closed circuit camera (CCD) images of the

receiver taken at each peak flux level are presented in Figure 102.
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Table 26. Absorptance measurements of PR4 after experiments.

Absorptance (-)
Zone Measurement Measurement Measurement Retained value
#1 #2 #3
Inlet 0.4257 0.4241 0.4205 0.423+0.003
Centre 0.5650 0.5793 0.6108 0.59+0.02
Outlet 0.6591 0.6397 0.6215 0.640+0.019
Table 27. Input parameters for experiments with PR4.
Design setpoints Experimental parameter
Peak flux Inlet Mass flow Inlet Mass flow
(KW m?) pressure rate pressure rate
(bar) (gs?) (bar) (gsh)
0 4 1.0 3.86+0.02 1.004+0.005
0 4 15 3.81+0.04 1.503+0.012
0 4 2.0 3.86+0.06 2.01+0.02
200 4 1.0 3.84+0.03 1.00+0.07
200 4 15 3.79£0.04 1.498+0.013
200 4 2.0 3.89+0.04 2.00+0.02
300 4 1.0 3.7920.05 0.991+0.009
300 4 15 3.82+0.05 1.494+0.014
300 4 2.0 3.89+0.04 2.00£0.02
400 4 1.0 3.83+0.04 0.997+0.006
400 4 15 3.81+0.04 1.497+0.013
400 4 2.0 3.88+0.05 2.00+0.02
500 4 1.0 - -
500 4 15 3.84+0.04 1.503+0.013
500 4 2.0 3.90+0.04 2.00+0.02
0 12 1.0 11.79+0.07 | 1.002+0.007
0 12 15 11.77+0.07 | 1.502+0.011
0 12 2.0 12.02+0.06 2.01+0.02
200 12 1.0 11.73+0.06 | 1.000+0.006
200 12 15 11.72+0.08 | 1.493+0.014
200 12 2.0 11.86+0.10 1.98+0.02
300 12 1.0 11.68+0.07 | 0.998+0.006
300 12 15 11.83+0.07 | 1.504+0.012
300 12 2.0 11.94+0.07 1.99+0.02
400 12 1.0 11.60+0.07 | 0.988+0.005
400 12 15 11.84+0.07 | 1.498+0.012
400 12 2.0 12.15+0.07 2.00+0.02
500 12 1.0 - -
500 12 15 11.80+0.09 | 1.494+0.015
500 12 2.0 12.14+0.07 2.00+0.02
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Figure 102. CCD images of PR4 during experimentation at different flux levels: (a) 200 kw m2, (b) 300 kW m-
2, (c) 400 kW m2, (d) 500 kKW m2,

The results of the experiments, in terms of pressure drop and outlet temperature, are plotted in Figure
103. Observing Figure 103, the same trends of pressure drop and outlet temperature seen with the previous
receivers is also observed here. The pressure drop varies proportionally with the incident radiation level and the
mass flow rate while it is inversely proportional to the inlet pressure. This directly follows the influence of each
of these parameters with the channel velocity. The outlet temperature, on the other hand, rises with lower mass
flow rates and higher incident radiation levels and inlet pressure conditions.

The numerical model generally seems to line up reasonably well with the experimental data. The pressure
drops coincide well given that the exact value of surface roughness, which plays an important role in the pressure
drop, is unknown. There are more significant deviations in the outlet temperature profiles, especially at higher
fluxes, which can be partially explained when the absorptance of the receiver is considered. The absorptance has
a strong impact on the heat transfer to the HTF and hence its outlet temperature. While in reality the absorptance
of the receiver changes continuously, as it is unoxidised and untreated, its absorptance has only been measured
once at the end of the experiments on the receiver (see Table 26) and it is this single value that has been fed to the
model. This is why the outlet temperature at higher flow rates and lower fluxes (when the receiver was relatively
less oxidised and had a lower absorptance) was lower than that predicted by the numerical model which used a
higher absorptance.

There is also a divergence of the numerical model’s outlet temperature from the experimental one at
higher fluxes which may have to do with imperfections in the insulation of the receiver allowing for increased
exposure (especially of the top surface) to incident radiation. This effect is particularly enhanced when two lamps,

one from above as discussed in section 3.8, are used.
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As noted in the experiment log, the experiment runs with the PR4 receiver were performed in a slightly

different manner in which the cylinder was changed in the middle of the experiment run by pointing the lamps

away from the receiver and replacing a spent cylinder and then continuing the experiment run while gradually

reheating the receiver. This was contrary to previous experiments in which the experiment run would stop if a

cylinder was spent and a new run would resume after the cylinder was replaced.

The advantage of replacing a cylinder during an experiment run is in the experiment time required as the

operator would not have to wait 30 minutes for the lamps to cool before restarting the experiment. However, a

potential drawback in this method, especially given the absence of a purge valve, is the potential of entry of

ambient air into the cylinder valve during the cylinder change. The infiltration of moisture and argon into the air

supply to the receiver could also have increased the outlet temperatures observed in the experiments at higher

fluxes.
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Figure 103. Experimental results compared with numerical model: (a) Pressure drop at inlet pressure of 4 bar,

(b) Pressure drop at inlet pressure of 12 bar, (c) Outlet temperature of air at inlet pressure of 4 bar, (d) Outlet

temperature of air at inlet pressure of 12 bar
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4.3.5. Comparison of the receivers

Before the performance results of the four receivers (summarised in Table 14) are compared and
discussed, it must be borne in mind that the results presented here have a degree of uncertainty and error which is
in the inherent nature of experimental analyses. The following tables present the outlet temperatures (Table 28)

and pressure drop (Table 29) of the receivers at different operating conditions.

Table 28. Results table: Receiver outlet temperature

Control parameter Outlet temperature
Peak flux pr'er;LeJre ﬂxvaf;te PRL | PR2 | PR3 | PRI
kwm?) | P | Tgsy | €9 | €| o | o
0 4 1.0 27 20 21 21
0 4 15 36 19 21 21
0 4 2.0 27 21 21 26
200 4 1.0 173 178 175 181
200 4 15 130 129 128 137
200 4 2.0 101 102 102 112
300 4 1.0 229 226 223 241
300 4 15 171 170 168 183
300 4 2.0 136 134 135 147
400 4 1.0 270 266 271 286
400 4 15 209 200 197 213
400 4 2.0 165 160 159 169
500 4 1.0 367 - - -
500 4 15 279 275 266 287
500 4 2.0 220 218 212 228
0 12 1.0 34 27 22 21
0 12 15 26 21 21 19
0 12 2.0 29 21 19 23
200 12 1.0 186 204 193 183
200 12 15 150 139 135 142
200 12 2.0 123 108 111 118
300 12 1.0 252 258 244 243
300 12 15 203 180 176 189
300 12 2.0 167 143 145 157
400 12 1.0 296 301 284 290
400 12 15 241 209 213 222
400 12 2.0 196 171 171 185
500 12 1.0 375 - - -
500 12 15 311 278 272 292
500 12 2.0 255 230 221 240

As was noted and explained in the individual analysis of the receivers, the outlet temperature rises with
increasing incident radiation power and inlet pressure while it falls with higher mass flow rates. These trends hold
true irrespective of the receiver being analysed. Comparing the four receivers, the outlet temperature is, generally,
highest in PR1 as is expected given that it has the smallest sized channels and hence the best thermal efficiency
with other conditions being equal. Smaller channels result in higher channel velocities and better heat transfer

coefficients which ultimately results in greater outlet temperatures.
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Conversely, PR3 has the lowest outlet temperatures as the increased channel breadth results in a higher
thermal resistance of the receiver as the reduced solid area, or alternatively higher fluid contact area, along the
receiver breadth serve to the detriment of the thermal resistance. This observation is consistent with the findings
of the numerical model presented in Chapter 2 that demonstrated the reduction in thermal performance of receivers
with higher breadth flow channels as the HTF offers a higher thermal resistance path than the solid walls.

The two receivers with the higher channel height (PR2 and PR4) have similar outlet temperatures though
it seems that PR4 with thinner channel walls has slightly greater outlet temperatures at low pressures and slightly
lower outlet temperatures at elevated pressures and low mass flow rates. This illustrates the significant influence
of the thermal resistance of the fluid to the overall performance and optimum geometry of the receiver for a
particular pressure and mass flow rate. At low pressures and high mass flow rates, the channel velocity is high
enough to bring down the thermal resistance of the fluid to the extent that thinner channel walls may be preferred
as thicker walls and conduction through the solid wall becomes unfavourable.

On the other hand, at larger pressures and lower mass flow rates, the channel velocity is brought down
and results in a rise in the fluid’s thermal resistance to the extent that heat transfer through the solid wall is
preferred and hence receivers with thicker channel walls perform better.

Independent of receiver geometry, the pressure drop follows the same trends with regards to the incident
radiation power, mass flow rate and inlet pressure as was observed in in the individual receiver analysis. For each
receiver, the pressure drop is rises with increasing incident radiation power and mass flow rate while it falls at
larger pressure levels. From Table 29 it is clearly evident that PR1 consistently has the highest pressure drop
which is unsurprising as it has the smallest channels and hence the largest channel velocity which directly affects
the pressure drop. As PR2, PR3 and PR4 all have the same wetted area, the measured pressure drops are quite
similar to one another as the only influence on their pressure drop would be the heat conducted through the receiver
bulk and hence transmitted to the fluid. Of course, the surface roughness of each receiver may not be the same
and that has an outsized effect on the pressure drop but this roughness is unknown and is assumed equal for the
sake of this discussion. It should be noted that the measured pressure drop of PR3 is an exaggerated value as a
very small leak was detected at the receiver outlet which, unfortunately, could not be fully sealed.

PR2 seems to have a generally higher pressure loss value than PR4, though the only difference between
the two receivers is in their channel wall thickness. The thicker walls of PR2 conduct more heat via the channels
walls through the depth/height of the receiver and hence the solid wall-fluid interface temperature is higher than
in the case of PR4 in which the transfer of heat through the receiver bulk is more favoured through the fluid. This
results in a thicker boundary layer in the case of PR2 which explains why a slightly higher pressure drop is
observed.

At higher inlet pressures, the pressure drop is expectedly lower as the channel velocity is correspondingly
lower due to the larger fluid density. The relative pressure drop is always below 1% at 12 bar inlet pressures but
rises to around 2.5% when the inlet pressure is 4 bar. At its peak, for the PR1 receiver operating at 4 bar, peak

incident radiation flux of 500 kW m? and a mass flow rate of 2 g s, the pressure drop is 7.5%.
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Table 29. Results table: Receiver pressure drop.

Control parameter Pressure drop

Peak flux | ‘M€t f Masst PRI | PR2 | PR3 | PR4

(KW m?) pr(f;;’)re ‘(’;"S'ff;e (mbar) | (mbar) | (mbar) | (mbar)
0 4 1.0 42 19 - 14
0 4 15 114 63 64 24
0 4 2.0 244 72 69 96
200 4 1.0 57 21 25 20
200 4 15 136 69 33 33
200 4 2.0 253 | 118 64 81
300 4 1.0 58 31 25 15
300 4 15 154 77 38 42
300 4 2.0 277 | 124 79 78
400 4 1.0 66 35 20 13
400 4 15 158 79 45 45
400 4 2.0 281 | 128 81 80
500 4 1.0 78 0 0 0
500 4 15 170 86 44 48
500 4 2.0 299 | 138 80 96
0 12 1.0 - - - -
0 12 15 47 11 1 6
0 12 2.0 66 32 31 12
200 12 1.0 9 7 7 12
200 12 15 48 15 16 3
200 12 2.0 84 36 30 22
300 12 1.0 20 0 7 8
300 12 15 56 21 13 7
300 12 2.0 95 40 21 21
400 12 1.0 23 - - -
400 12 15 49 23 5 -
400 12 2.0 101 38 22 20
500 12 1.0 27 0 0 0
500 12 15 61 20 6 7
500 12 2.0 111 41 32 22

The energy and thermal efficiencies of the receivers at the different operating conditions used in the
experimental campaign are tabulated in Table 30. As mentioned previously in section 4.2.3, the absorptances of
the receivers at each set of operating conditions changes as the previously unoxidised and otherwise untreated
receivers oxidise with the elevated surfaces temperatures. These individual operating condition specific receiver
absorptances were not measured and instead the receiver absorptance was only measured after the entire set of
experiments on the receiver were completed. This makes direct comparisons between receivers or observing
trends and behaviours in each receiver unreliable if not next to impossible though some learnings can be gleaned
from Table 30.
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Table 30. Results table: Energy and thermal efficiency

Control parameter Energy Efficiency \ Thermal Efficiency \
Peak Inlet Mass

flux pressure flow PORl P0R2 P0R3 P0R4 PORl PORZ P0R3 P0R4
bWy | e | 2 (%) | (%) | (%) | (%) | (%) | (%) | (%) | (%)
200 4 1.0 599 | 64.2 | 629 | 655 | 685 | 78.7 | 747 | 75.0
200 4 15 62.6 | 67.2 | 66.0 | 71.0 | 716 | 825 | 78.4 | 81.3
200 4 2.0 618 | 678 | 684 | 76.2 | 70.7 | 83.1 | 81.2 | 87.2
300 4 1.0 56.2 | 575 | 56.3 | 60.9 | 64.3 | 70.5 | 66.9 | 69.7
300 4 1.5 60.1 | 62.8 | 61.7 | 673 | 68.7 | 77.0 | 73.3 | 77.0
300 4 2.0 61.6 | 645 | 64.6 | 72.0 | 705 | 79.1 | 76.8 | 82.3
400 4 1.0 575 | 58.2 | 59.6 | 62.8 | 65.8 | 71.4 | 70.8 | 71.9
400 4 1.5 64.6 | 63.7 | 63.0 | 679 | 73.9 | 78.1 | 748 | 77.8
400 4 2.0 66.0 | 66.8 | 66.2 | 71.4 | 755 | 819 | 78.6 | 817
500 4 1.0 58.1 - - - 66.5 - - -
500 4 1.5 63.6 | 64.7 | 62.2 | 676 | 728 | 79.3 | 73.9 | 77.3
500 4 2.0 65.6 | 66.6 | 64.6 | 70.6 | 75.0 | 81.7 | 76.7 | 80.8
200 12 1.0 66.5 - 69.7 | 66.9 | 76.2 | 90.3 | 82.8 | 76.6
200 12 15 78.0 | 729 | 70.6 | 75.3 | 89.3 | 89.4 | 83.8 | 86.1
200 12 2.0 79.1 | 73.8 | 75.7 | 79.1 | 90.5 | 90.5 | 89.8 | 90.5
300 12 1.0 64.3 | 65.8 | 62.7 | 623 | 73.6 | 80.7 | 745 | 71.3
300 12 15 75.2 | 669 | 653 | 71.7 | 86.0 | 82.0 | 775 | 82.1
300 12 2.0 788 | 70.3 | 70.4 | 76.3 | 90.2 | 86.2 | 83.6 | 87.3
400 12 1.0 65.3 | 65.1 | 629 | 63.6 | 74.7 | 79.9 | 747 | 727
400 12 1.5 774 | 675 | 68.2 | 72.2 | 88.6 | 829 | 81.0 | 82.6
400 12 2.0 828 | 729 | 72.4 | 789 | 94.7 | 89.4 | 86.0 | 90.3
500 12 1.0 60.2 - - - 68.8 - - -
500 12 15 72.8 | 65.6 | 63.6 | 69.0 | 83.3 | 80.5 | 75,5 | 78.9
500 12 2.0 79.2 | 71.1 | 68.2 | 749 | 90.6 | 87.2 | 81.0 | 85.7

It was observed, and is clear from analysing the photos of the receivers after each experiment run (section
A9) and the experiment log (section A7) in the appendix, that the heaviest oxidation only occurred at higher fluxes
and low mass flow rates. More specifically at mass flow rates of 1 g s*, and to a lesser extent 1.5 g s%, and incident
radiation peak fluxes of 400-500 kW m2, the receiver underwent severe oxidation which altered all subsequent
experiments on the same receiver. As the experiment plan called for experiments at the lower pressure level (4
bar) to be conducted first, the oxidation on the receiver, and hence its absorptance, during the 12 bar experiment
runs were greater leading to better energy efficiencies at higher pressures in Table 30 for all receivers. Regarding
the thermal efficiency, since the value of receiver absorptance used in the calculation of this efficiency is one was
only measured at the end of all the experiment runs on the receiver, this absorptance will certainly be larger than
the actual absorptance for many of the operating condition sets. This is especially true for the earliest experiments
with the receiver i.e. the low pressure (4 bar) experiment runs. Referring to the equation of thermal efficiency
(equation (7)), the thermal efficiency falls as absorptance rises. Hence the thermal efficiencies at inlet pressures
of 4 bar are penalised most by considering their absorptances to be higher than they should be.

On the other hand, this same consideration leads to the conclusion that the thermal efficiencies reported
in Table 30 can only be smaller and not larger than the true thermal efficiencies and thus the maximum value of

thermal efficiency observed for each receiver is significant. The highest thermal efficiency noted is that of PR1 at
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94.7%. PR3 appears to be the worst performing receiver, as predicted by the numerical model, with no operating
condition set seeing it cross the 90% threshold. The other two receivers have thermal efficiencies just above 90%
for multiple operating condition sets though these efficiencies are too close together in value to make any
definitive comparative assessment.

Encouragingly, the pressure drop at the highest thermal efficiency is just 0.84% of the inlet pressure and
similar values of relative pressure drop are observed at thermal efficiencies above 90% for the PR1 receiver.
Though the thermal efficiencies of the PR2 and PR4 are slightly lower than those corresponding to PR1, the
pressure drops are an order of magnitude lower with relative pressure drops below 0.30% of the inlet pressure.
This not only experimentally demonstrates that the receivers achieve a high thermal efficiency without excessive
pressure drop but also indicates that, as predicted by the numerical model, an optimum receiver geometrical

configuration has taller and narrower channels.

4.4. Sensitivity analysis

The influence of experimental errors on the final results was evident even before detailed post-processing
of the experimental data was performed. These were the findings from the preliminary tests (section 3.6) besides
the experiment campaign. To quantify the effects of these experimental errors and uncertainties, a sensitivity
analysis was performed to assess the impact of deviations from the setpoint of the following key parameters:

- Mass flow rate

- Incident radiation flux

- Inlet pressure

- Air composition

- Absorptance

The pressurised receiver model of the PR1 geometry, modified to include the surface roughness effect,
has been used to perform this sensitivity analysis. A uniform incident radiation flux distribution and absorptance
are assumed across the receiver exposed/incident surface.

The performance indicators assessed are the thermal efficiency, energy efficiency, outlet temperature and
pressure drop of the receiver. A basic curve fitting is applied to the distributions obtained from the numerical
model to better understand the relationship between the performance indicator in question and the studied input

parameter.
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4.4.1. Effect of mass flow rate

The numerical model assumed a uniform incident flux of 400 kW m2, inlet pressure of 12 bar and an

absorptance of 0.7 to evaluate the effect of the mass flow rate. The mass flow rate is varied from 1 to 3 g s in

intervals of 0.25 g s. The results of this analysis are presented in Figure 104.
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Figure 104. Influence of mass flow rate variation on receiver performance indicators: (a) Thermal efficiency, (b)

Energy efficiency, (c) Outlet temperature, (d) Pressure drop

As can be observed from the fitted curves in Figure 104, the behaviour of the thermal and energy
efficiencies with varying mass flow rate is linear while the outlet temperature and pressure drop curves are cubic
and quadratic respectively. This highlights the significance of the mass flow rate on the general performance of
the receiver. More sensitive automatic mass flow controllers must be employed in future experimental works to
better control this crucial parameter to minimise the effect of its variability on the output performance indicators

and permit better comparative analyses with less error.
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4.4.2. Effect of incident radiation flux

The numerical model assumed a constant mass flow rate of 2 g s?, inlet pressure of 12 bar and an

absorptance of 0.7 to evaluate the effect of the incident radiation flux. The flux is varied from 200 to 500 kW m

in intervals of 50 kW m2. The results of this analysis are presented in Figure 105.
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Figure 105. Influence of incident radiation flux variation on receiver performance indicators: (a) Thermal

efficiency, (b) Energy efficiency, (c) Outlet temperature, (d) Pressure drop

As can be observed from the fitted curves in Figure 105, the outlet temperature and pressure drop vary

linearly with variations in the mass flow rate while the thermal and energy efficiencies curves are both quadratic.

The pressure drop is weakly related to the incident radiation flux as can be seen in Figure 105(d) and this is

generally consistent with the experimental results seen in section 4.3. Contrarily, the outlet temperature has a far

stronger relation with the incident radiation flux as is expected intuitively as well as is seen in the experiments.
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4.4.3. Effect of inlet pressure

The inlet pressure was difficult to maintain constant during the experiments as the only control was

manually from the cylinder valve once the experiment run began as described in section 3.3.1. As the compressed

air cylinder discharged, its outlet pressure decreased continuously and its valve had to hence be slightly adjusted

accordingly. It was hence ascertained as a highly variable ‘control’ parameter and required a sensitivity analysis

to determine the effects of its variability. A uniform incident flux of 400 kW m2, mass flow rate of 2 g s* and an

absorptance of 0.7 was used in the model. The inlet pressure is varied from 3 to 15 bar in intervals of 0.5 bar. The

results of this analysis are presented in Figure 106.
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Figure 106. Influence of incident radiation flux variation on receiver performance indicators: (a) Thermal

efficiency, (b) Energy efficiency, (c) Outlet temperature, (d) Pressure drop

As can be observed from the fitted curves in Figure 106, the outlet temperature as well as both efficiencies

vary linearly with changing inlet pressure especially above pressures of 5 bar.
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4.4.4. Effect of air composition

It was seen in the preliminary experiments with air supplied from a compressor (section 3.6.2) as well as

with receiver PR4 that the air composition plays an important role in the performance od the receiver. The

numerical model to analyse this assumed a uniform incident flux of 400 kW m-2, inlet pressure of 12 bar and an

absorptance of 0.7 while varying the N2 concentration in a N2:O, mixture from 77.5% to 79% in intervals of 0.1%.

The results of this analysis are presented in Figure 107.
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Figure 107. Influence of air composition (% of N2 in dry air) on receiver performance indicators: (a) Thermal

efficiency, (b) Energy efficiency, (c) Outlet temperature, (d) Pressure drop

As can be observed from the fitted curves in Figure 107, the behaviour of the performance indicators all

vary linearly and are indirectly related to the percentage of Nitrogen in the air mix. While the effect of the air

composition doesn’t appear to affect the pressure drop significantly, it has a far more profound impact on the

thermal performance indicators selected.

142



4.4. Sensitivity analysis

4.4.5. Effect of absorptance

The numerical model assumed a uniform incident flux of 400 kw m2, inlet pressure of 12 bar and a mass
flow rate of 2 g s* to evaluate the effect of the absorptance. The absorptance itself is varied from 50% to 70% in
intervals of 5%. The results of this analysis are presented in Figure 108.
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Figure 108. Influence of absorptance on receiver performance indicators: (a) Thermal efficiency, (b) Energy

efficiency, (c) Outlet temperature, (d) Pressure drop

As can be observed from the fitted curves in Figure 108, the behaviour of the thermal efficiency with
varying absorptance is quadratic while the other indicators have a linear relation. All performance indicators here
are directly related to the absorptance though the pressure drop is more weakly proportional than the other
indicators.
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4.5. Conclusions

In this chapter the results of the experimental campaign on the four pressurised receivers were presented
and elaborated. As one of the important objectives of the experimental work was to validate some of the findings
of the numerical model, it was imperative that the numerical model was modified and adapted to be able to be
employed in the prediction of the experimental results. The modifications were made to better the applicability of
the model to input physical realities such as the inhomogeneity of the incident radiation flux, surface roughness
of the flow channels, variable absorptivity of the receiver due to uneven surface oxidation and additional pressure
losses in the system.

The experimental campaign, which consisted of experiments on all four receivers, entailed varying the
controlled parameters of the incident radiation power (peak radiation flux), mass flow rate and receiver inlet
pressure. The main output performance indicators, directly measured by the calorimetric test loop, were the
receiver outlet temperature, pressure drop, energy and thermal efficiency. A maximum thermal efficiency of
94.7% was achieved in the PR1 receiver at a mass flow rate of 2 g s, an inlet pressure of 12 bar and a peak
incident flux of 400 kW m. The pressure drop at this operating point was 0.84% of the inlet pressure which is
remarkably low for such a high corresponding thermal efficiency value as compared with the state of the art.
Thermal efficiencies above 90% were also observed with the PR2 and PR4 receivers and their corresponding
pressure drops were far lower than those of PR1 at below 0.30% of the inlet pressure. These observations showcase
the improved performance of the pressurised receiver concept as they boast high thermal efficiencies and low
pressure drops. Moreover, the significant decrease in the relative pressure drops while only slightly penalising the
thermal efficiencies, in the case of PR2 and PR4 as compared with PR1, indicate that the optimum flow channel
geometry might be one with taller and narrower channels. Temperature rises of above 350 °C were also attained
at the maximum peak incident flux level of 500 kW m-2 and the lowest mass flow rate of 1 g s™%.

The behaviour of the analysed performance indicators corresponded well with the predictions of the
receiver numerical model, within the limits of error. Moreover, the comparative analysis of the receivers
experimentally demonstrated what the numerical model predicted i.e. better heat transfer to the fluid in smaller
channels and the preference for channels with increased channel height and thicker walls at the right combination
of mass flow rate and inlet pressure.

A major source of uncertainty in the experimental analysis was inadequate quantification of the
absorptance of the receiver. This issue could have been mitigated by either measuring the receiver’s absorptance
after each experiment run or pre-treating the receiver so as to have a near constant absorptance with the latter
option preferred for simplicity and experiment time saving. A mass flow controller to automatically and more
accurately control the mass flow rate would also be a valuable improvement to the testbed to reduce the error
related with the same. Unwanted illumination of the side walls of the receiver was also identified during the
experimentation which can be avoided by better design of the receiver insulation. The receiver and insulation
could also be better designed so as to allow for the ready introduction of thermocouples that can be easily added
and removed, as required, to reliably measure the receiver’s solid temperature.

A sensitivity analysis was also performed to quantify the effects of the variability of the mass flow rate,
incident radiation flux, inlet pressure, composition of air and absorptance of the receiver. This performance
indicators evaluated in this analysis were the thermal efficiency, energy efficiency, outlet temperature and pressure
drop.
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Concentrated solar thermal energy systems are a promising sustainable energy technology that can be
harnessed by a diverse range of applications from power generation to industrial process heating. One of the most
critical components of any concentrated solar thermal technology is its receiver whose primary objective is to
most efficiently convert the incident solar radiation to heat which is typically in the form of heat transferred to a
working fluid circulating in the receiver. In this thesis, the use of compact flow channel geometries in solar
receivers was proposed and analysed as a method to improve the receiver efficiency.

Performance enhancement owing to the use of compact flow channel geometries, especially when the
working fluid is a gas, is a well understood and applied concept in the actively commercial field of compact heat
exchangers. It is envisaged that by employing these concepts in the design of solar receivers, a betterment in the
performance and efficiencies of these receivers, as compared to the state of the art, may be achieved.

Pressurised gases receivers in particular have been identified and analysed, though the application of
compact flow channel geometries is not limited to only gas receivers, as the use of pressurised gases offers unique
advantages including high temperature and pressure operability, stability, non-toxicity and inexpensiveness.

Chapter 1 introduces topics relevant to the development of the thesis including an overview of
concentrated solar thermal technologies with subtopics of heat transfer fluids typically used in receivers and
selected applications of concentrated solar and their respective requirements. Though the concepts of compact
flow channel geometries can be applied to other concentrated solar thermal technology types, central receivers (or
solar tower receivers) have been analysed in this work. Compact heat exchangers and their suitability for use in
solar receivers is also discussed in chapter 1 followed by a review of the state of the art in solar receivers using
pressurised gases and potential performance indicators that could be used to evaluate such receivers. Among these
discussed performance indicators, exergy efficiency was identified as being a potent tool for optimisation in design
and evaluation of performance of receivers as it includes both the useful heat gain from incident solar radiation as
well as the undesired pressure drop.

In order to evaluate the performance of pressurised gas receivers using compact flow channel geometries,
a numerical model of the same had to first be developed and this is the focus of chapter 2. The development of
the simplified receiver numerical model was conducted in such a way as to facilitate the addition of different flow
channel geometries and allow for variation in their respective geometrical parameters. Six flow channel
geometries were analysed in this numerical work namely the plain rectangular, plain triangular, offset strip fin,
wavy fin, perforated fin and louvred fin geometries. A parametric study varying four common geometrical
parameters common to all the above flow channel geometries was also performed in order to identify the receiver
geometric configuration with the best performance in terms of energy and exergy efficiency. The pressurised
receivers were analysed in application to a sSCO, power plant. It was observed that the perforated fin receiver has
the best exergy efficiency followed by the plain rectangular and wavy fin respectively. The increased pressure
drop due to smaller channel sizes sets a minimum limit to this size though the heat transfer is improved with
smaller channel sizes. An increase in the channel height, to a limit, reduces the pressure drop while not excessively
penalising the heat transfer through the receiver if the channel wall thickness is sufficiently thick as the heat
transfer resistance through the solid wall is far lower than that through the gas in the channels. Hence by having
narrower and thicker walled channels, the thermal resistance through the receiver bulk is reduced, or conversely
the heat transfer to the fluid is improved, while also reducing the pressure drop.

This significant finding of the numerical modelling and parametric analysis was proposed to be tested
and validated experimentally. This called for the development for a pressurised receiver testbed besides

pressurised receiver samples to be experimented upon. Chapter 3 deals with the design and development of the
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experimental testbed and the use of the KIRAN 42 high flux solar simulator as a radiation heat source in the
experiments. The pressurised receiver samples were designed and fabricated using 3D printing and were of the
plain rectangular geometry. The four receiver geometry variations were designed in such a way as to test the
validity of the findings of the numerical model with regards to the influence of the channel height, breadth,
thickness and number of vertical channels in the receiver’s performance. Preliminary test runs after the assembly
of the testbed with an installed receiver highlighted some glaring shortcomings of the setup, most of which could
be addressed. These test runs also provided operational experience that enabled the drafting of operational
procedures for the pressurised receiver testbed.

The design of experiments called for the variation of three principal operational parameters, namely the
mass flow rate, inlet pressure and peak incident radiation flux and analysing the influence of these three parameters
on the performance of the receivers. It was observed that the predictions of the numerical model largely lined up
well the experimental results. The receiver with the smallest channels has the highest thermal efficiency of 94.7%
which is higher than that of several state-of-the-art receivers whose thermal efficiencies do not cross 90%. Besides
this high thermal efficiency, the corresponding pressure drop is also low at only 0.84% of the inlet pressure which
is far better than the state of the art at similar thermal efficiencies. On the other hand, besides the smallest channel
sized receiver, the two receivers with increased channel height were also observed with slightly inferior thermal
efficiencies, though still over 90%, and even lower relative pressure drops of around 0.30%.

These experimental results illustrate not only the improved performance of the conceptualised pressured
receivers in terms of high thermal efficiencies at small pressure drops but also indicate that the optimum receiver
flow channel geometrical configuration may have taller and narrower channels. The influence of the channel wall
thickness, differentiating the two receivers with increased channel height, is not so clear. What is more easily
evident though is the deterioration in performance of the receiver with the increased channel breadth. All these
findings are precisely as predicted by the numerical model.

A major source of error in the experimental analysis is the absorptance of the receivers themselves. The
receivers, manufactured of stainless steel, were untreated and unoxidised before experimentation. As steels
typically oxidised, and darken, at elevated temperatures, the true absorptance of the receivers at every operating
parameter set, which was only measured after all the experiments on it had been completed, was an unknown
quantity.

Given this and other sources of errors, it was proposed to perform a sensitivity analysis to evaluate and
quantify the effect of the variation of the absorptance, mass flow rate, radiation power, air composition and inlet
pressure. The performance indicators evaluated in this study were the outlet temperature, pressure drop, energy
and thermal efficiencies. As was observed during the experiment runs, the sensitivity analysis using the numerical
model confirmed that these factors substantially affect the performance of the receivers.

The thesis has numerically and experimentally advanced the case for the use of compact flow channel
geometries in pressurised gas receivers. There are several lines of research into furthering its development. The
receiver numerical model, having been developed, can be employed to study in more depth the optimum set of
operating conditions including heat transfer fluid, mass flow rates, inlet pressures, incident radiation flux profiles,
absorptances etc. Alternative receiver configurations and combinations, external light trapping structures and the
effect of coatings and surface treatments can relatively easily been simulated by the receiver model.

While it has been employed for steady state analysis, the receiver model can readily be exploited for use
in transient simulation analysis to evaluate the performance of different receiver concepts under varying

operational conditions over an extended period of time.
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The pressurised receiver testbed can also be further utilised to evaluate the performance of receivers of
various materials or with different surface treatments under varying conditions of mass flow rate, inlet pressure,
working gas, incident radiation levels etc. As was mentioned previously, the receiver testbed was designed for

flexibility in operation and can permit several parametric studies to be performed on it. Receiver sizes and
configurations can also be tested within limits.
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Appendix

The appendix contains a table with relevant geometrical, operational and performance related parameters
related to the state of the art in indirectly irradiated pressurised gas receivers (section A.1), the semi-empirical
correlations used to determine the heat transfer coefficients (section A.2) and pressure drops (section A.3) in each
of the compact heat exchanger geometries used in the analysis. The exergy efficiency and energy efficiency
contour plots of the plain triangular fin (PTF) receiver, wavy fin (WF) receiver, offset strip fin (OSF) receiver,
perforated fin (PF) receiver and louvred fin (LF) receiver can also be found in this appendix (section A.4 and A.5
respectively).

Additionally, photos of the pressurised receiver testbed and its individual components and
instrumentation besides other important measurement devices used in this work are presented in section A.6. The
detailed experiment log of the entire experimental campaign can be found in section A.7 and images of the leak
tests of the receivers and photos of each receiver at the end of an experiment run shown in section A.8 and section

A.9 respectively.
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Appendix

A.l. Indirectly irradiated pressurised gas receivers

Table 31. Technical specifications of indirectly irradiated pressurised gas receivers

t = thermal, D = Design Point, * refers to calculated values based on assumptions

Incident "
Receiver Material Power/ Flux Radlatl?g)Energy m Tout Tin P, AP, Nen Dy, L
(@)
KW m? kw kg s* °C °C bar mbar mm mm
SOLGATE - 500 900-1000 1.327 350-550 290 65 100 -120 75% 28 2300
181.9 (thermal) 749-783 38-45%
SOLHYCO Inconel 600 328.2 2306 0.8 800 (0) 600 3.75 67-72 677.77%(D) | 2248 | 2500
<250 (D) 73% (D)
SOLUGAS Inconel 617 393.5% 3200 (t)(D) 575 800 300-350 9 2% P,,, or 196 | 5000
oo 71.3-78.1%
RPC Cavity
Receiver (low Sisic 1870-4360 1.32-3.08 0.8-2.09 x10°3 420-1060 300 5 (abs) 10 35-77%
power)
RPC Cavity
Receiver (high sisic 2500 <47 10-150 x10°? 300-1200 300 2-6 1-54 60%
power)
Impinging cavity . . _ _ ;
Receiver A“Ste”'tz'ggt:/'lrxess steel 277 0.015-0.03 AT 15? 2513152 ambient 3 125 43-53% 40 300
(preliminary) inlet (= 15)
Impinging cavity Austenitic stainless steel 197 0.022-0.026 800 674 3 74.1% 40 390
Receiver 253 MA
0, - 0,
Flat Panel Inconel 625 20-70 14.83* 0.1 650 400 8.3 102/;8'3) 75-80% 9.398
Bladed Inconel 625 45 14.83 0.1 650 400 83 800 80-85% 9.398
_Embedded 254-861 3.4-116 1.85-2.65 X107 520 135 3.81-39 | 1570-1940 83-96% 36 2120
circumferential
Embedded axial 247-837 3.6-12.1 2.05-2.81 x102 450 150 3.85-4.05 410-550 78-96% 38.636 | 388
M'é;%‘;?jgr”e' Inconel 625 200-350 07 0.431-0.862 x10-% AT = 100-360 4 750 64.28* 15 30
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A.2. Heat transfer correlations (channel flow)

Heat transfer correlations, in terms of Colburn factor (j) or Nusselt Number (Nu), are presented in Table 32, for the different compact geometries analysed in this work, at

different operating conditions.

Table 32. Heat transfer correlations, in terms of Colburn factor (j) or Nusselt Number (Nu) for the different compact geometries analysed

Receiver Validity Correlation Reference
2700 < ReDh ¢\ 001/ p\=0071 /] -0.298
| = 0.609 Rep04% (—) (—) (—) 156],[157
< 10100 J = 0.609 Rep, ™ 4 i, D, [156],[157]
Plain Rectangular Fin 05 -1 2
Rep, > 10100 fo o\ z Dy\3
0.5 < Pry, < 2000 Nup, =7 (Rep, —1000)Pry, | 14127 (?) Pry —1 1+ (L_e) [158],[159]
0.5 ! 2
o . Rep, > 2300 fo o\ % D\
Plain Triangular Fin 05 < Pry, <2000 Nup, = ) (ReDh —1000) Prp, | 1+ 12.7 (?) Pr; —1 1+ (L_e) [158],[159]
0.7356 0.1378 0.0485 0.2467 —-0.4976
R M o B
. " Dy, Dy, Dy, Dy, Dy,
Wavy Fin [160]
0.7966 (] |0-2398 | \—0.4979 =4 00402 ,94,02012 ; | -0.3026
e T A I I A
" Dy, Dy, Dy, Dy Dy, Dy
L —-0.25 B —-0.184
. —_ N c
Rep, < 2000 j =137 Re®® <D_h> (H_)
Offset strip Fin < [161]
L -1 t 0.089
Rep, = 2000 j = 1.17 Rep3* (D—S + 3.75) (D—>
h h
) 0.6317 —04825 —0.433 -1.1902
Louvred (Triangular L L L L
,(:in gular) j =0.65842 (—e> —l> =2 tan(Ly) (—5) [162]
L, Re, Prp, H, H, t
Nugp (solid fin) is calculated as is done with Plain Rectangular Fin [163],[164]
Perforated _ —0.0357 (1 _ p)0.269
(Rectangular) Fin P, > 0.04 Nupr = Nugg 1.296 Rep29357(1 — P)
P; < 0.04 Nupp = Nugr(0.0307 RefZ2® + 0.583(1 — P)°7%*)
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Appendix

A.3. Pressure drop correlations (channel flow)

Pressure drop correlations (in terms of f,, or fz) are available for the different geometries at different operating conditions. The most relevant ones for this study are presented
Table 33:

Table 33. Pressure drop correlations in terms of Darcy friction factor (fp) or Fanning friction factor (fg) for the different compact geometries analysed.

Receiver Validity Correlation Reference
2700 < Rep _ £ \0118 g\ 0253 /] \~0147
| <10100 fr=0059re? () () (50) [156] [165]
Plain
Rectangular Fin | Rep, > 10100
0.5 < Prp, fo = (1.821og10(Rep,) — 1.64)7? [158],[159]
< 2000
Plain Tri | Rep, > 2300
AL 05 < Py, fo = (1.8210g10(Rep,) — 1.64)~? [158],[159]
< 2000
p —-1.479 H(; —0.3696 L —1.4542 t 0.1016 ZA 1.0903 Le —0.1549
I e I I
- Dp fF 38 88 €py Dh Dh Dh Dh Dh Dh
Wavy Fin [160]
p —-1.6277 H(; —-0.3529 L —1.7484 t 0.1034 ZA 1.2294 Le —-0.2371
R I e R I
" F D D, D, D, D, D, Dy
L -0.32 B —0.092
—T
h c
Offset strip Fin e [161]
L =0. 0.534
Rep, > 2000 fr = 0.83 Re;02° (D—S + 0.33) (D—)
h h
Louvred Le 0.3211 Ll —-2.0217 —2.3501 Ls —2.5343
(Triangular) Fin fr = 0.07667 (Ll Re, PrD> (H_c> (tan(Lo)) (7) [162]
Perforated The solid fin pressure drop is calculated as was the Plain Rectangular Fin’s and its ratio with perforated fins is taken as: 1631 1164
(Rectangular) Fin Appr = Apse (0.97 = Rep, 107°) [163].1164]
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A.4. Exergy efficiency contour plots
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Figure 109. Exergy efficiency (in %) as function of the channel breadth and height for different channel

thickness and number of vertical channels for the plain triangular fin geometry. (a) t =3 mm, Ny = 3; (b)

t=21mm, Ney = 3; () t=3 mm, Ney = 10; and (d) t =1 mm, N¢y = 10.
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Figure 110. Exergy efficiency (in %) as function of the channel breadth and height for different channel

thickness and number of vertical channels for the wavy fin geometry. (a) t =3 mm, Ny = 3; (b) t =1 mm,
Nev = 3; (€) t =3 mm, Ney = 10; and (d) t =1 mm, Ney = 10.
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Figure 111. Exergy efficiency (in %) as function of the channel breadth and height for different channel
thickness and number of vertical channels for the offset strip fin geometry. (a) t = 3 mm, N¢, = 3; (b) t =1 mm,
Nev = 3; (€) t =3 mm, Ney = 10; and (d) t =1 mm, N¢ = 10.
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Figure 112. Exergy efficiency (in %) as function of the channel breadth and height for different channel
thickness and number of vertical channels for the perforated fin geometry. (a) t =3 mm, Ny = 3; (b) t=1 mm,
Nev = 3; (€) t =3 mm, Ney = 10; and (d) t =1 mm, N¢y = 10.
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Figure 113. Exergy efficiency (in %) as function of the channel breadth and height for different channel
thickness and number of vertical channels for the louvred fin geometry. (a) t =3 mm, Ny = 3; (b) t=1 mm,
Nev = 3; (¢) t =3 mm, Ney = 10; and (d) t =1 mm, Ney = 10.
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A.5. Energy efficiency contour plots
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Figure 114. Energy efficiency (in %) as function of the channel breadth and height for different channel

thickness and number of vertical channels for the plain triangular fin geometry. (a) t =3 mm, Ny = 3; (b)
t=21mm, Ney = 3; () t=3 mm, Ney = 10; and (d) t =1 mm, N¢y = 10.
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Figure 115. Energy efficiency (in %) as function of the channel breadth and height for different channel

thickness and number of vertical channels for the wavy fin geometry. (@) t =3 mm, Ny = 3; (b) t =1 mm,
Nev = 3; (¢) t =3 mm, Ney = 10; and (d) t =1 mm, N¢y = 10.
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Figure 116. Energy efficiency (in %) as function of the channel breadth and height for different channel

thickness and number of vertical channels for the offset strip fin geometry. (a) t = 3 mm, Ny = 3; (b) t =1 mm,
Nev = 3; (¢) t =3 mm, Ney = 10; and (d) t =1 mm, N¢y = 10.
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Figure 117. Energy efficiency (in %) as function of the channel breadth and height for different channel

thickness and number of vertical channels for the perforated fin geometry. (2) t =3 mm, N¢y = 3; (b) t =1 mm,
Nev = 3; (¢) t =3 mm, Ney = 10; and (d) t =1 mm, N¢y = 10.
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Figure 118. Energy efficiency (in %) as function of the channel breadth and height for different channel

thickness and number of vertical channels for the louvred fin geometry. (a) t =3 mm, Ny = 3; (b) t=1 mm,
Nev = 3; (¢) t =3 mm, Ney = 10; and (d) t =1 mm, Ney = 10.
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A.6. Key components and instrumentation of testbed

The most relevant instrumentation of the pressurised receiver testbed are presented here with their photos

laid over the testbed with indications for clarity.
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Figure 119. Cylinder and pressure reducing valve
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Figure 120. Mass flowmeter, check valve and pressure relief valve
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A.7. Experiment log

Table 34. Experiment log of entire campaign

Date Status of Testbed Experiment Plan Result/Comment
(Changes to previous)
14/10/2022 | Air supply from cylinder SSPR1, 4 bar, 2 g s?, | Experiment ok
New receiver in place 200-500 kW m
17/10/2022 | Repeat of previous SSPR1, 4 bar, 2 g s?, | Experiment ok
200-500 kW m
Cylinder change SSPR1,4bar,15¢g Experiment ok
s, 200-500 kW m~
18/10/2022 | Same cylinder SSPR1, 4 bar, 1 gs?, | Experiment ok
200-300 KW m
Cylinder change SSPR1, 4 bar, 1 gs?, | After experiment, receiver oxide
400-500 kW m coating (black) from earlier
experiments now gone. Attributed to
rapid expansion. Proposed to slow
initial rate of heating.
Gardon removed to be used | SS PR1, 12 bar, 2 g s | Experiment ok
in unrelated other project. 1, 200-300 kW m
New LabVIEW code made
with gardon removed,
graph of air outlet temp
and rate of change
indicator
20/10/2022 | Cylinder change SSPR1, 12 bar, 2 g s | With slow heating there is no rapid
Slow initial heating rate !, 400-500 KW m? temperature rise and oxide layer loss
SSPR1, 12 bar, 1 gs | Experiment ok. No change in oxide
!, 200-300 KW m? layer
21/10/2022 | Cylinder change SSPR1, 12 bar,1gs | Experiment ok. No change in oxide
!, 400-500 KW m? layer
SS PR1, 12 bar, 1.5 g | Experiment ok. No change in oxide
s, 200-500 kW m-2 layer
8/11/2022 | New receiver in place (SS | Cold leak test
PR2)
10/11/2022 SSPR2, 4 bar, 2 g s?, | Experiment ok. Light coating at outlet
200-500 KW m?
11/11/2022 | Cylinder change SSPR2,4 bar,1.5¢ Experiment ok. Light coating at outlet
s, 200-500 kW m?
Cylinder change SSPR2,12 bar,2 gs | Experiment ok. Light coating at outlet
1, 200-500 kKW m
14/11/2022 | Cylinder change SSPR2,12 bar,1.5¢g | Experiment ok. LabVIEW error at 300
s, 200-500 kW m2 | kW m2 but data still recorded. Coating
darker and more spread out.
15/11/2022 | Cylinder change SSPR2, 4 bar, 1 g s?, | Blackening apparent when at 500 kW
200-500 kW m2 m2 and experiment stop when back
temperature rose above 600 C
No change SSPR2,12 bar, 1 g s | No change in oxide layer.
!, 200-400 KW m?2
21/11/2022 | New receiver in place (SS | Cold leak test Detectable leak in one fitting.
PR3) Tightening works to an extent but leak
persists though small.
22/11/2022 | Cylinder change SS PR3, 4 bar, 2 g s?, | Experiment ok. Light oxidation
200-500 kW m
Cylinder change SSPR3,4bar,15¢ Experiment ok. Further light oxidation.
s%, 200-500 kW m2
23/11/2022 | Cylinder change SS PR3, 12 bar,2 gs | Experiment ok. Light oxidation
!, 200-500 KW m
Cylinder change SS PR3, 12 bar, 1.5 g | Experiment ok. Visit to plant extended
s1, 200-500 kW m2 | experiment but no effect. Stayed at
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point 3 (400 kKW m2) for 50mins.
Further oxidation.

24/11/2022 | Cylinder change SS PR3, 4 bar, 1 g s, | Blackening apparent when at 500 kW
200-500 kW m m2 and experiment stop when back
temperature rose above 600 C
25/11/2022 SSPR3,12 bar,1gs | Experiment ok
!, 200-400 KW m?
28/11/2022 | New receiver in place (SS | Cold leak test
PR4)
29/11/2022 | Cylinder change SS PR4, 4 bar, 2 g s, | Tabley position was reset. 200 and 300
200-500 kW m flux levels have to be repeated
Cylinder change SS PR4, 4 bar, 2 g s,
200-300 KW m?
30/11/2022 SSPR4,4bar,1.5¢ Cylinder at 120 bar. May not be
s1, 200-500 kW m2 sufficient for entire experiment run.
Cylinder change conducted mid-
experiment by moving table to standby
point away from absorber during
cylinder change.
5/12/2022 | Cylinder change SS PR4, 12 bar, 1.5 g | Experiment ok. Cylinder changed mid-
st, 200-500 kW m2 | experiment
Cylinder change SS PR4,12 bar,2 g s | Experiment ok. Cylinder changed mid-
1 200-500 KW m experiment.
7/12/2022 | Cylinder change SS PR4, 4 bar, 1 g st, | Experiment ok.
200-400 KW m?
8/12/2022 | Cylinder change SSPR4, 12 bar, 1 gs | Experiment ok

1 200-400 KW m2
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A.8. Leak tests of receivers
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Figure 128. Leak test of PR2
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A.9. Photos of receivers after experiment runs

Pressurised Receiver 1 (PR1)

After experiment run on 14/10/2022
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After experiment run 1 on 17/10/2022 After experiment run 2 on 17/10/2022
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After experiment run 3 on 18/10/2022

After experiment run 1 on 20/10/2022 After experiment run 2 on 20/10/2022
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* After éxpériment run 1 on 21/10/2022 ' After experiment run 2 on 21/10/2022
Figure 131: PR1 receiver after each experiment run

Pressurised receiver 2 (PR2)
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Figure 132: PR2 receiver after each experiment run
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Pressurised receiver 3 (PR3)

After experiment run on 25/11/2022

After experiment run 2 on 22/11/2022

S bus oS et S

e e T et BSaice  |

After experiment run 2 on 23/11/2022

Figure 133: PR3 receiver after each experiment run
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Pressurised receiver 4 (PR4)
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Figure 134: PR4 receiver after each experiment run
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