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Abstract

Central tower concentrating solar power (CSP) systems typically focus solar ra-
diation upon a tubular receiver where radiation is absorbed and then transferred,
by conduction and convection, into a heat transfer fluid (HTF). High-temperature
receivers are critical for third-generation (Gen3) CSP technology to achiever high
system efficiencies, and play the role of converting concentrated sunlight into heat.
Despite extensive literature on alternative receiver designs, there have been limited
efforts to compare optimised receivers with different designs and working fluids us-
ing a consistent analysis technique, which leads to a question that there has not been
consensus on what the best fluid is for the central receivers. This thesis aims to ex-
amine what the optimal receiver design would look like, from the receiver thermal
performance point of view. The theme of this thesis is a unified comparison on dif-
ferent working fluids and different tube materials, using one single rigorous model
with unified model assumptions, to explore if an optimal receiver performance is
caused by the intrinsic benefits of a particular working fluid or the artifact of a par-
ticular approach.

First of all, the analysis of tubular receivers for concentrating solar tower systems
with a range of working fluids (i.e. molten salt, liquid sodium, air, sCO2 and wa-
ter/steam), in exergy-optimised flow-path configurations is conducted. The effects
of varying the tube diameter, and tube wall thickness are studied. Results show that
liquid sodium performs the best.

The performance of the receiver is strongly constrained by material limits which
in turn limit the allowable flux on the receiver. So next, the study seeks to under-
stand the benefits which arise at the receiver as a result of adjusting the flux profile,
comparing a simple Gaussian ’spot’ with a linear ’ramp’ pattern, while respecting an
upper limit on the allowable film temperature of the molten salt working fluid.

A novel receiver design concept is capable of improving the efficiency of the re-
ceiver by adding a series of horizontal tube banks (aka blades), when compared to a
conventional flat receiver. Under a ’virtual experimental’ approach, both optimised
receivers are designed, built and tested (at CSIRO, Australia). The bladed receiver
shows a promising technique performance, in relation to the flux limit remission and
the light-trapping enhancement, when compared to the flat receiver. Optimised de-
sign models are then reconciled with experimental data, studies show that models
are consistent with the earlier experimental results, even though a few discrepan-
cies exist in the temperature- and the pressure-matching due to limited experimental
data.
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The relationships between material costs, receiver efficiency, and system level de-
sign, for a range of working fluids are conducted and developed under a unified
analysis, so that a globally optimal choice can be made. The approach of the ex-
ergy analysis has the extra benefit of allowing fair comparisons between receivers
operating at different temperatures. After optimising across three different operat-
ing fluids, three different tube materials, temperature ranges, tube dimensions and
flow paths, the optimal configuration is found under a very extensive free-parameter
search, which should have sodium as the working fluid and Alloy 740H as the tube
material, in the context of the simplified thermal stress and cost analyses.

Lastly, it is found that the exergy destruction in the heat exchanger is not an is-
sue for an optimised sodium–salt system, when compared to an optimised chloride
salt system, from a performance point of view. After conducting all the projects
mentioned above, it is found that liquid sodium always performed the best in the
receivers due to its better heat-transfer characteristics.
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Chapter 1

Background and literature review

The limitation of the long-term supply of fossil fuels and the negative impact of
CO2 emissions on the environment lead to increasing demand for renewable energy
supply. Concentrating Solar Power (CSP) systems, specifically central towers, are in-
creasingly being built, owing to their large scale, high efficiency, low operation costs
and very low emissions [1, 2]. The receiver is an essential part of a concentrating solar
power (CSP) system, and its performance is strongly constrained by material limits
which in turn limit the allowable flux on the receiver. A high-efficiency receiver is
able to reduce the cost of energy production, and consequently, to make concentrat-
ing solar power (CSP) technology a more competitive alternative than other types of
renewable energy. In the next sections, the state of the art of the CSP technologies,
central receivers in particular, are examined, followed by identifying the limitations
of prior analyses on these fields.

1.1 Concentrating Solar Power Plants (CSP)

CSP technology is able to be classified into two categories: point-focus concen-
trators and line-focus concentrators. Parabolic Trough Collector (PTC, Fig. 1.1a) and
Linear Fresnel Reflector (LFR, Fig. 1.1b) are the two design categories of line-focus
concentrators, while Parabolic Dish (Fig. 1.1c) and Concentrating Solar Power Tower
(SPT, Fig. 1.1d) are classified as point-focus concentrators.

PTC power plants use long, curved, mirrored troughs to reflect the solar radi-
ation onto a glass envelope containing a metal tube filled with heat transfer fluid.
Fernández-García et al [3]. presented a summary of the commercialised parabolic
trough solar collectors and their applications. GlassPoint proposed a novel design
in trough system for Solar Thermal Enhanced Oil Recovery to make those mirrors
to be lighter, cheap to build and easy to turn by implementing those mirrors inside
a greenhouse [4]. LFR power plants use a number of long mirrors to focus light
onto several linear receivers which are located above the mirror field. The largest
LFR plant in the world (125 MW) is installed in India, named as "Dhursar", based on
the review on LFR plants by Desai et al [5]. LFR has the advantages of mechanical
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1.1. Concentrating Solar Power Plants (CSP)

(a) Parabolic Trough Collector
(PTC)

(b) Linear Fresnel
Reflector (LFR) (c) Parabolic Dish

(d) Solar Power Tower
(SPT)

Fig. 1.1: The sketch of CSP technologies.

simplicity (near-flat mirrors, stationary receiver and pipework) and narrower mirrors
that are close to the ground, lowering wind forces. Nevertheless, this technology is
not promising so far due to its low optical efficiency [6] and relatively limited com-
mercial uptake.

The Parabolic Dish focuses all the solar radiation that strikes the dish up onto a
single point above the dish ideally, and the receiver generate the heat and transforms
it into electricity if there is an engine there, e.g. Stirling. The aperture can be smaller
than the absorber surface for the cavity receivers. A new tubular cavity receiver for
direct steam generation, "SG4", has recently been investigated by researchers at the
Australian National University (ANU). This new receiver achieved an average ther-
mal efficiency of around 97%, which is a high efficiency for a solar thermal dish [7].
This higher efficiency, when compared to the previous "SG3", is achieved because of
the narrower aperture of the "SG4" receiver, which effectively reduces receiver losses.

CSP tower technology has been developed from a first generation which consists
of Direct Steam Generation (DSG) with no storage (e.g. the EURELIOS (1 MWe) ex-
perimental solar power plant in Italy [8], the White Cliffs parabolic dish project in
Australia [9]), to a second generation which used molten salt as the HTF and the
storage medium (e.g. the Gemasolar plant in Spain [10] and the Crescent Dunes
plant in the U.S. [11]). The present effort is to develop a third generation of CSP
technology [12] with targets for higher temperatures (>700◦C), a higher-efficiency
power block (PB), and more cost-effective and reliable technologies in each compo-
nent. The energy chain for a central tower system primarily consists of a heliostat
field, a tower-mounted receiver, a heat exchanger, a thermal energy storage (TES)
system and a PB (see Fig. 1.2). The central receiver concept for concentrating and
collecting solar energy is based on heliostats which consist of a field of individually
tracking mirrors. The incident energy will be reflected from the heliostats onto the
receiver at the top of the CSP tower. An HTF will then carry the heat collected from
the receiver to a heat exchanger. TES is then incorporated to store energy, which
makes CSP a dispatchable electricity supplier. The energy stored in TES can be used
to generate steam, and in turn, to generate electricity in a PB. CSP tower technology
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Chapter 1. Background and literature review

is suitable for achieving very high temperature in the receiver, compared to other
CSP technologies and therefore, it is more likely to achieve high thermal efficiencies
in the PB.

Fig. 1.2: Schematic of a typical CSP tower technology, which consists of a heliostat field, a central
receiver, a heat exchanger, a TES and a PB.

Solar One and Solar Two [13, 14, 15] were the two pioneering central tower CSP
systems, and operated in California between 1988 and 1999 respectively. Solar Two
was a major re-vamp of Solar One with the addition of a molten salt receiver, instead
of water as with Solar One. Solar Tres (ultimately renamed "Gemasolar") in Spain
was the first commercial solar power plant built using this molten salt receiver tech-
nology, about three times the size of Solar Two, and commenced operation in April
2011 [10]. The 110 MWe Shouhuang Dunhuang “100 MWe Phase II” commercial so-
lar power plant is the latest of this type by 2018 [16].

A more detailed CSP technology review has been carried out in Section 1.4., ac-
cording to the type of the working fluid used in the receiver.

1.2 Central receiver system

The receiver is the part of the CSP system where concentrated radiation is focused
and where heat transfer fluid circulates and removes the heat for storage. There are
three types of receivers for central tower: volumetric receivers, falling particle re-
ceivers, and tubular receivers.

There are two types of volumetric receivers: open atmospheric volumetric re-
ceiver for the Rankine Cycle and closed pressurised (temperature-resistance win-
dowed) volumetric receiver for the Brayton Cycle. The open volumetric receivers use
air as the HTF and they have been under development since the 1980s [1, 17, 18]. For
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1.2. Central receiver system

example, they utilise a porous honeycomb structure to transfer the absorbed heat to
the aire passing through the volumetric structure. A review by Ávila-Marín et al.
[17] shows that, up to 2011, most of the volumetric receivers were demonstrated in
small-scale prototypes. The thermal efficiencies over 20 high-temperature volumetric
receivers were in the range of 65%–80%. The main features of volumetric receivers
are: good heat transfer in the receiver due to the large internal surface area; high
fluid temperature is possible. For instance, the maximum outlet air temperature of
DIAPR 30-50 project reached 1200◦C at 20 bar [19] and the SOLGATE project, which
commenced in 2001, provided gas at 960◦C [20]. However, volumetric receivers are
not commercially deployed yet, as they require big efforts to solve some issues such
as suitable windows for the pressurised receivers and the receiver material selections.

Falling particle receivers utilise sand-like particles that are heated up when they
drop through concentrated sunlight [21]. Ceramic and silica-based particles are typ-
ically used for high-temperature (> 700◦C) falling particle receivers. This technology
has the potential to achieve higher temperatures (∼ 1000◦C) and greater efficiencies
at lower costs in the receivers when compared to the tubular receivers, as it removes
the conventional tubes in the receiver to relieve the maximum-flux constraints. The
Gen 3 Particle Pilot Plant (G3P3) [22] has demonstrated the ability to heat a working
fluid to higher than 700◦C with reasonable costs.

Tubular receivers are the dominant type of CSP central receivers, used in both
R&D and commercialised projects, due to their simple fabrication, where incident
energy is absorbed and transferred through the tubes to the heat transfer fluid (HTF).
External and cavity receivers are the two main types of tubular receivers, as shown
in Fig. 1.3 [1]. External cylindrical, flat rectangular and cavity tubular receivers are
designed and selected accordingly, based on factors such as location of the plant site,
receiver concentration ratio, HTF type and the operating temperature range. The
design of the heliostat field, flow configuration of the heat transfer fluid, and operat-
ing temperature range must be considered, as they in turn will affect the design and
performance of the thermal energy storage (TES) and the power cycle.

One successful cavity central tower project is in the eSolar design [23]. This project
makes the use of dual-cavity receiver and multiple towers. It states that equator fac-
ing fields (as shown in Figure 1.4), unlike the usual surround heliostat fields, are
more suitable for multiple smaller towers. The idea of small heliostat aperture area
(1.14 m2) significantly reduces the on-site labour costs as most of the constructional
and assembled work can be carried out at factories.

Volumetric and particle receivers are significantly different from gas or liquid
tubular receivers in many respects including the optimum receiver geometry. It is
very challenging to make a generalised comparison of these receivers using mod-
elling methods suited to gas or liquid tubular receivers, and consequently they are
not considered in this thesis.
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Chapter 1. Background and literature review

Fig. 1.3: Schematics of tubular external (left) and cavity (right) receivers, picture extracted from Ho et
al. [1]

Fig. 1.4: Sierra Suntower Demonstration facility, Lancaster, CA, USA in April 2009. Source extracted
from [23]
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1.3 Novel configurations of tubular receivers

A number of novel configurations of tubular receivers have been conducted to
improve receiver performance, such as the cavity receiver design "Spiky Central Re-
ceiver Air Pre-heater (SCRAP)" proposed by Lubkoll et al. [24] and other bladed
receiver designs (see Fig. 1.5) to improve light-trapping through the cavity effect,
including the "cruciform" receiver proposed by Vant-Hull and Hildebrandt [25], the
"bookshelf" receiver proposed by Wanger et al. [26] and the "louvred" bladed re-
ceiver. This "louvred" concept was raised by Sandia National Laboratories, USA and
the Australian National University to improve the efficiency of the receiver by adding
an array of horizontal tube banks (aka blades). Preliminary studies [27, 28, 29] have
proven the benefits of implementing bladed tube banks to overcome the flux limits
for the molten salt receivers and to increase the light trapping effect by using ide-
alised flux distribution maps.

(a) The "cruciform" receiver [30] (b) The "bookshelf" receiver [26] (c) The "louvred" receiver.

Fig. 1.5: Schematic diagrams of the concept of the novel configurations of the bladed receivers.

1.4 Heat Transfer Fluids (HTFs)

The selection of the heat transfer fluid (HTF) is a key factor towards success in
CSP, as it transfers the heat from the incident energy source to the power block, which
significantly impacts the efficiency of the entire system. A heat transfer fluid can be
a gas or a liquid that transfers heat from a receiver to a heat exchanger and then to a
thermal energy storage tank. The advantages and limitations of the thermophysical
properties of various HTF and TES candidates have been discussed [31, 32, 33, 34].
This section introduces the high-temperature HTFs (i.e. molten salt, chloride salt,
liquid sodium, Supercritical CO2, air, water/steam) considered in the receiver and
the heat exchanger in this thesis, and discusses their prior use in CSP.
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1.4.1 Molten Salt

Molten salt (60% NaNO3, 40% KNO3) is arguably the most commonly employed
HTF for central tower receivers and TES in parabolic trough collectors and central
tower systems, in terms of efficiency, reliability and cost. It has been used widely as
a proven technology in the CSP industry, such as in trough and central tower sys-
tems. In addition, it is also used in the majority of present-day TES systems for CSP
[35] due to its relatively low cost. The Themis Solar Tower was the first large-scale
solar tower to use molten salt in its receiver, and was constructed for R&D in France
in the 1970s, and could produce 2.5 MWe [36]. Gemasolar was the first commercial
CSP plant to utilise this technology, with a molten salt thermal storage capacity of
15 hours, a 120 MWth receiver power, and a 19.9 MWe turbine power. This plant has
been in operation since Jun, 2011 [10]. The Archimede plant in Italy, was the first
power plant in the world to use molten salt as the heat transfer fluid in the collectors
of a parabolic trough system [37].

The first utility-scale facility in the world to use molten salt was SolarReserve’s
Crescent Dunes Solar Energy Facility, located in Nevada USA, which has been under
commercial operation since late 2015 [11]. Its 110 MWe output could power 75,000
homes during peak demand [38]. The Noor III project (150 MWe) is currently opera-
tional and is another utility-scale power tower project with molten salt. This plant has
the capacity for up to 7.5 hours storage [39]. The Shouhuang Dunhuang “100 MWe

Phase II” commercial solar power plant began operating in Dec 2018, as a follow-on
development to the “10 MWe Phase I” pilot project, and has the thermal storage with
a capacity of 11 hours, using molten salt as the storage fluid [16]. One important
limitation of the use of molten salt is its operating temperature constraints. Conven-
tional nitrate salt has to be carefully operated within a bulk temperature range of
290–565◦C in order to limit the effects of chemical degradation and corrosion [40].

1.4.2 Chloride Salt

The third generation (Gen3) of concentrating solar power plants will be compet-
itive with conventional ways of electricity generation (e.g. fossil fuels) if a high-
efficiency power cycle can be utilised. To achieve this, a high-temperature heat trans-
fer fluid should be developed to be capable of operating at temperatures (≥ 700◦C).
Chloride-based salts (46.0wt% MgCl2–38.9 wt% KCl–15.1 wt% NaCl) are one of the
new categories of HTFs able to work in the range of 400–800◦C. Like conventional
molten salt, chloride salt has been considered widely in thermal energy storage (TES)
due to its low-cost, and high-thermal-stability [41, 42, 43]. The experimental study
conducted by Mohan et al. [43] shows the feasibility of using chloride salt as a sen-
sible heat storage (STES) material over 600◦C.

Although chloride salts are very promising HTFs for TES, the high-corrosivity
requires further investigation. There is some literature indicating methods to reduce
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the corrosivity. For instance, an electrolysis method with a Mg anode for reducing
the corrosive impurity level has been studied by Ding et al. [44]. A method with
thermal treatment for drying and purifying chloride salt is proposed by Fernández
and Cabeza [45].

1.4.3 Liquid Sodium

Liquid sodium allows operation at higher temperatures and hence, in principle,
with more efficient power cycles. The wide temperature range in the liquidus phase
(97.7–873◦C) and its exceptionally high thermal conductivity make sodium receivers
appealing for high-temperature, high-flux applications [46], at least from the perfor-
mance point of view. Additionally, its high thermal conductivity makes sodium an
exceptional HTF. The availability of sodium metal is sufficient as it is the sixth most
abundant metal on earth, but still, the metallic ’form’ is relatively expensive and, as
such, unsuited to dual operation as both HTF and TES medium, in contrast to molten
salt.

Sodium is a highly combustible material when in contact with water or air. Even
so, its advantages in certain nuclear applications have attracted the attention of CSP
researchers. Sodium has been used as the coolant in the sodium-cooled fast reactors
(SFR) in the nuclear industry as early as the 1950s [47]. In a project called IEA-
SPSS, the first generation of central sodium receivers, was researched and developed
in Spain and Sandia National Laboratories in the U.S. in 1980s [2]. Vast Solar, an
Australian CSP company, developed the Jemalong CSP Pilot Plant, which is the first
grid-connected CSP plant (1.1 MWe) project to use sodium as the HTF in the receiver
in Australia [32, 48, 49, 50, 51]. So far, this pilot project has successfully demonstrated
the possibility of running sodium in CSP. Sodium is also currently under active con-
sideration in the Australian Solar Thermal Research Institute (ASTRI) and the US
Gen3 Liquids programs [52], due to its ability to remain liquid at temperatures as
high as 700–850◦C.

Molten salt was compared with liquid sodium as the HTF in central receivers
by Boerema et al. [46]. Molten salt is cheaper and is capable of being used as the
storage source, while use of sodium results in more efficient receivers. The in-depth
comparison of a range of working fluids is discussed later.

1.4.4 Supercritical CO2

Supercritical CO2 (sCO2), which is compressed carbon dioxide at pressures of
72.9 bar or above, can be used as the working fluid in Brayton cycle power blocks
for CSP plants [53]. U.S. DOE’s Supercritical Transformational Electric Power (STEP)
program aims to demonstrate a pilot scale sCO2 test facility [54, 55]. As discussed
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in 2.2.2, the physical properties of sCO2, when it is operated above its critical point
(31.10◦C, 72.9 bar), offers performance advantages for the sCO2 Brayton cycle over
other power cycles (such as steam Rankine). The advanced sCO2 receiver, proposed
by Brayton Energy [56], has the potential to be compatible with the sCO2 Brayton cy-
cle. The primary interest in sCO2 arises because sCO2 is attractive in the PB. Hence,
its direct heating in the receiver is of interest. However, the extremely high operating
pressure required in the receiver (over 200 bar) brings challenges when combined
with the considerations of radiation, thermal stress, thermal resistance and the cor-
rosivity of CO2.

1.4.5 Air

Air has been considered as an HTF for CSP applications as it is capable of op-
erating at higher temperatures than oil and molten salt, which could increase the
thermal-to-electric efficiency for the power block [1, 34]. In addition, air can be used
directly as the working fluid in an open or closed air Brayton cycle, which reduces
the complexity of the power block by eliminating a heat exchanger. However, the
poor conductivity of air is likely to make receivers with this HTF less efficient than
others, since it increases the temperature difference between tube wall and the fluid,
and results in high exergy destruction in internal convection, but also drives up
external losses due to elevated external temperatures. One way to overcome this
drawback is to strive to increase the heat transfer coefficient, using rough tubes or
internally-finned tubes [57]. The Jülich Solar Tower project is an experimental project
using air as the HTF, operating up to 680–700◦C [58]. Air at elevated temperature
of 800–1000◦C has better heat-transfer properties, specifically the internal heat trans-
fer coefficients, but the material constraints of receiver tubes have to be considered
carefully. Solugas, a solar hybrid Brayton plant, compressed ambient air up to 9 bar
(gauge) and heated it from 300–350◦C to 800◦C [59]. The heated air was then used
in a turbine. This project demonstrated the feasibility of a solar-hybrid plant with
gas turbine in Spain. In the PEGASE project in France, pressurised air was heated in
a central receiver from 350–750◦C at 7 bar, then integrated into a gas-turbine power
plant [60].

1.4.6 Water/steam

Water and steam have been used as HTF since the earliest days of CSP. EURE-
LIOS (1 MWe), in Italy, was the first experimental solar power plant in the megawatt
range and the first grid-connected CSP plant. Its construction was completed in the
end of 1980 [8]. In the same time frame, the White Cliffs parabolic dish project in
Australia [9] successfully demonstrated the possibility of using sun to power a small
town, in 1981. Later, direct steam generation, in the DISS (Direct Solar Steam) project,
was successfully demonstrated in parabolic troughs from 2004 to 2008, by Zarza et
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al [61]. The ANU 500 m2 Big Dish (SG4, 50 MWe) is the largest solar paraboloid dish
in the world and is able to generate steam up to 550◦C at 5 MPa [7]. The PS10 (11
MWe) and PS20 (20 MWe) projects in Spain were the world’s first commercial SPTs
[14], utilising water as the HTF to make saturated steam at about 250–300◦C. In 2011,
the first commercial solar thermal power plant with parabolic trough collectors using
DSG, named “KTSE 9100” (5 MWe) was tested in Kanchanaburi, Thailand [62]. Khi
Solar One is a large commercial CSP plant that generates superheated steam up to
530◦C at 120 bar for a 50 MWe steam Rankine cycle [63]. The plant incorporates an
accumulated saturated steam storage with capacity up to two hours. The steam is
used directly in the turbine which simplifies the power cycle by eliminating the need
for a heat exchanger. Ivanpah, the largest solar thermal power plant in the world
(377 MWe) upon its completion in 2014, uses a solar receiver steam generator [64].
The highest solar tower power plant so far, named “Ashalim Plot B (121 MW)”, con-
sisting of steam receiver and steam turbine, was built in Ashalim, Israel, in 2017 [65].
In general, the two-phase flow of water/steam is difficult to handle in the receiver
and steam is also corrosive to tubes. Phase change material (PCM) storage could be
deployed with DSG to increase the storage efficiency which, however, may increase
the complexity and the cost. There are challenges to integrate energy storage with
water/steam systems [66].

1.4.7 Thermal oil

Loni et al. [67] compared the performance of water and oil on three types of
cavity receivers, with studies showing that water is promising in low-temperature
applications (40–90◦C) due to its better thermal properties, while a hemispherical
cavity receiver with thermal oil has the highest exergetic performance in medium-
temperature applications (up to 300◦C). Thermal oil has been extensively used in
parabolic troughs [3, 68]. However, its maximum working temperature limitation of
398◦C excludes this type of HTF for consideration in this thesis.

1.4.8 Figure of Merit (FOM)

Having a figure of Merit is convenient to examine the performance of the work-
ing fluids mentioned in Sec.1.4.1 – Sec.1.4.6, as it presents an approach to generalised
comparison. It is determined by the thermophysical characteristics of the working
fluids. However, it omits important considerations such as tube conduction and ex-
ternal thermal losses, and as such is insufficient for choosing a working fluid. A
rigorous receiver model is then required to select the best working fluid. More de-
tailed discussion on FOMs studied by different researchers and their limitations will
be covered in Section 2.3.2.
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1.5 Flux distribution and limits

Possible approaches to improving the efficiency of receivers are reducing the sur-
face temperature by varying the flux distribution, adopting multi-panel receivers
and multi-pass receivers. The IEA-SSPS High Flux Experiment using the advanced
sodium receiver with 5 panels, showed the potential for increasing receiver efficiency
by reducing the average receiver surface temperature. In the experiment, each re-
ceiver panel consists of 39 tubes with an outer diameter of 14 mm, and a wall thick-
ness of 1 mm was used [69]. A schematic diagram of the receiver is shown in Fig.
1.6 (left). Boerema et al. [70] found that multi-pass receivers performed the best
for maintaining relatively low surface temperatures, compared with single-pass re-
ceivers, due to the increased flow velocity and improved convectional heat transfer
coefficient. The cold fluid passes through the other panels first and eventually the
hot fluid comes out from the centre panel. Tubes with an outer diameter of 25.4 mm
and a wall thickness of 1 mm were used in the study, as shown in Fig. 1.6 (right).
Boerema et al. found that such techniques could improve energy efficiency by 1–2%
[70].

Fig. 1.6: Schematic diagrams of the flow path for the receivers: left: the IEA-SSPS billboard receiver
[69]; right: the design proposed by Boerema et al. [70]

1.6 Thermal stresses

Thermal stress is induced due to the change in temperature of a material. If
the temperature increases, a material generally expands, whereas if the temperature
decreases, the material contracts. Thermal stress can lead to plastic deformation or
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the fracture of the material, and therefore, must be considered in design. For in-
stance, thermal stress is one of the most critical constraints in design of molten salt
receivers, and was used to determine allowable flux density by Sánchez-González et
al. [71]. The allowable flux density is determined based on material creep-fatigue
failure models which in turn depend on supporting experimental data. An allowable
flux density is developed by modelling how much damage the material experiences
during each cycle of operation (daily ramping up, staying hot and cooling down),
and adjusting the flux until the receiver lifetime reaches the design specification.
This allowable flux density then leads to the need for accurate aiming strategies for
the heliostat field. The flux variation on the tube wall in the circumferential direc-
tion affects the corresponding temperature and the elastic stress. Logie et al. [72]
has used analytical methods to calculate thermoelastic stresses on a single tube and
concluded that sodium outperforms salt in relation to higher flux.

Creep is defined as the permanent deformation of a material due to continuous
loading. Fatigue of materials is due to loading cycles. Creep and fatigue damage, are
important considerations on receiver tube material selection and appropriate tube
wall thickness, which have been reviewed by Conroy et al. [73]. González-Gómez et
al. [74] studied the creep-fatigue damage on the tubular molten salt receiver using
Haynes 230, a nickel-chromium-tungsten-molybdenum alloy, as the tube material.
Study showed that stress relaxation could strongly affect the lifetime of the receiver.
Augsburger et al. [75] indicated that cloud passage is the main cause of short-time
variations and material thermal stresses. They investigated the cloud passage char-
acteristics in meteorological databases and eventually proposed a strategy for start-
up/shut-down of heliostats, to minimise the thermal stress on the receiver due to
transient flux.

1.7 System-level optimisations

Several tools are capable of handling the system-level optimisation in receiver de-
signs, such as SAM [76] and DELSOL3 [77]. SAM [76] provides the optimal system
design that has the lowest levelised cost of energy (LCOE) by searching from the spe-
cific variables which are defined in SAM. The discrete combinations of variables are
searched for the optimal design based on the specified ranges and step sizes set by
the users. DELSOL3 [77], as the latest version of DELSOL, utilises mathematical con-
volution method for obtaining the optical performance and optimal system design.
However, as mentioned, only a range of variables in the “receiver section” could be
optimised in these tools which limits the performance of the receivers. For example,
inlet and outlet temperatures of the heat transfer fluids play significant roles in the
receiver design, which unfortunately, are omitted in the variables that could be opti-
mised in these tools. System-level trade-offs in receiver designs have been conducted
widely in STP technology. For example, the performance of the partial receiver and
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the related costs are investigated by Gobereit et al. [78]. The levelised electricity
cost (LEC) is optimised for the pressurised air receivers coupled with gas turbine by
Schwarzbözl et al. [79]. Solar central receiver systems are designed and optimised
by Li et al. [80], with an optional compound parabolic concentrator. This study, how-
ever, has no heat transfer modelling or heat exchanger being considered. The cavity
receiver is assumed as an isothermal, well-insulated blackbody. Techno-economic
analysis of liquid sodium and molten salt SPT plants is conducted by Fritsch et al.
[81]; however, no optimisation process on the receiver design is approached.

1.8 Exergy analysis

In the optimisation of concentrating solar systems, the second law of thermody-
namics plays a significant role as it deals with the degradation of the work potential
of energy during a heat transfer process and the associated entropy generation [82].
Exergy analysis proves to be a valuable tool for the investigation of possible config-
urations of optimised renewable energy systems, since it is able to present the types,
causes and locations of thermodynamic losses more clearly than energy analysis on
its own, and additionally allows comparison of receivers without needing a TES or a
PB model, with regards to temperature [83, 84, 85]. Padilla et al. [86] presented ex-
ergy analysis of a parabolic trough solar receiver based on a control volume analysis,
which quantifies the variable thermal losses. Baghernejad and Yaghoubi [87] studied
the exergetic analysis on the Integrated Solar Combined Cycle System (ISCCS) and
showed that the dominant exergy loss throughout the whole system occurs in the
combustor which accounts for 29.62% of the total exergy input to the plant. Le Roux
et al. [88] emphasised the importance of minimising the irreversibilities (i.e. total
entropy generation rate) of the solar thermal Brayton cycle which are due the finite
temperature difference between HTF and the receiver walls. This could be achieved
by optimising the size of the recuperator and modifying the cavity receiver. A review
of exergy analysis on various types of solar collectors and applications of solar ther-
mal systems was presented by Kalogirou et al. [89], emphasising its importance in
the design of sustainable energy systems, since exergetic analysis has been involved
in designing a wide range of solar collectors including flat-plate collectors, hybrid
PV/thermal systems, parabolic trough and dish collectors as well as other applica-
tions such as phase change materials.

All of the above published papers have proven the usefulness of exergy analysis
in figuring out the optimal operation conditions and evaluating the performance of
the CSP systems. By analysing the exergy destroyed by each part in a process it is
possible to present the types, causes and locations of thermodynamic losses, and the
potential areas on improving the system efficiency can be focused. Exergy can also
be used to compare components of a system to help inform design, especially in
receiver designs. However, in the detailed exergy analysis of tubular receivers there
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still exists a gap, in relation to various phenomena of the losses such as external ra-
diation, external convection, wall conduction, internal convection and internal flow.

1.9 Main research question

Although there have been several studies to optimise the performance of the re-
ceivers with individual heat transfer fluids [70, 90, 91, 92, 93, 94], few studies adopt a
consistent modelling approach for the comparison of a broad range of HTFs. For ex-
ample, Boerema et al. [70] optimised the performance of a 2 MWth billboard receiver
using liquid sodium as the working fluid, while Potter et al [92] did the optimisation
study for a 1 MWth liquid sodium receiver. Rodríguez-Sánchez et al. [90, 95] focused
on the optimisation for a 120 MWth cylindrical tubular receiver using molten salt as
the working fluid. Laporte-Azcué et al. [96] conducted a comprehensive exergy anal-
ysis of a SPT tubular receiver, using molten salt as the heat transfer fluid; however,
it was only limited to one fluid type and no optimisation process was conducted
in relation to the exergic performance on the receiver. The use of different models
and different approaches to design optimisation leaves some doubt as to whether
the differences in performance for different fluids are due to intrinsic benefits of the
fluids, or due to difference in modelling assumptions and approach. The aim of this
thesis is to fill this gap by evaluating and optimising tubular receivers with varied
tube configuration, working fluid and tube material, using unified models.

1.10 Chapter outline

Chapter 2 uses a common model and common approach to optimisation across a
range of working fluids (e.g. molten salt, liquid sodium, supercritical carbon diox-
ide (sCO2), air and two-phase water) and a consistent design space and hence, to
conduct a broad high-level comparison. Every fluid is given the chance to work at
its best in a tubular receiver configuration, with respect to the HTF degradation and
corrosion, HTF melting and boiling temperature limits, pressure stresses on the tube,
storage material limits and power block temperature limits through an extensive pa-
rameter study. The work includes a novel approach to determining the breakdown of
losses in the receiver using exergy analysis. The expected conditions of the TES and
power cycle are also considered. Chapter 2 seeks to address the following research
questions:

1. How would a range of working fluids perform in relation to energy and exergy
efficiencies, assuming uniform flux?

2. How would tube diameter, tube wall thickness or tube-bank flow configuration
affect the optimal performance of selected working fluids? What would be the
intrinsic benefits of a particular working fluid?
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The assumed uniform flux approach in Chapter 2 could not reflect the non-
uniform characteristics of solar flux distribution in tubular receiver realistically. Those
localised hot spots are expected to affect the performance of the receiver, and more
importantly, the life time of the receiver. Chapter 3 seeks to answer:

1. What would be the best flux pattern in term of receiver efficiency, while respect-
ing the allowable film temperature limits on the molten salt tubular receiver?

2. How would varying the tube-bank flow configurations affect the localised max-
imum external wall temperature on the receiver and consequently, affect the
efficiency?

3. How would the non-uniformity of the flux per tube-bank affect the perfor-
mance of the receiver?

The peak flux limitation is one main constraint on the tubular receiver, as it limits
the minimum receiver size and consequently, the optical performance of the receiver
[97]. By investigating both convex and concave receiver designs (i.e. flat and bladed)
with a single model, and optimising both in order to focus on the hydrodynamic
aspects, a deeper understanding on whether a bladed receiver is practical from an
internal heat transfer point of view, in comparison to a flat receiver, can be made.
Since the structure and the fabrication for bladed designs are more complicated than
the flat tubular receivers, the minor losses (e.g. bending, elbows, manifolds), the
flow configurations, the choice of HTF, the thermal stress constraints and the rate of
return on investment would all affect the decision making for the optimal bladed re-
ceiver designs. The work herein was carried out in support of a project titled "Bladed
Receivers with Active Airflow Control (BRAAC)"1 where a realistic comparison was
made between a conventional flat receiver and a proposed bladed receiver. The total
efficiency improvement of a bladed receiver is evaluated, when compared to a con-
ventional flat receiver.

Furthermore, novel small-scale ’virtual experimental’ approach was conducted to
indirectly test the performance of the large-scale flat and bladed molten salt receivers,
using water and air as the heat transfer fluids. These small-scale receivers were
tested on-sun at CSIRO, Australia. Chapter 4 seeks to address the following research
questions:

1. What would be the optimal flat or bladed receiver designs, when it comes to
the realistic flux distributions?

2. To what extent, could the modelled bladed receiver outperform the modelled
conventional flat receiver?

1The author was involved in the BRAAC project to develop the hydrodynamic model for both flat
and bladed receivers and their prototypes, to assist mechanical engineers with the equipment designs
(e.g. the pump size, the pipe sizes and the radiator size), and to reconcile the experimental results and
the simulation results.
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3. How would the ’virtual experiments’ be approached to estimate heat transfer
parameters from full-scale testing?

4. If the bladed receiver would still outweigh the flat receiver in relation to the
experiments?

Experiments are complicated, expensive and time-consuming. A 2,500-hour ex-
perimental test was conducted by Giaconia et al. [98] to analyse the performance of
molten salt parabolic troughs. A reconciliation method to deal with the experimental
results for refrigeration and power cycle was provided by Dumont et al. [99], in or-
der to efficiently and correctly use experimental measurements. A reconciliation of
experiments and models for a piping system with “T shape” was examined by Ryu
et al. [100]. However, very limited literature could be found in relation to different
approaches to reconcile experiment and simulations of CSP technology. The concept
of the bladed receiver has been designed, built and tested, as outlined in Chapter
4. It, therefore, could provide a valuable opportunity to conduct an experiment and
simulation reconciliation, which allows matching experimental data with theoretical
simulation results and understanding the discrepancies between each other. Chapter
5 conducts key-parameter matching (i.e. flux distributions2, temperature distribu-
tions and pressure drops). In addition, other parameters that were not measured
during the testing are examined, such as the external heat transfer coefficient, sur-
face reflectivity of the receiver and the effect of thermocouple configuration. Chapter
5 seeks to address the following research questions:

1. What are the experimental uncertainties in the testing?

2. How large is the discrepancy between simulations and experiments?

3. To what extent could theoretical simulations be optimised or reconciled to bet-
ter match the experimental results?

The importance of peak flux density and flux distribution on the receiver, as
well as the importance of taking thermal stress into account, has been introduced
in Section 1.5 and 1.6. Chapter 6 offers an analysis of alternative tubes and working
fluids on a thermoelastic creep and fatigue model that considers receiver lifetime and
replacement, with the consideration of the non-uniformity of the flux distribution.
The relationships between material costs, receiver efficiency, and system level design,
for a range of working fluids should be developed under a unified analysis, so that a
globally optimal choice can be made. Although numerous studies on receiver design
have been conducted, few studies undertake this type of broad comparison. Chapter
6 seeks the answers for the following questions:

1. What would be the best flux distribution from the perspective of thermal effi-
ciencies of the receiver?

2The flux distributions were handled by Wang [101]
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2. What would be the best Pareto front relationship between efficiency and the
cost and how could this be incorporated into a system level analysis?

Both chloride salts and sodium are promising HTF candidates for high-temperature
receivers. A question raised here is which of those high-temperature HTFs is more
effective considering unified modelling assumptions and the same power block ca-
pacity, noting the need for an extra heat exchanger in the case of sodium. Chapter 7
seeks the answer.
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Chapter 2

Analysis of tubular receivers for
concentrating solar tower systems
with a range of working fluids, in
exergy-optimised flow-path
configurations1

2.1 Introduction

This chapter firstly discusses some operating limits on the receiver design, aris-
ing from consideration of the thermal energy storage and power block components.
Next, the relevance and prior experience of various receiver HTFs are discussed. The
examined HTFs are molten salt, liquid sodium, supercritical carbon dioxide (sCO2),
air and water/steam. The properties of these working fluids are compared, together
with several ’figures of merit’ previously used to evaluate HTF performance directly
from their intensive properties. A numerical model of the tubular receiver with uni-
form flux, with detailed energy and exergy accounting, is subsequently introduced,
including consideration of the pumping work and the pressure stresses in the tubes.
Calculation results from the model are presented next, with an optimisation of the
flow configuration conducted for each HTF. Finally, an overall comparison is pre-
sented. Through the analysis, a better understanding is developed of the impacts of
working fluid property limitations on receiver performance, including the trade-offs
between internal heat transfer, external losses, external flux distributions and pump-
ing losses.

1This chapter is based on: M. Zheng, J. Zapata, C.–A. Asselineau, J. Coventry and J. Pye, (2020)
‘Analysis of tubular receivers for concentrating solar tower systems with a range of working fluids, in
exergy-optimised flow-path configurations’, in Solar Energy, Vol. 211, p999–1016.
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2.2 Sub-system influences on receiver design

The thermal energy storage (TES) and the power block (PB) are explained next,
prior to the introduction of the whole system design.

2.2.1 Thermal Energy Storage

Thermal energy storage is an essential component in CSP as it provides the dis-
patchability at large scale to compete with intermittent alternatives such as PV and
wind. In order to understand what temperature ranges are applicable in the receiver
for different working fluids, the type of TES should be taken into consideration, to-
gether with the rest of the system, such as the power block.

Sensible thermal energy storage (STES) units directly store thermal energy by
transferring heat to a storage medium, such as molten salt, oil, water, rocks and par-
ticles. STES is frequently incorporated in CSP systems due to its low cost and relative
simplicity. It is the most direct way to store heat. Molten salt thermal storage is the
most widely used technology in current operational CSP plants. Alternative storage
materials and technologies are under development, aiming to improve the power
cycle efficiency by operating the turbine at a higher temperature range (beyond the
molten salt working temperature range). Jülich Solar Power Tower demonstrates the
possibility of storing heat by flowing hot air through ceramic elements [58].

Latent thermal energy storage (LTES) units in CSP are immature but promising
technologies to store energy. Phase-change materials (PCMs) represent a category
of substances which are able to capture the energy during the melting or solidifi-
cation process without a temperature rise. Smaller LTES could be achieved using
PCMs, when compared to STES with the same capacity. Zalba et al. [102] reviewed
over 230 references and summarised that LTES has been widely used in all walks of
life such as space, cooling of engines, building applications and thermal storage of
food. High-temperature PCM storage is quite challenging to commercialise though,
for several reason including, for example, high-temperature corrosion [103]. Besides
PCMs, the large-scale PS10 [104], PS20 and Khi Solar One [35] plants use steam ac-
cumulators, which accumulate energy in the form of pressurised hot water.

Molten soda-lime silica glass is another category which could be used as a stor-
age medium in high temperature TES unit to store heat between a semi-liquid phase
(molten state) at about 1000◦C and a solid phase at 500◦C [105].

Metallic and metalloid PCMs such as molten aluminium [106] or molten silicon
[107] energy storage concept are being considered as other possible contenders for
TES.
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2.2.2 Power Blocks

The power block is another critical component influencing the temperature ranges
for receivers. Design decisions on the receiver models and comparison of working
fluids cannot be made without considering available PB options. For example, a
sCO2 Brayton cycle allows use beyond the temperature feasible for a Rankine cycle.
The Gen3 CSP tower systems [108] revolve around the use of this emerging concept,
using temperatures above 700◦C in the receiver to unlock the use of a high temper-
ature Brayton PB. The schematic diagrams, as shown in Fig. 2.1, demonstrate the
main components of a steam Rankine cycle with reheat (left) and of a sCO2 Brayton
cycle with recompression (right). The latter involves smaller turbomachinery due to
the higher density of the sCO2, and can achieve high efficiency with relatively simple
cycle configurations, and consequently is under active development in anticipation
of potential capital cost savings. The cycle could potentially achieve a 50% efficiency
if the turbine inlet temperatures were to be raised to 700◦C [12]. Recuperation of a
large amount of heat affects the thermal efficiency of the cycle [109], by improving
cycle efficiency from reducing internal irreversibilities.

Fig. 2.1: Schematic diagrams. Left: simple Rankine cycle with reheat and regeneration (Source: Cengel
et al. [110]; Right: sCO2 Brayton cycle with recompression (Source: Jeong et al. [111]).

Shouhang and EDF are retrofitting the Dunhuang 10 MW tower plant (Phase I)
with an sCO2 power cycle and plan to commercialise a 100 MW plant (Phase II)
with sCO2 power cycle in the next 5 years [112]. Nevertheless, the sCO2 power cy-
cle has not yet been proven as a commercial technology. The immaturity of this
technology limits the commercialised application due to technical challenges, such
as near-critical compressor designs and turbomachinery to deal with high pressure,
and non-technical challenges such as cost and safety [113, 114]. The thermal and ex-
ergetic efficiency performance of a recompression Brayton cycle power plant would
be negatively affected by the sCO2 solar receiver pressure drop for a direct solar sCO2

system, which was examined by Vasquez Padilla et al. [115].
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2.2.3 Design cases considered in this study

Fig. 2.22 shows representative working fluid temperature ranges, the correspond-
ing thermal energy storage and power block throughout various tower receivers with
a fixed size of 100 m2. Systems are defined by the type of HTF in the receiver. The
feasible temperature ranges for each HTF are used to determine the possible TES
and the power block. The approach temperature differences of heat exchanger are
assumed to be 20◦C [12]. Fig. 2.2(a) shows the conventional molten salt CSP system
used in the current commercialised projects, such as Noor III [116]. Fig. 2.2(b) shows
the design of a sodium CSP system. The differences between Fig. 2.2(a) and Fig.
2.2(b) are the HTF and the heat exchanger; otherwise, these systems have the same
TES and power block capacities.

As mentioned by Mehos et al. [12], high temperatures (≥ 700◦C) are required
to achieve high efficiency in sCO2 Brayton cycle, so sodium could be an appropriate
candidate for the HTF in the receiver, which is shown in Fig. 2.2(c). Due to recuper-
ation of CO2, the temperature rise in the heat exchanger coupled to an sCO2 Brayton
cycle is about 200◦C, which is proposed in Gen3 Liquid Pathway [12]. In conjunc-
tion with the pinch temperature of 20◦C being assumed in the heat exchanger, the
temperature range of high temperature salt in the TES is then 520–720◦C. Alterna-
tively, sCO2 could be directly chosen as the HTF in the receiver, as shown in Fig.
2.2(d), although note that in this configuration no TES is considered. One concern
with sCO2 receivers is the stresses in the tube to deal with the high pressure (≥ 200
bar) conditions. The tube wall thickness, especially for the sCO2, has been carefully
studied in the following sub-sections.

Fig. 2.2(e) shows that the inlet and outlet temperature difference of an air receiver
is fixed at 200◦C. Air can operate at high temperature ranges (e.g. 800–1000◦C). How-
ever, the resultant effect of pressure and external wall temperature on tube stress may
limit its operating temperature. Therefore, the operating temperature range was not
specified in this work. The TES is assumed to be a packed-bed air TES [117] and
the PB is assumed to be a steam Rankine cycle, if the working temperatures in the
air receiver are lower than 700◦C. At higher temperatures, a sCO2 Brayton cycle can
be considered. Fig. 2.2(f) shows a water/steam receiver coupled directly to a steam
turbine to reduce system cost, again without storage being considered.

In order to make a unified comparison between working fluids in the receiver,
the temperature range of steam Rankine cycle is fixed at 270–545◦C due to the tem-
perature limitation on molten salt (see Fig. 2.2(a), which in turn limits the operating
temperature range of water/steam to 270–545◦C). It is worth noting that, in order to
show both sCO2 and water/steam to their best advantage as receiver heat transfer
fluids, they are directly coupled to the power block, as adding storage will further

2The concepts with ’freely varying’ temperature ranges were not considered at this stage of the
work, but instead later in Section 6.
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lower their second-law efficiencies due to the infeasibility of the direct storage. Iden-
tical PBs with equal temperature ranges are considered for all steam Rankine cycles.
For different working fluids, the variations of receiver temperatures are assigned ac-
cordingly, as shown in Fig. 2.2. A relatively narrow 200◦C temperature range is
evaluated based on the heat-addition temperature range for some typical recuper-
ated Brayton cycles, for the high-temperature sodium, the sCO2 and the air cycles.
In addition, there is no benefit to lowering the receiver inlet temperature (it reduces
exergy efficiency of the receiver, which is equivalent to lowering the energy efficiency
of the power block combined with receiver). Meanwhile, raising the receiver outlet
temperature is not considered feasible due to material limits.

(a) molten salt – TES: molten salt (b) sodium – TES: molten salt

(c) sodium – TES:high temp. salt (d) sCO2 – No storage

(e) air – TES: packed-bed (f) water/steam – No storage

Fig. 2.2: Conceptual designs for tower receivers with the various HTF and the corresponding TES and
power block considered in this study.
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2.3 Heat Transfer Fluids (HTFs)

This section introduces the high-temperature HTFs considered in this chapter and
discusses their prior use in CSP.

2.3.1 Intensive thermophysical properties

The efficiency of the receiver is strongly affected by the heat transfer properties
of the HTF in question. Fig. 2.3 shows the main thermophysical properties of the
five selected HTFs, at the individually corresponding outlet pressures. Fig. 2.3(a)
shows that water/steam has the highest specific heat capacity, which means that it
requires more energy to heat up or cool down the fluid across a given temperature
range, when compared to other fluids. Fig. 2.3(b) shows the variation of viscosity
for the various HTFs. Viscosity influences the energy losses associated with the
movement of fluids in the tubes as it generates heat and pressure drop. Also, it
influences the turbulence of the flow. Fig. 2.3(c) shows that liquid sodium is the
most thermally conductive fluid, and it is two orders of magnitude higher than liquid
water and molten salt. Fig. 2.3(d) shows that salt is considered to be a good thermal
storage medium in the relatively high temperature range (290–565◦C), since it has
high density (ρ, kg/m3) and relatively high specific heat capacity (cp, kJ/kg/K),
resulting in a high volumetric heat capacity (ρcp, in kJ/m3K), and consequently low
storage volume to store same amount of energy, at the same operating temperature
range.

2.3.2 Figures of Merit (FOM)

Researchers have tried to find a single way to compare the intensive properties of
specific HTFs, as a working fluid for CSP or other applications. It is recognised that
improved heat transfer comes at the cost of increased pressure drops [126]. There-
fore, it is necessary to control the pressure drop while enhancing the heat transfer. In
general, the pumping power required to give the same fluid temperature rise, can be
determined as P = ṁ∆p/ρ. The heat transfer is given by Q̇ = ṁcp∆T = hA(Tw− Tf ).
FOMs3 provided by various researchers are summarised below in Table. 2.1. The de-
tailed derivations will not be presented here. Interested readers can refer to the
respective works [127, 128, 129]. Mouromtseff [127] found that the rate of heat trans-
fer, for liquid coolants, at specified velocity and tube size, could be represented using
Dittus-Boelter correlation. Bonilla [128] provided one FOM to determine the pump-
ing power required for a given coolant temperature difference between inlet and
outlet, at specified heat rate (Q̇) and tube size. A smooth tube was assumed. The
lower the pumping power, the lower the loss. Thus, the FOM was presented as 1

p .
Another FOM was provided by Bonilla to determine the pumping power required
at a specified tube size and temperature difference between tube wall and the fluid

3The FOM analysis in this thesis is to show that it is insufficient to select the right working fluids
only based on FOM. Several FOMs are used, as an example, to support our statement. A full study of
FOM is out of the scope in this thesis.
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Fig. 2.3: Thermophysical properties of five selected HTFs as functions of temperature. Temperature
ranges: salt (290–565◦C) [118]; sodium (97.7–873◦C) [119]; sCO2 (31.1–1000◦C) [120, 121, 122]; air
(0–1000◦C) [123, 124]; water (0–324.68◦C (liquid), 324.69–1000◦C (vapor)) [125]. (a) specific heat

capacity; (b) viscosity; (c) thermal conductivity; (d) volumetric heat capacity.

to achieve a specified convection coefficient. Lenert et al. [129] suggested that the
pumping power could also be determined at specified heat flux q̇, tube length and
temperature difference between the external wall and inlet fluid. As discussed above,
the performance of the fluid as an HTF is determined by the combination of the ther-
mophysical properties. FOMs are convenient to investigate the performance of the
HTFs. By substituting the individual thermophysical properties of each HTF into
the FOM proposed by different researchers, the rankings of variable HTFs are ob-
tained as shown in Fig. 2.4. Fig. 2.4 (a), (c) and (d) show very similar trends that
sodium performs the best, followed by water. Molten salt is a reasonable choice in
the constrained temperature range. sCO2 could be considered at elevated tempera-
ture (> 600◦C). Fig. 2.4 (b) ranks water the best without considering the heat transfer
through the wall.

However, the best HTF for a tubular receiver cannot be selected based on a lim-
ited analysis of only the thermophysical properties of the fluid alone. The FOMs
provided above are only valid under specified assumptions. However, for example,
different HTFs have different working temperature ranges. The performance of cer-
tain HTF would not be best presented if the comparison was constrained within a
certain range. In addition, FOMs provide only rankings and no quantified perfor-
mance difference. Other characteristics such as mechanical stress constraints on the
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Fig. 2.4: FOM for different HTF, calculated by the different correlations as linked in Table 2.1. The
vertical axis is in a logarithmic scale. Units of measurements and absolute magnitudes have been

omitted because its only the relative magnitude that matters within each graph.

tube, exergy destruction, external losses, and tube wall conduction should also be
considered. Proper evaluation of working fluids requires a more detailed model that
brings in all of these phenomena, as discussed in the following sections.

2.4 Development of a comparative model

An approach to modelling and comparing CSP systems is to consider them as
energy chains, consisting of a tubular receiver with fixed size of 100 m2, a pump, a
simplified TES, and a simplified PB with a fixed second-law efficiency (ηII,PB) of 75%4

[85] for each working fluid. Co-optimising the PB and receivers together is beyond
the scope of this work and therefore, a fixed second-law efficiency is included to
account for some power block irreversibilities. The heat transfer correlations for in-
ternal convection for each fluid selected for this work are described. Pumping work
and pressure stresses on the tubes are considered in the modelling. In addition,
detailed receiver configurations and exergy accounting for each component of the
whole system are developed.

2.4.1 Receiver integrated model

In this chapter, tubular receivers are composed of multiple tube banks in series,
under an assumption of uniform flux. The impact of design parameters including the
number of tubes per bank, passes, and flow direction, are several of the key receiver
choices in the receiver optimisation process. The effect of varying flow direction (the
fluid flows from the centre of the receiver to the edges or from one edge to the other
edge) on the system performance is not discussed in this chapter, due to the assump-
tion of uniform flux distribution on the receiver. A Gemasolar-style receiver [95] was

4It is also a rule of thumb that is approximately true across a wide temperature range, scale, and
pressure, for commercially mature systems.
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modelled, with several tube banks /passes connected in series, with several tubes
connected in parallel in each bank, as shown in Fig. 2.5. The receiver was divided
into n segments (where n = 1005 in full flow path length), to accurately calculate
heat and hydrodynamic transfers along the front half of the tube. The back half of
the tube was assumed as an adiabatic wall, with no heat transfer in any form, as
shown in Fig. 2.6. The receiver size was fixed at 100 m2, with uniform G (1 kW/m2)
and the optical concentration ratio CR (8006), thus, the total incident energy, Q̇inc

was 80 MW. The tube lengths were fixed at 10 m. No spacing between tubes was
assumed. Manifolds were used to redistribute the internal flow from one bank to the
other. In this chapter, uniform flux was assumed, and the mass flow rate was evenly
distributed to each tube in one bank, so that mixing effects in the manifold on the
receiver can be ignored. Table 2.2 summarises all the fixed parameters considered in
this chapter. The heat losses within non-irradiated portions of the receiver pipework,
including the manifolds, have been ignored, on the assumption that good insula-
tion will make such heat loss negligible compared to the losses from the exposed
pipework. The pressure drops within the unexposed pipework and manifolds are
also neglected since, as seen later, exergy destruction due to flow friction is rather
negligible compared to other effects, for all cases except for some designs using air,
which is anyway not found to be the preferred fluid. Nevertheless, the pressure
drops in the manifolds are considered and modelled in Sec. 5.3.4.2 in the context of
experimental results (Chapter 5).

Fig. 2.5: Left: Configuration of a Gemasolar-style receiver modelling [95]. Note that in this study, we
consider the receiver to be flat, not cylindrical. Right: the flow configuration considered in the present

work, with a uniform incident flux. ntubes,receiver =
W
do

. Manifolds are not considered. Sample flow
segments are numbered as shown next to the tube banks.

5This number was selected to avoid exceeded computing cost, but not to affect the accuracy of the
results. A mesh sensitivity study was conducted, but no details were included here. Note that this
section uses uniform flux, which means that relatively limited mesh effects arising here. Section 3.3.5
includes a mesh sensitivity study due to the non-uniform flux used in Chapter 3.

6This CR has been adjusted for air case in Section 2.5.3, to study the effect of varying the CR on the
exergy efficiency of the air system.
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Table 2.2: Summary of the fixed parameters in this chapter.

Areceiver (m2) Lreceiver (m) G (kW/m2) CR spacing between tubes ηII,PB (%)

100 10 1 800 0 75

Fig. 2.6: Left: side view of an individual receiver tube. Middle: detailed energy balance, per segment.
Right: top view.[130]

2.4.2 Energy and exergy accounting

Governing energy and exergy balance equations at steady state, used in this chap-
ter, are described here. The incident energy per segment into a rectangular-shape
billboard receiver is balanced by the reflection loss (Q̇refl,rec,i) and the absorbed en-
ergy (Q̇abs,rec,i).The absorbed energy is then balanced by segmental external losses by
radiation (Q̇ext,rad,rec,i) and convection (Q̇ext,conv,rec,i), and net energy flow (Q̇net,rec,i).
Spillage losses were not considered in this chapter.

Q̇inc,rec,i = G ·CR · Aaper,i = Q̇abs,rec,i + Q̇refl,rec,i, (2.1)

Q̇refl,rec,i = (1− αeff) Q̇inc,rec,i, (2.2)

Q̇abs,rec,i = Q̇ext,rad,rec,i + Q̇ext,conv,rec,i + Q̇net,rec,i, (2.3)

Q̇ext,rad,rec,i = εiσAext,i

(
T4

ext,i − T4
amb

)
, (2.4)

Q̇ext,conv,rec,i = hextAext,i (Text,i − Tamb) , (2.5)
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Q̇net,rec,i =
1
2

2πkLi (Text,i − Tint,i)

ln do
di

, (2.6)

Q̇net,rec,i = hint,i Aint,i (Tint,i − THTF,i) , and (2.7)

ṁ
[
(ho − hi) +

1
2
(
V2

o −V2
i
)]

= Q̇net,rec,i. (2.8)

where G is the direct normal irradiance in W/m2, CR is the concentration ratio,
Aaper,i =

WL
n . In total, there are n sequential segments in the receiver. The effective

absorptivity, αeff =
α

α+ 2(1−α)
π

= 0.9676, where 2/π compensates the cavity behaviour

on a per-aperture-area basis at the front half of the tube to allow for the two-surface
radiosity that will occur in the crevices between tubes. Aext,i = 1

2 πdextLext,i is the
area of the front half external tube segment, Tamb = 20◦C, and k = 20 W/(m·K) is
an approximately average thermal conductivity value for the tube [131, 132, 133] (as
shown in Fig. 2.7 ) and the conduction is assumed to occur only radially. hext = 30
W/(m2 ·K) is an approximate mid-range mixed external convection coefficient value
based on expected operational conditions [134]. The equivalent temperature of radi-
ation of surrounding objects is assumed to be Tamb as the maximum temperature of
the surroundings is quite low, and due to T4 effects, it is not likely to have a strong
effect. Eq. 2.6 is used to calculate tube wall conduction. Eq. 2.7 calculates internal
convection.

Fig. 2.7: Wall conductivities for a range of materials. Source: [131] (SS316), [132] (Alloy 617) and [133]
(Alloy 740H).

The emissivity εi values, as a function of an absolute temperature in Kelvin, were
determined by a curve-fit plot from Ho et al. [135]:

εi = 0.1477 loge (Text,i − 264.6K)− 5.671× 10−6 (Text,i − 264.6K)1.3078 + 0.4988 (2.9)

For a steady-state control volume, the total incident exergy in the receiver (Ẋinc,rec)
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is the sum of the exergy lost (Ẋloss,rec), the exergy destruction (Ẋdest,rec) and the net
exergy (Ẋnet,rec) in each receiver segment. Hence, the exergy rate balance of the whole
receiver is defined as:

∑
rec,i

Ẋinc,rec,i = ∑
rec,i

Ẋloss,rec,i + ∑
rec,i

Ẋdest,rec,i + ∑
rec,i

Ẋnet,rec,i, (2.10)

where Ẋinc,rec,i indicates the total exergy in incident sunlight and is calculated
using Petela’s formula [136], which ignores atmospheric scattering and absorption
effects, and mirror imperfections, which would otherwise generally tend to reduce
the exergy-to-energy ratio of the solar radiation:

Ẋinc,rec,i = Q̇inc,rec,i

(
1− 4

3
Tref

Tsun
+

1
3

(
Tref

Tsun

)4
)

, and Ẋnet,rec,i = ṁ (φi − φo) . (2.11)

where Tref is the reference temperature and is set to be 20◦C.

A study by Asselineau et al. [93] examines the important effect of optical errors
such as slope error, sun shape and mirror quality on the exergy performance of solar
thermal concentrators. However, this effect was not considered in this chapter as the
same energy input was used to make relative comparisons. φ denotes flow exergy,
φ = h− href − Tref (s− sref) +

1
2 V2.

Ẋloss,rec,i indicates the exergy lost to the surroundings by heat transfer across the
surface of receiver segment at Text,i and Ẋdest,rec,i indicates internal irreversibilities in
the receiver. The exergy losses and exergy destructions (internal irreversibilities) in
the receiver segment are accounted as follows:

Ẋloss,rec,i = Ẋloss,refl,rec,i + Ẋloss,ext,rad,rec,i + Ẋloss,ext,conv,rec,i, and (2.12)

Ẋdest,rec,i = Ẋdest,abs,rec,i + Ẋdest,wall,rec,i + Ẋdest,int,conv,rec,i + Ẋdest,flow,rec,i. (2.13)

More specifically, each exergy loss term in Eq. 2.12 is accounted as follows:

Ẋloss,refl,rec,i = (1− αeff) Ẋinc,rec,i, (2.14)

Ẋloss,ext,rad,rec,i = Q̇ext,rad,rec,i

(
1− Tref

Text,i

)
, and (2.15)

Ẋloss,ext,conv,rec,i = Q̇ext,conv,rec,i

(
1− Tref

Text,i

)
. (2.16)
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Each exergy destruction term in Eq. 2.13 is accounted as follows:

Ẋdest,abs,rec,i = Ẋinc,rec,i − Ẋloss,refl,rec,i − Q̇abs,rec,i

(
1− Tref

Text,i

)
, (2.17)

Ẋdest,wall,rec,i = Q̇net,rec,i

(
Tref

Tint,i
− Tref

Text,i

)
, (2.18)

Ẋdest,int,conv,rec,i = Q̇net,rec,i

(
Tref

To,i
− Tref

Tint,i

)
, and (2.19)

Ẋdest,flow,rec,i = Q̇net,rec,i

(
1− Tref

To,i

)
+ ṁ (φi,i−1 − φi,i) . (2.20)

Ẋnet,rec,i indicates the net exergy gain with the working fluid, considering the
pressure changes and kinetic energy.

Ẋnet,rec,i = ṁ (φo,rec − φi,rec) (2.21)

The second-law efficiency of the receiver (neglecting the pump and power block)
is:

ηII =
∑ Ẋnet,rec,i

∑ Ẋinc,rec,i
=

Ẋnet,rec

Ẋinc,rec
(2.22)

The exergy destruction in the pump is calculated as follows:

Ẋdest,PU = ẆPU − ṁ (φo,PU − φi,PU) (2.23)

where ẆPU is the rate of the pump work, and is defined in Sec. 2.4.5.

The exergy destruction in the PB is calculated as follows:

Ẋdest,PB = (1− ηII,PB)ṁ (φo,rec − φi,PU) (2.24)

The second-law (exergy) efficiency of the Rankine power block (PB) ηII,PB, with a
conventional Rankine cycle is assumed to be 75% [85].

The overall second-law efficiency of the system (including pump and power
block) is the ratio of net work to the exergy of the sun reflected by the heliostat
field,

ηII,sys =
Ẇnet

Ẋinc,rec
=

Ẋnet,rec − Ẋdest,PU − Ẋdest,PB

Ẋinc,rec
(2.25)

As an example of these calculations, a Sankey diagram (in Fig. 2.8), demonstrates
how the different exergy flows combine.
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Fig. 2.8: A Sankey diagram to diagrammatically explain how the different exergy flows combine
(add/remove, etc).

2.4.3 Pressure drop

The 1D momentum balance in the receiver, with no heat change, is:

∑
rec,i

(po,rec,i − pi,rec,i) = ∑
rec,i

[
(∆p)fric,rec,i −

(
ρo,rec,iV2

o,rec,i − ρi,rec,iV2
i,rec,i

)]
(2.26)

The pressure drop due to friction is calculated using the Darcy-Weisbach friction
factor fD, where friction factor fD is assumed for turbulent, fully developed, smooth
walls and (3000 < Re < 5× 106), as noted in Section 2.4.1.

(∆p)fric = − fD
1
2

ρV2
i

L
di

(2.27)

The exampled receiver model codes are included in Appendix A, which use
molten salt as the working fluid.

2.4.4 The correlations for internal convection

The internal heat transfer coefficient is one of the main factors to examine the
effectiveness of the working fluid. It is determined by the Nusselt number (Nu =
hintdi

k ), which is the function of Reynolds number (ReD = ρVdi
µ ) and Prandtl number

(Pr = cpµ
k ). For the range of working fluids, suitable internal convection correlations

should be carefully considered to best represent the fluid. For molten salt, sCO2 and
air, the Gnielinski Correlation in [137] has been selected as it is widely used for fully
developed turbulent flow in smooth tubes with uniform heat flux, or for gases, for
3000 ≤ ReD ≤ 5× 106 and 0.5 ≤ Pr ≤ 2000. All properties are evaluated at bulk fluid
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temperatures.

Nu =
fD
8 (ReD − 1000)Pr

1 + 12.7
(

fD
8

)0.5 (
Pr

2
3 − 1

) (2.28)

where fD is Darcy friction factor and for smooth tubes:

fD = (0.79 ln (ReD)− 1.64)−2.0 (2.29)

To simplify the modelling simulations, smooth tubes are assumed in this chapter.
A comparison is made between smooth and rough wall assumptions as they relate to
heat transfer and pressure drop. In general, the pressure loss due to friction is calcu-
lated using the Darcy friction factor fD, as fD = f

(
ReD, e

di

)
, where e

di
is the relative

roughness of the tube. For a turbulent flow with a Re value of 105 and V of 4 m/s,
assuming relative roughness is approximated to be ( 0.046 mm

50 mm = 9.2× 10−4) based on
a common commercial steel tube, and with an inner diameter of 50 mm and a length
of 10 m, it can be shown that friction factor fD, the internal heat transfer coefficient
and the pressure drop are accurate to within 25%, 10% and 12% respectively, under
smooth tube assumption. Besides the accuracy, the smooth flow assumption may
negatively influence the system efficiency by underestimating the pumping work re-
quired.

Liquid sodium requires different correlations due to its very low Prandtl number,
typically in a range from 0.004 to 0.0075. Its high thermal conductivity and very low
Prandtl number indicate that the thermal conduction is more significant compared
to convection, so the thermal diffusivity is dominated by molecular conduction until
Re > 2.14× 105 [138]. Since the Gnielinski correlation is not valid for liquid sodium
with such a low Prandtl number, four commonly-used correlations of heat transfer
for liquid metal have been compared and described (Fig. 2.9).

For those liquid metals with slightly larger Prandtl number and Reynolds num-
ber, 0 < Pr ≤ 0.1 and 104 ≤ Re ≤ 5× 106, Lyon and Martinelli, suggested the follow-
ing correlation (as given by Foust [139]):

Nu = 7.0 + 0.025
(

ReDPr
0.85

)0.8

(2.30)

Lubarsky and Kaufman [141] recommend the following correlation, for the case
of the most of fully developed flows of fluids, ReDPr < 200:

Nu = 0.625 (ReDPr)0.4 (2.31)

Skupinski et al. [140] recommended that the equation below could best represent
sodium–potassium alloy (i.e. Nak) flow, for fully developed, turbulent, smooth tubes
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Fig. 2.9: Heat transfer performance of liquid sodium in the temperature range 200–900◦C: (a) Prandtl
number, (b) Reynolds number, (c) Nusselt number and (d) heat transfer coefficient, based on the

correlations of Lyon and Martinelli (as given by Foust [139]) , Skupinski et al. [140], Lubarsky and
Kaufman [141] and Cheng and Tak. [142], with flow parameters d = 20 mm and ṁ = 3 kg/s.

with uniform flux, 3× 10−3 ≤ Pr ≤ 5× 10−2, 3.6× 103 ≤ Re ≤ 9.05× 105:

Nu = 4.82 + 0.0185 (ReDPr)0.827 (2.32)

Using data from experiments with ReDPr ≥ 2000 for Lead Bismuth Eutectic
(LBE), Cheng and Tak7 [142] gave that:

Nu = 3.6 + 0.018 (ReDPr)0.8 (2.33)

The Sodium-Nak Engineering Handbook [139] suggested that the correlation of
Skupinski may be the best for sodium. On that basis, with the lack of further liter-
ature, and noting that it is the middle of the range compared to other correlations,
this correlation has been selected for use in the present work.

Flow boiling of water/steam is a complex phenomenon due to the phase change,
and requires special correlations. In this study, all tubes in a bank are assumed to
experience the same flow rate and same incident flux distribution. The flow instabil-
ities in two-phase flow that leads to unequal flows in parallel pipes can be mitigated
through the use of orifice plates [143]. For the fluid in the single phase regions (either

7Referring to Cheng and Tak, there is a wide range of Nu values depending on the different ex-
perimental data set. Cheng mentions a range of reasons for the variation. There has not been, to our
knowledge, any work that provides clarity on which is most accurate, especially as relates to sodium.
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liquid water or super-heated steam), and for Re < 105, the Gnielinski correlation [137]
(Eq. 2.28) is used. For Re≥ 105, a correlation suggested by Petukhov [144] is used as:

Nu =
fD
8 (ReDPr)

1.07 + 12.7
(

fD
8

)0.5 (
Pr

2
3 − 1

) (2.34)

For the fluid in two-phase saturated mixtures with a steam quality in the range
of 0 < x ≤ 0.8, the Kandlikar correlations [145] were used (see Appendix B), while
in the range of 0.8 < x ≤ 1 and 0.88 ≤ Pr ≤ 2.22, the Groeneveld correlation [146]
was used, similarly to the approach used by Zapata et al. [94].

2.4.5 Pump Work

The pressure drop across the receiver should be critically designed as it affects
the pumping work required to supply the needed upstream inlet pressure. The large
pump work and the extra costs for a larger pump should be avoided. In general,
there is a trade-off between pressure drop and convection heat transfer.

In this work, liquids are treated as incompressible fluids. Pump work is defined to
be negative when the system is doing work on the pump. Since it has been assumed
that there is no heat transfer across the pump, if changes in potential energy are
negligible, the energy balance of the pump and the isentropic pump efficiency (was
set to 0.8) of a pump, assuming equal diameter pipes at inlet and outlet, are then
reduced to:

0 = −ẆPU + ṁ
(

hi − ho +
V2

i −V2
o

2

)
(2.35)

ηis =


ṁvo (po − pi)

−ẆPU
(incompressible)

ṁ (ho,is − hi)

−ẆPU
(compressible)

(2.36)

For the compressible gas like sCO2 and air, the pump is working as a compres-
sor which increases the pressure of the gas, by reducing the volume. The ideal gas
equation (pv = RT) is applied to air. The work done on the pump increases the tem-
perature of the gas, when the gas cannot be compressed to a smaller specific volume.

2.4.6 Pressure stresses on the tube

The tube dimensions (outer diameter and wall thickness) considered in this work
are taken from ASME B36.10 [147]. For thin walled tubes ( r

t ≥ 10), the stresses in the
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circumferential direction and axial direction are determined as :

σθ =
pr
t

; σz =
pr
2t

(2.37)

For thick walled tubes ( r
t < 10), the stresses at the inside surface considering only

internal pressure, are calculated as the following [148]:

σθ = pi

[
r2

i + r2
o

r2
o − r2

i

]
; σz =

pir2
i

r2
o − r2

i
; σr = −pi (2.38)

Maximum distortion energy theory [149], also referred to as the von Mises yield
criterion, is then applied. The equivalent stress is calculated as:

(σθ − σz)
2 + (σz − σr)

2 + (σr − σθ)
2 = 2σ2

Eq (2.39)
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Fig. 2.10: Max. allowable stresses in MPa as a function of temperature for HAYNES® 230® [150]

The maximum allowable stress as a function of temperature for HAYNES® 230®

is plotted in Fig. 2.10. A Fsafety,min of 1.2 (Fsafety = σallow
σEq

) is preliminarily set to
determine the minimum wall thicknesses by avoiding exceeding the yielding stress
in the tubes. For the case of sCO2 receivers which suffer from the high internal
pressures, this minimum safety factor might be underestimated. HAYNES® 230®

[151] is considered as the tube material in this chapter. It is a nickel-chromium-
tungsten-molybdenum alloy, which has longer thermal stability and lower thermal
expansion when compared to other high-temperature alloys. Alternative materials
are studied in Chapter 6. The evaluation of alternative materials of construction is
not included within the scope of the present chapter. Thermal stresses including
creep and fatigue damage, are important considerations on tube material selection
and appropriate tube wall thickness [72], but are not considered in the present work.
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2.5 Results and Discussion

The thermal model is solved using the equation-based ASCEND modelling en-
vironment [152] with up to 104 nonlinear equations. Python codes, as a wrapper
around the core model, are implemented to handle the parameter exploration. In the
model, fixed parameters are receiver geometry (W and L), CR, n (i.e. i), Ti,PU, To,rec,
po,rec, hext, ηII,PB and ηPU. Free parameters are nbanks, do, and t. The second-law ef-
ficiency of the system ηII, sys is the optimised parameter. The calculation procedure
starts from setting fixed input parameters, po,PU and an initially guessed ṁ, but free
To,rec and po,rec. Once this initial procedure is converged, the To,rec and the po,rec are
fixed and then the model is solved again using QRSLV non-linear equation solver
[152] with ṁ and po,PU being free variables. Once a robust solution has been found,
a broad range of receiver configurations are analysed by varying some of the input
parameters (i.e. nbanks, do, t) to examine the first and second law efficiencies of the
receiver and the whole system (i.e. parametric studies). The optimal receiver designs
are identified from the results of the parameter sweeps on the above-mentioned in-
put variables.

2.5.1 Molten salt, liquid sodium and water/steam receivers

The effect of varying the tube diameter, wall thickness8 and flow configurations
for a molten salt receiver are studied, and shown in Fig. 2.119. Fig. 2.11(a) shows the
exergy efficiency for a molten salt receiver only, while Fig. 2.11(b) shows the exergy
efficiency for molten salt system, including the effect of the receiver losses, pump-
ing losses and PB losses. Overall results are shown later in Table 2.5. Reducing the
tube diameter improves internal heat transfer, resulting in reduced exergy destruc-
tion in internal convection and external losses, due to lower inner and outer wall
temperatures. A larger number of banks increases the tube friction due to increased
fluid velocity, resulting in improved heat transfer enhancement and hence higher ef-
ficiency for the receiver. However, small-diameter tubes and a large number of banks
increases the pressure drop across the receivers, consequently requiring increased
pumping work. The trade-off between receiver efficiency and pumping losses leads
to an optimum in system efficiency, which here is a molten salt receiver with fewer
tube banks, dropping from five banks (i.e. the best case for the receiver only) to two
banks (i.e. the best base for the whole system).

Without thinking about the costs or material limits, the best molten salt case
(do = 10.3 mm, nbanks = 2, ∆prec = 16.93 bar, ηII = 41.42%) has been found, as la-
belled on Fig. 2.11 (b). Pump isentropic efficiency and power block exergy efficiency
were assumed to be 80% and 75%, respectively [85]. The regions with laminar or

8For each outer tube diameter, the corresponding wall thickness is determined based on the standard
(STD) ASME B36.10 specifications.

9These figures require to be printed in colour, please consult the original pdf if you use the black-
and-white copy.

38



Chapter 2. Analysis of tubular receivers for concentrating solar tower systems with a range
of working fluids, in exergy-optimised flow-path configurations

1 2 3 4 5 6 7 8 9 10
No. of banks

50

100

150

200

T
u
b
e
 d

ia
m

e
te

r 
(m

m
)

la
m

in
a
r 

fl
o
w

best case 
 ηII = 56.05%

6
12
18
24
30
36
42
48
54
60

S
e
co

n
d
 la

w
 e

fficie
n
cy

(a) ηII,rec
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(b) ηII,sys

Fig. 2.11: The exergy efficiency for (a) molten salt receiver only, and (b) of the whole system (molten
salt rec. + pump + Rankine cycle). The receiver is operating from operating from 290–565◦C. Red

dots on the bottom right of each figure indicate infeasible points where the pressure drops are over
100 bar. A laminar flow region appears as the simulation couldn’t be converged if the Reynolds

number was set more than 2000. In addition, the laminar flow only appears when the receivers have
very few banks/bends. The lower bound on tube size is 10.3 mm, which is the smallest

readily-available size under ASME B36.10 specifications. Solid efficiency lines clearly show the trend
of the relationship between tube diameter and number of banks, that is, large-diameter tubes should

configure with more banks in series to improve internal heat transfer when compare to
small-diameter tubes if same second law efficiency is to be achieved.

(a) 10.3 mm to 219.1 mm (b) 10.3 mm to 50 mm (c) 10.3 mm to 27 mm

Fig. 2.12: Localised pressure drops for studied molten salt receivers, as functions of varying tube size
and flow configuration. The figure is divided into plots ((a): 10.3 mm to 219.1 mm; (b): 10.3 mm to 50
mm; (c): 10.3 mm to 27 mm) showing different ranges of tube sizes, for clarity. Red dots on the bottom

right of each figure indicate that the pressure drops are over 100 bar.
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transition flow (Re < 3000 ) caused by a large-tube with one bank connected in se-
ries and the regions with large pressure drops (> 100 bar) have been masked off.

Localised pressure drops for the studied molten salt receiver are shown in Fig.
2.12. Fig. 2.12(a) illustrates a complete picture of the pressure drop for a range of
tube diameters and number of banks. The pressure drop increases rapidly for small
tube sizes. The largest pressure drop occurs when nbanks = 5 and do = 13.7 mm. Fig.
2.12(b) provides a closer look at those tube diameters of interest commercially and
Fig. 2.12(c) shows that with small-diameter tubes, pressure drop is very sensitive to
the number of banks connected in series.

However, small tubes are costly to weld and the receiver should deploy a pump
with high pressure drop which may increase the cost as well. Hence, from a cost
point of view, it would be better to have larger tubes with fewer welds and sim-
pler manufacturing. For example, for a specified configuration with larger tubes
(do = 48.3 mm, nbanks = 10, ∆prec = 4.32 bar, ηII = 40.73%), the 0.7% drop in ef-
ficiency would be potentially paid off by a cheaper pump and a longer lifespan of
tubes with less pressure stress. By way of example, it is noted that commercial salt
receivers use tubes of approximate 23 mm in Solar Two [13] and 40.9 mm in Abengoa
Solar [153].
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(a) sodium, operating from 310–585◦C
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(b) sodium, operating from 540–740◦C

Fig. 2.13: Exergy efficiency ηII,sys, including the receiver and pump losses, for systems using sodium,
as functions of varying tube size and flow configuration.

The optimal second-law efficiency for the whole system, including pumping and
power block losses, is next examined for sodium, as shown in Fig. 2.13. The oper-
ating temperature range (310–585◦C) of the sodium receiver (Fig. 2.13(a)) allows for
a sodium-salt heat exchanger (Fig. 2.2(b)) and ensures that the comparison between
sodium and molten salt systems is being done under the same power block condi-
tions. Points with Re > 9.05× 105 are masked off due to the limits of the available
heat transfer correlations. The results show that the sodium receiver was more effi-
cient than that with molten salt. The sodium receiver is less sensitive to variations of
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tube dimensions and flow configurations owing to its high thermal conductivity. Ad-
ditionally, with fewer banks connected in series, sodium had better performance than
molten salt. Referring to Mehos et al. [12], one way to improve the system efficiency
was to improve the thermal-to-electricity efficiency by operating the sCO2 Brayton
cycle at high temperature (> 700◦C). This could be achieved by using high tempera-
ture liquid sodium as the HTF in the receiver (Fig. 2.13(b)). The design case refers
to Fig. 2.2(c). The receiver efficiency was increased due to low exergy destruction
in absorption and in wall (Fig. 2.16). In order to store energy at high temperature,
conventional molten salt cannot be used. Hence, other storage materials could be
considered here, such as carbonate or chloride salts [154], PCM materials and molten
glass as mentioned in Section 2.1.

However, an examination of exergy destruction in the heat exchanger is required
for the best sodium case, in order to make a fair comparison with the best molten
salt case. A simple calculation of the exergy destruction based on a 20◦C pinch tem-
perature is assumed for this heat exchanger, and gives exergy destruction of 0.8 MW,
which is significant but not enough to erase the benefit of the sodium compared to
the molten salt. Costs analysis will be conducted in Chapter 6. Full treatment of the
receiver and heat exchanger will be conducted in Chapter 7.

Similar to molten salt, the most efficient water/steam receiver should have small-
tubes with a few tube banks in series, as shown in Fig. 2.14. Gas flow can be treated
as incompressible for low Mach number (Ma = V/c < 0.3), as the compressibility
effects are insignificant, less than about 3% [155]. The speed of sound of steam, csteam

at 545◦C, 120 bar is 667.56 m/s. Therefore, those receiver designs with V > 200.268
m/s were not shown on this figure. The exergy efficiency of the best water/steam
system is 38.75%, which is 3% lower than the molten salt system, and 7% lower than
the high-temperature sodium system. Further discussion on the differences between
these fluids is provided in Section 2.5.4 further below.

2.5.2 sCO2 receiver

The sCO2 system should be treated carefully, as it was designed to operate at high
temperature range and high pressure. The ideal-case scenario for sCO2 would be a
receiver with negligible pressure drop across the inlet and outlet (i.e. pi ≈ po) and
negligible temperature difference cross the external wall and the fluid (i.e. Text,rec ≈
To). Table 2.3 shows the minimum tube wall thickness required for this ideal-case
scenario, as calculated using von Mises criterion. Tubes with DN greater than 80
have been crossed out due to the infeasibility of Fsafety,min = σallow

σEq
< 1.2. σEq is calcu-

lated using Eq. 2.38 and Eq. 2.39 by assuming an inlet pressure of pi = 200 bar, while
σallow is interpolated from Fig. 2.10 at 700◦C.

Next, Fsafety for each sCO2 receiver using standard tubes, calculated Text,rec and

41



2.5. Results and Discussion

1 2 3 4 5 6 7 8 9 10
No. of banks

50

100

150

200

T
u
b
e
 d

ia
m

e
te

r 
(m

m
)

best case 
 ηII = 38.75%

7

12

17

22

27

32

37

42

47 S
e
co

n
d
 la

w
 e

fficie
n
cy

Fig. 2.14: Exergy efficiency ηII,sys, including receiver and pump losses, for systems using water/steam,
as functions of varying tube size and flow configuration. The receiver is operating from 270–545◦C.

Red dots on the bottom right of the figure indicate that the pressure drops are over 80 bar.

Table 2.3: The minimum tube wall thicknesses for the ideal-case sCO2 receivers, at 700◦C and 200 bar.

DN DN6 DN8 DN10 DN15 DN20 DN25 DN32 DN40

OD (mm) 10.3 13.7 17.1 21.3 26.7 33.4 42.2 48.3

tmin (mm) 1.65 2.20 2.75 3.42 4.29 5.37 6.78 7.76

DN DN50 DN65 DN80 DN90 DN100 DN125 DN150 DN200

OD (mm) 60.3 73.0 88.9 101.6 114.3 141.3 168.3 219.1

tmin (mm) 9.69 11.73 14.28 16.32 18.63 22.70 27.04 35.20

42



Chapter 2. Analysis of tubular receivers for concentrating solar tower systems with a range
of working fluids, in exergy-optimised flow-path configurations

calculated pressures is determined. With current receiver design points (80 MW on
a receiver of 100 m2, CR = 800), it appears impossible to obtain a feasible design
for sCO2 using standard tubes, in terms of finding appropriate tube size and wall
thickness to meet the criterion of Fsafety > 1.2. One possible solution to increase the
safety factor is to lower the concentration ratio and increase the receiver size, while
keeping the total energy on the receiver as same as 80 MW. The feasible cases were
found with CR = 160, as shown in Fig. 2.15. All the red dots in the figure indicate
that Fsafety was smaller than 1.2. Reducing the CR results in low heat transfer in the
receiver, consequently greatly reduces the system efficiency.

Fig. 2.15: Exergy efficiency ηII,sys, including receiver and pump losses, for systems using sCO2, as
functions of varying tube size and flow configuration. Only a limited set of were feasible for the sCO2
system with CR = 160, as highlighted using red frames. The 17 mm tube is infeasible at its specified

available thicknesses.

2.5.3 Air receiver

Under the assumptions in this study, the air system had uncompetitive perfor-
mance due to poor heat transfer, which led to large exergy destruction in wall con-
duction and in internal convection. The trade-offs between external thermal radia-
tion, internal convection and pumping losses for the air receiver were reflected in
the system second-law efficiency, as shown in Fig. 2.16. A sensitivity study (in Ta-
ble 2.4) was conducted to further evaluate the performance of the air system. For
a given amount of Q̇inc (here, 80 MW), the receiver aperture area was determined
by the CR (Aaper = Q̇inc

G·CR ). At each pressure and each CR, the most efficient system
was chosen by varying the temperature range and nbanks. The results show that air
operating in the lower pressure range was less efficient than in the elevated pres-
sure range. A large consumption of pumping work resulted in a large amount of
heat generation due to compression, since pressure and temperature were directly
proportional, which reduced the system efficiency. An intercooler could be used to
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reduce pumping work. At increased pressure (e.g. 100 bar), the pressure drop across
the receiver would not cause as much pumping work as occurs at low pressure (e.g.
8 bar). Hence, with slightly larger nbanks = 3, better internal heat transfer occurred,
and consequently the system efficiency was increased. The best-case ηII,sys for the air
receiver was identified as 36.43%.

Table 2.4: Exergy efficiency (ηII,sys) of the air system for varying pump inlet pressure and concentration
ratio, all presenting the best-efficiency scenario after varying the operating temperature range, and
nbanks.

Exergy efficiency (%)

Pressure (bar) CR = 800 CR = 640 CR = 400

8 infeasible:ẆPU > Ẇelec infeasible:ẆPU > Ẇelec 23.94

13 14.49 24.79 30.22

27 33.45 34.49 32.24

50 33.41 34.63 32.64

100 35.41 36.43 36.32

2.5.4 Overall comparison

Table 2.5 summaries the optimal configurations of flow for each fluid. It shows
that sodium had the highest performance, followed by molten salt. Detailed exergy
accounting is summarised in Fig. 2.17. Sodium performed the best among the se-
lected fluids, especially in the higher temperature range. In contrast to salt, sodium
is capable of supplying heat to a high-temperature sCO2 Brayton cycle, which has
higher thermal-to-electrical efficiency and may cost less than the steam Rankine cy-
cle. The performance of the sodium receiver in the lower temperature range is only
marginally better than salt due to the lower external wall temperature, before consid-
eration of the exergy losses in the heat exchanger. Detailed exergetic consideration
in the sodium receiver coupled with a heat exchanger will be investigated in Chapter
7. Molten salt is still a competitive source as a working fluid in the receiver, and to-
gether with its dual role as HTF and TES, and its low price, it is the most commonly
used HTF in central tower CSP systems today. Water/steam can connect with the
steam turbine directly, which saves cost on equipment such as the heat exchanger,
but is difficult to integrate with storage. During the boiling process, exergy destruc-
tion in absorption was large due to the low external wall temperature, while exergy
losses in external radiation was low. It seems that sCO2 was not a promising HTF
choice for the receiver. To deal with high working temperature and pressure in the
receiver tubes causes greater exergy losses than the anticipated savings arising from
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2.5. Results and Discussion

direct connection to an sCO2 Brayton cycle. Air was not a strong HTF due to its poor
thermophysical properties, which caused extremely high external wall temperatures.
Air had the largest exergy destruction in internal convection and in pumping work,
among all the fluids. It had to operate at lower temperature with low flux to avoid
high external wall temperature, even though it had the ability to work at a high tem-
perature range (e.g. 800-1000◦C). Air receivers, if feasible, would need to make use
of channels with some form of enhanced heat transfer, as earlier noted.

Table 2.5: Summary of the best-case receiver configurations identified for each HTF. It is noted that
To,PU = Ti,rec.

Molten Salt
(290–565◦C)

Sodium
(310–585◦C)

Sodium
(540–740◦C)

sCO2
(500–700◦C)

Air
(279–479◦C)

Water
(270–545◦C)

Case #1 #2 #3 #4 #5 #6
Text,rec (◦C) 642.97 639.16 789.58 718.56 680.39 653.57

Fsa f ety,von_Mises 20.14 64.17 13.20 1.27 1.39 2.39
CR 800 800 800 160 640 800

Ti,PU (◦C) 290 310 540 500 278.95 270
Ti,rec (

◦C) 290.74 310.52 540.93 503.46 282.42 270.77
To,rec (◦C) 565 585 740 700 478.95 546.25
pi,PU (bar) 1 1 1 200 100 120
pi,rec (bar) 17.93 5.76 8.72 204.20 101.85 144
po,rec (bar) 1 1 1 200 100 119.60
V (m/s) 5.59 7.08 9.69 15.51 41.04 78.53

do (mm)/DN 10.3/DN6 10.3/DN6 10.3/DN6 13.7/DN8 48.3/DN40 10.3/DN6
t (mm)/Sch 1.73/Sch40 1.73/Sch40 1.73/Sch40 3.02/Sch80 3.68/Sch40 1.73/Sch40

nbanks 2 1 1 2 2 3
ntubes, per bank 485 970 970 364 103 323

Mach No. - - - - 0.075a 0.12
ηI,rec (%) 89.65 90.00 83.81 41.79 85.03 91.40
ηII,rec (%) 55.45 56.72 60.92 29.52 49.43 51.73
ηII,PU (%) 47.73 49.24 63.52 91.20 78.45 89.03
ηII,sys (%) 41.42 42.42 45.47 21.92 36.43 38.75

ẆPU (MW) 0.19 0.14 0.31 0.53 1.18 0.18
Ẇnet (MW) 30.90 31.79 33.92 16.35 27.18 28.91

a Speed of sound of air, Cair, at 478.95◦C is 549.62 m/s

2.5.5 The effects of varying the temperature ranges, Tsky and hext on overall
comparison

A sensitivity study was conducted, varying the temperature ranges (varying
Ti but keeping To), varying Tsky (range: 0–90◦C10) and varying hext (range: 10–40
W/(m2·K)), relative to the base-case being the high-temperature sodium receiver case

10It is acknowledged that the sky temperature could even reach to –50◦C, as discussed by Karn et al.
[156]. However, our study emphasises that the effect of changing the sky temperature still be expected
to be quite minor for these systems, due to the high CR.
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in this chapter.

Regarding receiver inlet temperature, it is found that lowering the receiver inlet
temperature leads to an increased thermal efficiency (Fig. 2.18a), but a decreased
exergy efficiency (Fig. 2.18b). The decreased thermal efficiency at higher inlet tem-
perature is due to larger convective and radiative losses at the higher temperatures.
These increased energy losses are counteracted in the case of exergy efficiency by
the decreased exergy destruction in absorption that occurs at higher temperatures
(i.e. it is beneficial to collect heat at the highest possible temperatures). Further
increasing the receiver inlet temperature beyond 540◦C (with receiver outlet temper-
ature held constant) would give further gains, however these gains have implications
on the storage design, power block performance, and pumping flow rates, and a
proper treatment of these is beyond the scope of the present work in this chapter.
The follow-up works to look at performance-optimised receivers with varying tem-
perature range including thermoelastic stress, tube material and cost analysis are
addressed in Chapter 6.

(a) Energy efficiency (b) Exergy efficiency

Fig. 2.18: Sensitivity of (a) first- and (b) second-law efficiencies of the sodium receiver to varying inlet
temperature (x axis), external convection coefficient (plot symbol), and sky temperature (plot colour).
The receiver outlet temperature is held at 740°C. The inset in the right-hand plot highlights the small

effect of sky temperature in the range 0 – 90◦C on ηII. Top "star" line is the result when hext = 10
W/(m2·K), while the bottom "star"line is when hext = 40 W/(m2·K).

Regarding the external convection coefficient, it is found that an increase in its
value from 10 to 40 W/(m2·K) causes reduction of 3–4% in energy efficiency, or 2.5–
3% in exergy efficiency.

Regarding the sky temperature, in contrast to what is seen in low-temperature
solar-thermal systems, the sky temperature is shown here to have a negligible effect
on receiver exergy efficiency (see Fig. 2.19). An increase to the sky temperature from
0 to 90◦C only causes increase of only 0.08% in exergy efficiency.
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Fig. 2.19: Effective of sky temperature on the receiver second-law efficiency, for the best-case high
temperature sodium receiver.

To further verify that our conclusions are valid for the rest of the working fluids,
best-case molten salt and air receivers are also examined, as shown in Fig. 2.20. Stud-
ies show that varying the external convection coefficient for air receivers has a larger
effect on the second-law efficiencies, when compared to the molten salt receiver due
to the poor heat transfer of the air. However, again, this effect is still not significant
enough to change our conclusions on the rankings of the performance of the working
fluids in this chapter.

(a) molten salt (b) air

Fig. 2.20: Sensitivity studies of (a) the molten salt and (b) the air receivers to varying external
convection coefficient (plot symbol) and sky temperature (plot colour).
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2.5.6 The effects of varying the external wall temperatures in the circum-
ferential direction on overall comparison

Rodríguez-Sánchez et al. [95] found that radiation losses are higher if the varia-
tion in the tube wall temperature in the circumferential direction is considered. That
study states that the tube wall temperature variation is a big concern: if the temper-
ature of the rear or sides of the tubes is much lower than the front temperature, then

(Text)
4 would be much greater than Text

4 and it seems likely that approximating the
tube as isothermal around its circumference could cause an underestimation of the
radiative losses. In order to examine this question, further analysis relating to this ef-
fect has been conducted, by considering five model variations (Cases C1-C5) for each
of the working fluids used in this chapter (i.e. molten salt, low temperature liquid
sodium, high temperature liquid sodium, sCO2, air and water/steam). All studies
are conducted at the outlet conditions (i.e. one particular segment of the tube) of
each fluid. Only the key parameters (Table 2.6) and the main results are summarised
here. Detailed analyses refer to Appendix C.

Table 2.6: Summary of the key parameters made for Case C1 - C5.

Case No. Key parameters

Case C1 Uniform flux across front half tube, and with effective absorptivity and
surface emissivity being considered.

Case C2 In addition to Case C1, effective emissivity at the front half of the tube
is considered.

Case C3 Non-uniform distribution of absorbed flux across the front half of the
tube is considered, according to a cosine profile.

Case C4 View factor has been added to Case C3.

Case C5 View factor has been added to Case C1.

In the first Case C1, it has the same model and results that are provided in Section
2.4. This is the case of a tube supplied with heat uniformly across its front half, and
with effective absorptivity and surface emissivity being considered.

In Case C2, it use the same model of Case C1, but consider effective emissivity
at the front half of the tube, which makes an allowance for the cavity effect in the
crevices between tubes, which acts to increase the radiative losses on an per-aperture-
area basis.

In Case C3, a non-uniform distribution of absorbed flux across the front half of the
tube is considered, according to a cosine profile (Q̇

′
abs,i = αeffCGAext,icos (θ),where

θ = 0◦ at the front of the tube), with scaling applied to ensure the same total absorbed
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energy per tube section as in Case C1. The cosine profile shows a good match to the
realistic flux profile for an irradiated tube-bank as provided in a report by Tilley et
al. [153]. The effect of the circumferential variation in effective absorptivity is not
considered, which will be higher in the crevices. This is considered to be a second-
order effect, due to the small fractional increase arising due to this effect, whereas
the cosine distribution is a first-order effect, varying the absorbed flux between zero
at the base of the crevice and a peak value at the crest. The emissivity εi the receiver
surface in Case C3 is considered the same as Case C1.

In Case C4, the same absorbed flux distribution as Case C3 is considered, but ad-
ditional allowance for the view factors arising at different circumferential positions
is made, and their impact on the local thermal emission heat loss from each part of
the tube. In the crevice between adjacent tubes, the view factor from the tube surface
to the surroundings is lower than at the crest of the tube. In this case, it made use of
the basic surface emissivity. In addition, it assumes that the neighbouring tubes are
experiencing identical HTF flow and irradiation conditions, such that they establish
identical external surface temperature distributions as the present tube.

In Case C5, the same uniform absorbed flux distribution as Case C1 is considered,
but view factors are added in this case.

The results from this study were that a cosine circumferential wall temperature
profile with no consideration of view factors (Case C3) results in a reduction in the
local first- and second-law receiver efficiencies of up to 0.4% and 0.29% (in the case of
air) when compared to the case of uniform wall temperature (Case C1). If the most
realistic case (Case C4) is compared to the case used in the manuscript (Case C1),
the first- and second-law efficiencies, however, are increased by 1.81% and 1.19%,
which means that the gain of considering view factors more than balances out the
under-estimation on energy losses for the case of uniform circumferential wall tem-
peratures.

This chapter emphasises a unified comparison between heat transfer fluids. The
estimation of the heat loss applies to all the receivers, and based on the analysis of
Cases C1–C5 above, the difference arising from a more detailed analysis of this effect
at the local level would not be enough to change the relative rankings of our different
fluids. Among all the heat transfer fluids, high temperature sodium has the highest
external wall temperature, which means that the receiver efficiencies of the receiver
would be even higher if the circumferential tube wall temperature variation and the
view factor being considered. High temperature sodium is still the best candidate.
sCO2 still performs the worst. This is because that adding the effect of view factor
is unlikely to increase the efficiencies of the sCO2 receiver by more than 20%. The
rest of the working fluids are very likely to remain their rankings, due to the similar
external wall temperature ranges.
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2.6 Conclusions

This chapter analysed the performance of a range of working fluids in tubular
receivers. Subject to an assumption of uniform flux, and with sizes constrained to
those available in ASME B36.10, a clear performance benefit from using sodium at
high temperatures is seen; even at low temperatures, it is still better than molten
nitrate salts, before allowing for the heat exchanger. Circumferential variation in the
tube wall temperature is not considered throughout the whole receiver. Full analysis
of the tube wall temperature variation in the circumferential direction is conducted
in Chapter 6. An examination of exergy destruction in the heat exchanger (full de-
tails refer to Chapter 7) for the best low-temperature sodium case shows that the
exergy destruction in the heat exchanger is very similar to the exergy destruction in
the internal convection in the salt receiver. Thus, the efficiency gain at this lower tem-
perature case is only very marginal for sodium. The reason that it is still beneficial
is because the temperature differences between the internal wall and the working
fluid are low, resulting in low exergy destruction in internal convection. sCO2 ranks
higher, as an HTF, than the air based on their thermophysical properties (Fig. 2.4).
However, the studies on pressure and external losses conclude that the air receiver
performs better than the sCO2 receiver.

sCO2 and air could be beneficial in other CSP approaches, but appear not to
be applicable in simple tubular receivers with uniform flux based on efficiency.
Water/steam is fairly reasonable from a receiver performance point of view, even
though the relatively large exergy destruction in absorption makes it less efficient
than sodium or molten salt. It is challenging to integrate with storage, but has clear
appeal if process steam is the primary need.

To sum up, under assumed conditions of uniform flux, the most efficient CSP
tower system, consisting of a tubular receiver, an appropriate TES and a simplified
PB of fixed exergy efficiency, should have a receiver with small tubes, connected
mostly in parallel. This conclusion is made without the consideration of thermal
stress on the tubes or any techno-economic assessment. Relatively large tubes could
reduce the material and fabrication costs on the receiver, due to reduced flow-path
and less complexity, respectively. The trade-offs on the receiver efficiency, the total
material cost on the receiver, and the cost of providing the necessary pumping work
will affect the decision on the appropriate tube size and flow configuration. Another
valuable conclusion from Fig. 2.13 is that multi-pass receiver should be considered
to increase the system efficiency, if large diameter tubes are required due to cost con-
siderations. For example, for a molten salt receiver, there was a 74.4% reduction in
pressure drop if a 48.3 mm inside tube diameter would be selected instead of the 10.3
mm size, while there was only a 0.7% increase in exergetic efficacy.

Last but not the least, exergy analysis can be used along with cost data to estimate
the impact on LCOE of different design configurations, even in the absence of a full
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plant model that includes a power block. Thus if cost advantages of the sCO2 Brayton
cycle due to the more compact nature of the turbo-machinery can be realised, as well
as the performance advantages indicated here by the exergy analysis, it follows that
the sodium-sCO2 Brayton system will result in lower LCOE than the salt-Rankine
system.
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Chapter 3

Parameter study for design of flat
tubular molten salt receivers1

3.1 Introduction

An exergy analysis of a ’Billboard’ style tubular receiver, as shown in Figure 3.1,
with different heat transfer fluids (HTF) was studied in Chapter 2. It was shown that
the performance of molten salt (with properties as per [157]) is highly competitive
in its standard temperature range, but other fluids such as liquid sodium perform
better if the temperature and solar flux concentration ratio can be increased. That
study, however, considered only the case of uniform flux. This chapter, as a further
development, examines how non-uniform flux impacts the thermal performance.

Fig. 3.1: Left, a billboard receiver (Source: Vast Solar); right, the receiver pipe flow model, with
segment numbering and flow-path configuration.

1This chapter incorporates material from: Zheng, M. and Pye, J. Parameter study for design of flat
tubular molten salt receivers. In Proceeding of the Asia Pacific Solar Research Conference, Canberra, 28-30
Nov 2016
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The working temperatures of the molten salt are controlled within the range from
290◦C to 565◦C. The lower limit is to avoid freezing, and the upper limit is to avoid
chemical degradation of the salt. The present model is limited to flat/convex re-
ceivers. The flow path is separated into n sequential segments, with nbanks banks of
parallel tubes passing up and down the receiver surface, connected together in series,
with number of parallel tubes (ntubes) in each bank. The value of nbanks is calculated
geometrically:

ntubes =
W

donbanks
(3.1)

where W is the width of the receiver and do is the outer tube diameter.

3.2 Methodology

The net energy (Q̇net,rec) flow into a receiver from concentrated solar radiation
(Q̇sun,rec) will be balanced by energy outflows from the flow of HTF or other energy
conversion process, plus a range of energy losses (Qloss,rec), due to spillage (Qspil,rec),
unwanted reflection (Q̇refl,rec), radiative emission (Q̇ext,rad,rec), convective (Q̇ext,conv,rec)
or conductive processes (no conductive loss is considered here) [158]. Note that the
spillage losses are considered in this chapter as an add-on to Chapter 2. Therefore,
the total energy loss is the sum of these four contributions:

Q̇loss,rec = Q̇sun,rec − Q̇net,rec = Q̇spil,rec + Q̇refl,rec + Q̇ext,rad,rec + Q̇ext,conv,rec, (3.2)

where the detailed expression for Q̇refl,rec, Q̇ext,rad,rec, and Q̇ext,conv,rec are defined in
Eq. 2.2, Eq. 2.4 and Eq. 2.5, respectively. The first-law efficiency of thermodynamics
indicates how well an energy transfer process is accomplished and provides a sound
basis for studying the various forms of energy. The overall first-law efficiency of the
receiver (ηI,rec) as well as the receiver thermal efficiency (ηth,rec) are:

ηI,rec =
Q̇net,rec

Q̇sun,rec
=

ṁ
[
(ho − hi) +

1
2

(
V2

o −V2
i
)]

Q̇sun,rec
, and (3.3)

ηth,rec =
Q̇net,rec

Q̇inc,rec
, where Q̇inc,rec = Q̇sun,rec − Q̇spil,rec (3.4)

where molten salt is assumed to be an incompressible fluid. No potential energy
variation is considered. The maximum allowable stress is applied using the method
mentioned in Sec 2.4.6. A more comprehensive allowable stress analysis is conducted
later in Chapter 6, with the coding developed by Logie et al. [72].

Next, exergy accounting is considered in this chapter. The total exergy in the sun
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is defined using Petela formula [136]:

Ẋsun,rec = Q̇sun,rec

(
1− 4

3
Tref

Tsun
+

1
3

(
Tref

Tsun

)4
)

, and Ẋnet,rec = ṁ (φi − φo) . (3.5)

For a steady-state control volume, the exergy rate balance can be found as follows:

Ẋsun,rec = Ẋloss,spil,rec + ∑
rec,i

Ẋinc,rec,i (3.6)

Ẋinc,rec,i = Ẋlost,rec,i + Ẋdest,rec,i + Ẋnet,rec,i (3.7)

where a share of the exergy from the sun Ẋsun,rec is lost due to spillage (Ẋloss,spil,rec).
Therefore, the total incident exergy is ∑

rec,i
Ẋinc,rec,i = Ẋsun,rec − Ẋloss,spil,rec.

The exergy losses and exergy destruction (internal irreversibilities) in the receiver
are explained in detail in Eq. 2.12–2.21, and accounted as follows:

Ẋloss,tot,rec = Ẋloss,spil,rec + Ẋloss,refl,rec + Ẋloss,ext,rad,rec + Ẋloss,ext,conv,rec, (3.8)

Ẋdest,tot,rec = Ẋdest,abs,rec + Ẋdest,wall,rec + Ẋdest,int,conv,rec + Ẋdest,flow,rec. (3.9)

The overall second-law efficiency of the receiver (ηII,rec) is the ratio of the net
increase in working fluid flow exergy (Ẋnet,rec = Ẋsun,rec − Ẋloss,tot,rec − Ẋdest,tot,rec) to
the exergy of the solar radiation reflected by the heliostat field:

ηII,rec =
Ẋnet,rec

Ẋsun,rec
(3.10)

The overall second-law efficiency of the system, including pump and power block,
is defined as follows:

ηII,sys =
Ẇnet

Ẋsun,rec
(3.11)

where the second-law efficiency of the Rankine power block is assumed to be 75%
[85]. Pressure drop due to friction is considered here, using Eq. 2.27. Eq. 2.35 and
2.36 are applied in this analysis to calculate the pumping loss. Also, it is assumed
that there is no heat transfer across the pump. For detailed equations for energy and
exergy balances, pump work calculations for incompressible-liquid assumptions, and
Ẇnet refer to Chapter 2.

Three flow configurations were established in this study, named "edge-to-edge",
"edge-to-centre" and "centre-to-edge", as shown in Fig. 3.2.
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Fig. 3.2: Demonstrations of three flow configurations

3.3 Simulation and parametric studies

3.3.1 The effects of varying the flux on the receiver

The effects of varying the tube diameter, tube wall thickness, number of banks for
a fixed-geometry receiver with uniform flux have been studied previously, in Chap-
ter 2. However, the performance of the receiver is strongly constrained by material
limits which in turn limit the allowable flux on the receiver. This section seeks to
understand the benefits which arise at the receiver as a result of adjusting the flux
profile, comparing a simple Gaussian ’spot’ with a linear ’ramp’ pattern, while re-
specting an upper limit on the peak flux of the molten salt working fluid.

3.3.1.1 Gaussian flux distribution

The distribution on the receiver, assumed here to be flat, has been firstly approxi-
mated by a bivariate Gaussian distribution. A Gaussian spot is physically based and
arises naturally when effects due to the sun-shape, heliostat slope errors and track-
ing errors are combined with a single-point aiming strategy. The Gaussian spot is
represented by:

Grec(x, y) =
Q̇sun

2πσ2 e[−
1
2 (

r
σ )

2], (3.12)

where r =

√(
x− W

2

)2

+

(
y− L

2

)2

. (3.13)

where G is the local flux (W/m2) at position (x, y) on the receiver, x and y are hori-
zontal and vertical coordinates on the receiver of width W and length L, measured
from the bottom left (where the origin (0,0) is located). r is the distance between the
coordinates (x, y) and the centre of the receiver.

For a given amount of energy, Q̇sun (here, 20 MW), the flux density map is set
by the spot size (σ) and the geometry of the receiver. Spot size is affected by mirror
quality, heliostat shape and the circumsolar ratio. The effect of varying Gaussian
spot size on the flux distribution on the receiver is shown in Fig. 3.3. Therefore,
the parametric studies based on these factors have been presented in the following
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sub-sections.

Fig. 3.3: Gaussian flux profiles on a square 64 m2 receiver with varied Gaussian spot size σ: σ = 1.7 m
(left), σ = 2.4 m (middle), σ = 3.1 m (right).

Firstly, the effect of varied spot size (σ) on the thermodynamic efficiencies was
studied. The Gaussian distribution was incorporated into the model as described in
Section 3.3.1.1. The fraction of solar flux incident on square targets of varying size,
for varying σ, is shown in Fig. 3.4 below. Smaller spots allow the solar flux to be
collected with a smaller aperture, as expected.

Fig. 3.4: Flux distribution fraction vs. Receiver size for different spot size, σ. The receiver aperture is a
square. Flux distribution fraction = ∑ Grec(x, y)× (WL

n ).

Next, we studied the effect of the Gaussian spot size σ and the receiver aperture
area Aaper on the peak flux q̇peak (Fig. 3.5). For small spots, very large peak flux are
seen, rendering the results above infeasible. The highest peak flux for molten salt is
set to be 1.2 MW/m2, which has been widely used in the similar research projects
about the evaluation of the allowable stress [72, 90, 159, 160]. Therefore, the mini-
mum σ value was selected to be 1.7 m for the remaining analysis, as a spot size that
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gives a peak flux of only 1.09 MW/m2.

Fig. 3.5: Peak flux q̇peak with varied spot size σ and receiver aperture area Aaper. In this study, nbanks =
20 and nseg = 20, hence, the peak flux is changing with the receiver size.

A small spot area is capable of performing high first-law efficiency due to the
high peak flux density and low effect of spillage, as shown in Fig. 3.6. The value
of spillage fraction achieved in the case of optimal (maximum) first-law efficiency
is ∼5–8%, showing the strong trade-off between the small area with high spillage
versus a large area with high thermal losses. The "edge-to-centre" flow configuration
gives the largest net work (see Fig. 3.7) due to the lowest external radiation loss from
the elevated external wall temperatures due to the T4 effect, followed by "edge-to-
edge" (i.e. worse) and "centre-to-edge" (i.e. the worst), noting that exergetic efficiency
can be inferred from the size of the green bar (net work) given that the exergy input
is equal in all three cases. Exergy destruction in internal convection plays another
important role here. The "edge-to-centre" flow configuration maximises the net en-
ergy to the fluid and minimises the overall temperature difference between the HTF
and the inner wall, hence, leads to overall lowest exergy destruction in internal con-
vection. Therefore, the best-case receiver size and flow configuration were selected
to be 64 m2 and "edge-to-centre" for the remaining analysis.

Detailed energy and exergy accounting for a molten salt receiver with variable σ

and constant Aaper (64 m2) are presented in Table 3.1 and Fig. 3.8. The dominant
exergy destruction occurs in the absorption step, due to the large step-down in tem-
perature between the sun and the external walls of the receiver (from 5800 K (refer
to Eq. 3.5) to 903.15 K (= 630◦C)), decreasing a little for the case of very small spots.
Spot size σ has a strong effect on spillage, as well as internal convection. External ra-
diation is sensitive to small areas of high external temperature, due to the T4 effect at
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Fig. 3.6: The effect of variable receiver sizes (top) and the spillage on the first law efficiencies (bottom),
with fixed number of banks (nbanks) and fixed outer tube diameter (do = 32 mm). This receiver model

is as same as Case C1 in Chapter 2, but adds non-uniform flux, spillage and variable flow
configuration into consideration. The receiver inlet and outlet temperatures are fixed at 290◦C and
565◦C, respectively. n=100; nbanks =10. Receiver sizes are varied from 1m2 to 225 m2 (W = L ). Eq.
3.2, 3.2, and 3.12 are applied to obtain the energy balance. The top figure shows that the first-law

efficiency is reducing when the receiver size is larger than ∼120 m2 due to the larger thermal losses,
even though the spillage is reducing (refer to Fig.3.4). The bottom figure shows that the optimal

first-law efficiency achieves at ∼90% when the spillage is ∼5–8% (i.e. the receiver size is ∼80m2). It
shows that too small or too large in receiver size would results in large spillage loss or large thermal

losses due to large surface area.
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Fig. 3.7: Detailed exergy accounting for three flow configurations of the best-case receiver (64 m2). The
units of Ẇnet and Ẋloss,ext,rad shown in this figure are in MW.

the wall (demonstrated in Fig. 3.9: solid lines). Internal convection losses arise from
the large temperature difference between the HTF and the inner wall (demonstrated
in Fig. 3.9: dash-dot lines and dash-dash lines). The trade-offs between spillage,
external thermal radiation and internal convection lead to an optimal spot size with
maximised total net exergy to the working fluid.

Table 3.1: Effect of the size of a Gaussian spot on receiver performance

Common parameters

Q̇sun Tsun Pout kwall hext Tin Tout G Aaper di t
nbanksMW K bar W/(m·K)W/(m2·K)◦C ◦C W/m2 m2 mm mm

20 5800 1 20 30 290 565 1000 64 30 2 20

Results

σ Q̇spil Q̇inc Q̇ref Q̇ext,conv Q̇ext,rad Q̇net ηth ηI ηII,sys Tint,peak
m MW MW MW MW MW MW % % % ◦C

1.70 0.71 19.29 0.25 0.77 0.91 17.36 91.17 86.80 41.67 631.77
2.05 1.95 18.05 0.23 0.79 0.94 16.08 90.28 80.42 41.27 612.03
2.40 3.61 16.39 0.21 0.81 0.96 14.42 89.10 72.10 40.74 600.93
2.75 5.38 14.62 0.91 0.82 0.97 12.65 87.64 63.26 40.08 594.09
3.10 7.08 12.92 0.17 0.82 0.98 10.96 85.91 54.80 39.30 589.51

The receiver temperature profiles (Fig. 3.9) and the corresponding flux distribu-
tions (Fig. 3.3) for these cases show that, for this particular flow configuration (i.e.
edge-to-centre), the maximum inner wall temperature (Tinc,peak) was 631.77◦C, close
to the maximum allowable film temperature for molten salt [71], is reached when
the spot size σ is set to 1.7 m. The peak flux density in that case is 1.09 MW/m2. A
larger value of σ, for example 3.1 m, results in excessive spillage.
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Fig. 3.8: Exergy accounting for the receiver with varying spot size, for fixed receiver size
(Aaper = 64m2) and fixed total concentrated solar energy (Q̇sun = 20 MW). σ below 1.7 m leads to

excessive peak flux greater than 1.2 MW/m2. σ above 3.1 m leads to excessive spillage loss.

3.3.1.2 Linear ramp flux distribution

In the above study we found that with a Gaussian distribution, the maximum
allowable flux is reached in only a small localised region, limiting the performance
of the whole receiver. Therefore, it was proposed to examine whether a flux profile
tailored to the rising fluid temperature could be shown to improve receiver perfor-
mance. A simple linear ramp distribution in flux concentration was considered, with
flux reducing from the left (inlet) to the right of the receiver surface, with the x-wise
rate of reduction of flux (slope) being the variable parameter. Linear ramp may be
physically impossible, but may give some ideas about upper bounds of performance.
This very simplified profile is similar to those arising from more detailed study by
Sánchez-González et al. [71], with the consideration of aiming strategy. A sinusoidal
curve is applied at the edges of this idealised flux profile (see Fig. 3.10 (c)), to mimic
modest spillage losses. We adjusted the size of the aperture and the Concentration
Ratio (CR) in order to match the peak film temperature constraint. The total flux and
spillage are constant at 20 MW, 3.6% respectively.

The width here is defined as the rate of change of aperture irradiance Grec (x, y) in
the x-wise direction across the receiver. For the flat portion of distribution, excluding
the sinusoid ‘tails”,

slope =
∆Grec (x, y)

∆x
(3.14)

The possible values of slope are from –120 to 120 kW/m2/m, so that the maxi-
mum inner wall temperatures are below 630◦C, when the lowest flux from that flat
portion is set to be zero at the edge of the receiver, examples are shown in Fig. 3.10.

Results for the ramp flux profile study (Fig. 3.11) show that, the positive slope
(higher flux at outlet) cases perform worse than negative slope cases (higher flux at
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Fig. 3.9: Receiver temperature profiles, for a range of Gaussian spot sizes σ. The extracted details
highlighted in red dashed-line box are shown at the bottom figure.

62



Chapter 3. Parameter study for design of flat tubular molten salt receivers

(a) slope –60 kW/m2/m (b) slope +60 kW/m2/m

(c) slope –60 kW/m2/m, one-dimensional plot

Fig. 3.10: Linear ’ramp’ flux profiles: (a) slope –60 kW/m2/m, (b) slope +60 kW/m2/m, (c)
one-dimensional plot with a slope of –60 kW/m2/m

Fig. 3.11: Exergy accounting with variable slope (in kW/m2/m). Tint,peak were fixed at 630◦C by
varying the size of aperture and the CR. Flow configuration is "edge-to-edge" (left-to-right). With a

slope of –90 kW/m2/m, the smallest aperture was found and consequently, resulted in the best
performance in exergy efficiency.
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Table 3.2: Detailed exergy efficiency and receiver size with variable slope. Link to Fig. 3.11.

slope peak flux receiver size ηII,sys
kW/m2/m kW/m2 m2 %

–120 2030 16.42 43.64
–90 3119 12.25 43.81
–60 1389 21.77 43.33
–30 1136 25.00 43.14

0 872 30.25 42.83
30 836 36.00 42.52
60 811 40.96 42.25
90 837 49.00 41.86

120 798 49.00 41.83

inlet). When negative slope cases are used, and the aperture area is adjusted until
the peak film temperature equals the maximum allowable value (630◦C), smaller re-
ceivers with higher efficiency result (see Table 3.2). Even though the external surface
temperatures are higher, the reduced area gives overall lower losses. The best case
found was with a slope of –90 kW/m2/m, since it had the smallest aperture of 12.25
m2 which resulted in lowest exergy destroyed in absorption step.

The Gaussian flux represents a very non-linear flux distribution with a large area
at much lower flux than the peak, while the ramp flux profile is linear. The non-
linear flux distribution ends up causing high losses if hot fluid has to pass all the
way through that large low-flux area. The heat-loss-per-area for the non-linear flux
distribution is what drives the different behaviour. This study shows that aiming
strategy is very important in defining what flow path is selected.

3.3.2 The effects of varying the tube diameter

We used the Gaussian flux distribution with "edge-to-edge" flow configuration as
an example to study the effects of varying other major parameters on the thermody-
namic efficiencies since the trends for these efficiencies are the same in the cases of
Gaussian distribution and Linear distribution. The optimal spot size σ (1.7 m) and
receiver size (64 m2) were determined in Section 3.3.1.1.

To start with the tube inside diameter, decreasing tube diameter lowers the inner
and outer wall temperatures, since a smaller tube gives higher fluid velocity, resulting
in increased Reynolds number, and hence increased Nusselt number and improved
internal heat transfer coefficient (Fig. 3.12). The result is reduced exergy destruction
in internal convection and reduced external losses. Results for a Gaussian flux profile
are shown in Fig. 3.13 and Table 3.3.

The optimal tube diameter has been identified by the model, which is 30 mm as
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Fig. 3.12: Trends in internal heat transfer (hint, Nu) with varied internal diameter di

Fig. 3.13: Exergy accounting with variable di (Gaussian flux profile).

Table 3.3: Effect of tube diameter di with a Gaussian flux profile. Flow configuration is "edge-to-edge"
(left-to-right)

Common parameters

Q̇sun Tsun Pout kwall hext Tin Tout G Aaper σ t
nbanksMW K bar W/(m·K)W/(m2·K)◦C ◦C W/m2 m2 m mm

20 5800 1 20 30 290 565 1000 64 1.9 2 20

Results

di Q̇spil Q̇inc Q̇ref Q̇ext,conv Q̇ext,rad Q̇net ηI ηII,sys ∆p Tint,peak
mm MW MW MW MW MW MW % % bar ◦C

15 0.71 19.29 0.25 0.76 0.84 17.44 87.21 41.31 70.91 594.98
30 0.71 19.29 0.25 0.77 0.91 17.36 86.80 41.67 7.10 631.77
70 0.71 19.29 0.25 0.83 1.14 17.06 85.32 41.01 0.48 727.85

100 0.71 19.29 0.25 0.88 1.36 16.80 84.01 40.39 0.16 798.08
150 0.71 19.29 0.25 0.96 1.79 16.29 81.45 39.16 0.04 910.59
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shown in Table 3.3. If di becomes too small (e.g. 15 mm), it causes excessive pressure
drops (∆p) and consequently, large exergy destruction in the pump.

3.3.3 The effects of varying the tube wall thickness

Reducing the tube wall thickness has the expected effect of improving receiver
performance by reducing the thermal resistance of the wall and hence exergy de-
struction in the wall as well as lowering external temperatures and the correspond-
ing thermal losses. A secondary effect is that a thinner tube length allow an increase
in the total pipe length, allowing a slight increase in ntubes per bank, even allowing
non-integer (non-physical) values. Results are shown in Fig. 3.14 and Table 3.4.

Fig. 3.14: Exergy accounting with the changing tube thickness t (Gaussian flux profile).

3.3.4 The effects of varying the nbanks

The number of banks (nbanks) shown in Fig. 3.1 allows varying degrees of flow in
parallel or in series. By increasing nbanks, the flow path lengthens and there are less
tubes in parallel. The important effects of tube friction and heat transfer enhance-
ment, due to varying fluid velocities in the different configurations, are captured.
Results (Fig. 3.15 and Table 3.5 for Gaussian profile; Fig. 3.16 and Table 3.6 for linear
profile) show the effect of changing nbanks. Similar to the scenario of varying the
tube diameter, a larger number of banks causes reduced external radiation and in-
ternal convection exergy destruction, resulting in higher overall efficiency, driven by
improved internal convection. If nbanks were large, however, the tube wall thickness
t would need to be increased to avoid excessive hoop stress in the tubes (this model
requires a safety factor on hoop stress of at least one compared to an allowable stress
fixed constant at 100 MPa), but at this stage t was kept constant and nbanks were less
than 40 due to the allowable stress limit. Fig. 3.15 and Table 3.5 show that high-
est performance is obtained with highly in-series flow (nbanks = 30), when the flux
profile is Gaussian. Next, we considered the same optimal linear flux distribution
in Section 3.3.1.2 (slope, –90 kW/m2/m) and again considered variables in nbanks.
Results are presented in Fig. 3.16 and in Table 3.6. It shows that the nbanks = 20 gives
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the best performance.

The above studies show that both decreased di and increased nbanks will increase
the receiver pressure drop ∆p, resulting in much increased pumping work.

Fig. 3.15: Exergy accounting with the changing nbanks (Gaussian flux profile).

Fig. 3.16: Exergy accounting with effect of variable nbanks (Linear profile).

3.3.5 The effects of modelling inter-tube flux variation within a bank on
the receiver performance

The number of inter-tube in one bank is defined here as the total number of flux
variations within that one bank. Each inter-tube-per-bank has uniform flux distribu-
tion across the tubes horizontally, but not vertically. There is little effect on varying
the inter-tube-per-bank on the receiver performance when the number of banks is
larger (see Fig. 3.17). However, it would be of interest to study when the number of
bank is less, as the varied wall temperatures would affect exergy destruction distribu-
tions. In addition, the model includes tube-end manifolds and minor losses to mimic
a real case scenario. Optimal spot size σ = (1.7 m) and receiver size (64 m2) were
determined and used for the remaining analysis. One question of interest would be:
"Designing a billboard receiver with odd or even numbers of panels (banks), which
one is better?"
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Table 3.4: Effect of tube wall thickness t with a Gaussian flux profile

Common parameters

Q̇sun Tsun Pout kwall hext Tin Tout G Aaper σ di nbanksMW K bar W/(m·K)W/(m2·K)◦C ◦C W/m2 m2 m mm

20 5800 1 20 30 290 565 1000 64 1.9 30 20

Results

t Q̇spil Q̇inc Q̇ref Q̇ext,conv Q̇ext,rad Q̇net ηI ηII,sys ∆p Tint,peak
mm MW MW MW MW MW MW % % bar ◦C

1 0.71 19.29 0.25 0.75 0.84 17.44 87.22 41.88 6.43 631.32
2 0.71 19.29 0.25 0.77 0.91 17.36 86.80 41.67 7.10 631.77
5 0.71 19.29 0.25 0.83 1.15 17.05 85.26 40.91 9.19 632.61

10 0.71 19.29 0.25 0.94 1.76 16.34 81.68 39.17 12.68 632.30

Table 3.5: Effect of varying nbanks with a Gaussian flux profile

Common parameters

Q̇sun Tsun Pout kwall hext Tin Tout G Aaper σ di t
MW K bar W/(m·K)W/(m2·K)◦C ◦C W/m2 m2 m mm mm

20 5800 1 20 30 290 565 1000 64 1.9 30 1

Results

nbanks
Q̇spil Q̇inc Q̇ref Q̇ext,conv Q̇ext,rad Q̇net ηI ηII,sys ∆p Tint,peak
MW MW MW MW MW MW % % bar ◦C

10 0.71 19.29 0.25 0.80 0.98 17.28 86.38 41.49 0.93 681.23
20 0.71 19.29 0.25 0.75 0.84 17.44 87.22 41.88 6.43 631.32
30 0.71 19.29 0.25 0.74 0.80 17.50 87.49 41.90 20.04 612.33
40 0.71 19.29 0.25 0.73 0.78 17.52 87.62 41.74 45.11 602.12

Table 3.6: Receiver performance for Linear flux profile with varynig nbanks.

Common parameters

Q̇sun Tsun Pout kwall hext Tin Tout G Aaper di t
MW K bar W/(m·K)W/(m2·K) ◦C ◦C W/m2 m2 mm mm

20 5800 1 20 30 290 565 1000 12.25 30 1

Results

nbanks
Q̇spil Q̇inc Q̇ref Q̇ext,conv Q̇ext,rad Q̇net ηI ηII,sys ∆p Tint,peak
MW MW MW MW MW MW % % bar ◦C

10 0.71 19.29 0.25 0.22 0.44 18.38 91.90 44.16 2.98 628.17
15 0.71 19.29 0.25 0.20 0.37 18.46 92.31 44.32 6.91 602.35
20 0.71 19.29 0.25 0.20 0.34 18.50 92.49 44.34 14.29 590.30
25 0.71 19.29 0.25 0.20 0.32 18.52 92.61 44.29 25.97 585.49
30 0.71 19.29 0.25 0.20 0.31 18.54 92.68 44.16 42.91 581.48
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Fig. 3.17: The effect of varying number of inter-tube-per-bank on the second law efficiencies, with
fixed receiver size (Aaper = 64 m2), fixed total concentrated solar energy (Q̇sun = 20 MW), fixed spot
size (σ =1.7 m) and fixed outer tube diameter (do = 32 mm).The inset highlights the small effect of

varying inter-tube-per-bank in the range 1–8 on ηII,rec.

In the above study, we found a very marginal effect on varying number of inter-
tube-per-bank on the receiver performance, when compare with the effect on varying
number of banks and flow configurations. Fig. 3.18 shows that with one inter-
tube-per-bank, the flux was coarsely averaged and hence, the receiver performance
was highly affected. When the number of inter-tube-per-bank increased, the flux
was gradually refined and hence, the receiver performance was gradually increased.
However, when number of inter-tube-per-bank was larger than 3, the difference in
receiver performance was no longer big enough to be observed. To summarise, the
decision on the flow configuration affects the receiver performance the most, fol-
lowed by the number of banks and lastly, the number of inter-tube-per-bank. The
main reason is that to vary the flow configuration, external wall temperature dis-
tribution is much varied and consequently, the receiver performance is obviously
differentiated.

3.4 Conclusions

From these case studies, the trends of first- and second-law efficiencies for indi-
vidual conditions have been found. A comparison between best-case Gaussian and
linear flux distributions is summarised in Table 3.7. Results show that the linear flux
distribution (i.e. high flux at low temperature) is able to improve the efficiencies by
∼6% due to the smallest receiver area required, when compared with Gaussian distri-
bution. The "edge-to-centre" flow configuration performs the best with the Gaussian
distribution, which is contrast to the reality. This is due to the reason that Gaus-
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(a) Flux profiles

(b) External wall temperature profiles

Fig. 3.18: The effect of varying number of inter-tube-per-bank, with fixed receiver size (Aaper = 64
m2), fixed total concentrated solar energy (Q̇sun = 20 MW), fixed spot size (σ =1.7 m) and fixed outer

tube diameter (do = 32 mm). Flow configuration is "edge-to-edge" (left-to-right). (a): flux profiles;
bottom; (b): external wall temperature profiles.
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(c) HTF temperature profiles

Fig. 3.18: The effect of varying number of inter-tube-per-bank, with fixed receiver size (Aaper = 64 m2),
fixed total concentrated solar energy (Q̇sun = 20 MW), fixed spot size (σ =1.7 m) and fixed outer tube
diameter (do = 32 mm). (c): HTF temperature profiles (cont.)
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sian distribution has peaky flux in the centre of the receiver. It resulted in heating
of the fluid entirely in the centralised concentrated spot, and it would encounter a
large amount of heat loss at the outer area (i.e. edges) of the receiver. So, the best
strategy in such case would be to heat the fluid up at the end to minimise the heat
losses. With the Gaussian flux, the only alternative is to have extremely high spillage
to achieve more uniform flux, but in this case, more spillage loss would occur. The
"edge-to-centre" flow configuration is able to minimise the overall external losses.
The ramp profile performed better, matching material limits more closely over the
receiver surface, hence permitting a smaller receiver with lower losses. It evidently
shows the benefits of linear flux distribution, especially in the context of restriction in
elevated temperatures and being able to tolerate higher flux densities. The trade-off
between spillage and peak flux density is a significant factor on affecting the first-
law efficiency of the receiver, as studied in Section 3.3.1.1. However, the concept of
linear ramp flux represents the upper bounds of the ideal flux distribution, which,
in a way, is not physical to be achieved in reality. Spillage is caused by sun-shape,
heliostat slope errors and tracking errors. These three factors have to be considered
in modelling the optical performance, since they constrain the resolution of the flux
distribution. The ideal flux distribution might not be achieved due to the limitations
on the heliostat mirror quality. The concept of the bladed receiver (see Chapter 4)
seeks the solution to overcome the flux limit on the flat receiver, so that at same en-
ergy level, the bladed receiver is able to reduce the spillage loss by absorbing more
flux, without requiring infeasible mirror qualities.

In addition to the effect of flux profile, effects of tube diameter, thickness and flow
configuration were examined, and it was shown that in the absence of more detailed
models of material constraints, the most efficient molten salt receivers have a large
number of thin small-diameter pipes running highly in series, with the consideration
of the pumping losses. A detailed model on the material constraints, the receiver
lifespan and the cost of the receiver is developed in Chapter 6.

Table 3.7: Summary comparison of best-case designs for Gaussian and Linear flux profiles

Common parameters

Q̇sun Tsun Pout kwall hext Tin Tout di t
MW K bar W/(m·K) W/(m2·K) ◦C ◦C mm mm

20 5800 1 20 30 290 565 30 1

Results

Flux
Q̇inc Q̇ref Q̇ext,conv Q̇ext,rad Q̇net ηI ηII,rec Aaper nbanksMW MW MW MW MW % % m2

Gaussian 19.29 0.25 0.74 0.80 17.50 87.49 41.90 64.00 30
Linear 19.29 0.25 0.20 0.34 18.50 92.49 44.34 12.25 20
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Chapter 4

Bladed Receivers with Active
Airflow Control (BRAAC) Project:
Hydrodynamic Modelling and
on-sun testing1

4.1 Introduction

The previous two chapters (Chapter 2 and Chapter 3) have examined performance
of receivers that are essentially flat, or at least convex, and it has been seen that high
fluxes ultimately limit the performance of the receiver. In this chapter, a novel non-
convex receiver configuration is considered, with the goal of improving the receiver
performance.

4.1.1 Overview of bladed receiver concept

The bladed receiver (see Fig. 4.1), the novel design considered here, is based on
a concept which was developed by Sandia National Laboratories (Sandia) and the
Australian National University (ANU) [27, 28, 161]. This design uses a bladed or
‘louvered’ arrangement of tube banks to overcome the flux limits for state-of-the-art
molten salt receivers and simultaneously to increase the light trapping effect via a
cavity effect and a varied concentration ratio while respecting peak flux limits for
tubes, especially considering molten salt. The blades are added to the high flux re-
gions of the flat receiver to reduce the peak flux, and also to arrange the flow so that
cooler surfaces are outwards as much as possible. However, the added blades may
increase the surface area of the receiver, which result in larger thermal losses. The
trade-off between optical and thermal performance on the bladed receiver leads to an
optimal bladed receiver design. The objective of this chapter is to address the ques-
tion of "Can the concept of the novel bladed receiver outperform the conventional

1The results before Section 4.5 had been presented by the author at the ASME Power & Energy
Conference, in Lake Buena Vista, FL, USA, 24–28 Jun 2018, titled "Bladed or conventional flat receivers:
which geometry is more efficient?"
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flat receiver?".

Fig. 4.1: The concept a bladed receiver.

4.1.2 Modelling approach and coordination

An integrated model was developed so that the optical performance and thermal
performance could be examined simultaneously. A comprehensive flow chart of the
calculation process is illustrated in Fig. 4.2.

The optical and thermal radiative performances of the receiver were examined
using “Tracer”, which is a Python-based Monte Carlo ray-tracing library. It uses
an energy-partitioning approach that offers better convergence rates for complex ge-
ometries with multiple reflections. It was capable of simulating the light-trapping
behaviour between the bladed structures in particular. The optical configuration
consists of tiling of the receiver and adjustment of the length of the blades. Ray-
tracing models were described and examined by Ye Wang in her PhD thesis [101].
In this way, her flux distribution maps were passed to the author’s hydrodynamic
model. Internal flow models were then developed by the author to evaluate the ther-
mal performance on both conventional flat and bladed solar-thermal receivers.

The approach to examining the thermal performance on both flat and bladed re-
ceivers is to develop 1D hydrodynamic numerical models, which consider external
radiative convection, heat conduction through the tube wall, internal convective heat
transfer and pressure stresses as a function of incident flux distribution, receiver size,
flow configuration, working fluid properties, tube size, tube wall thickness, and inlet
and outlet conditions. Flat and bladed receiver models are established for large-
scale reference case1s. The CSIRO facility in Newcastle, Australia was used for the
small-scale experimental on-sun testing due to limited space offered. The plant lay-
out (i.e. heliostat positions and tower geometry) of the Abengoa PS10 11 MW solar
thermal tower plant [104] was used in this study, as the reference field layout, to
compare the performance of the flat and the bladed cases. The receiver size, tube
size, flow configuration and aiming strategy were thoroughly examined and a de-
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highlighted in black.
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4.2. Hydrodynamic model description

sign with optimal efficiency was determined for the flat case. Next, a bladed receiver
design was sought, which was able to show a better performance for the same PS10
field, through several iterative refinements. The working fluid in the receivers is as-
sumed to be conventional molten salt (60% NaNO3, 40% KNO3), heated from 290◦C
to 565◦C, from receiver inlet to the outlet.

CFD (computational fluid dynamics) modelling was conducted by Felipe Torres
in OpenFOAM with a steady-state RANS (Raynolds Average Navier-Stokes equa-
tions) turbulence model called SST k-ω (Shear-Stress Transport k-omega) [162, 163],
to examine the external losses as a function of the receiver surface temperature. These
simulations provided the average heat transfer coefficient for these receivers under
various conditions such as receiver pitch angle, wind direction, wall temperature,
and wind speed. The CFD simulations were validated with wind tunnel experi-
ments by Torres et al. [164].

Apart from hydrodynamic models, Monte Carlo ray-tracing simulations and CFD
models are involved in the ARENA Project 2014-RND010 “Bladed Receivers with Ac-
tive Airflow Control”. These two parts were assigned to other project team members,
and hence are not included in this thesis.

Once the reference models were established, the next step was to test the on-sun
performance of these two receivers at CSIRO. CSIRO, the Australian National Sci-
ence Agency, has its energy centre in Newcastle which hosts solar field and energy
research hub [165]. It has two facilities: Solar Field 1 and Solar Field 2 (see Fig. 4.3).
The tower allows for mounting of different receivers for testing. There is a control
system for aiming heliostats and maintaining a specified flux distribution. Water and
compressed air pipework are available at the top of the receiver. There is a cooling
tower and electricity supply for pumps and controls. Due to the limitations of the
CSIRO facility, it was not possible to test the receivers with the same design points,
for example, the designed receiver sizes and the chosen working fluid. Hence, al-
ternatives were developed to test the receivers at a smaller scale with water and air
instead of molten salt [166].

4.2 Hydrodynamic model description

The hydrodynamic model was solved using the equation-based ASCEND mod-
elling environment, which was introduced in Chapter 2. The detailed energy balance
and momentum balance expressions can be found in Section 2.4.2. An internal heat
transfer correlation was suggested by Gnielinski for turbulent flow in smooth tubes
for 1.5 < Pr < 500 and 3000 < Re < 106 [137]:

Nu = 0.012
(
Re0.87 − 280

)
Pr0.4 (4.1)
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Fig. 4.3: CSIRO’s heliostat field with two towers in Newcastle, NSW.

where Re = ρVdi
µ and Pr = cpµ

k , all properties are evaluated at bulk temperatures.

The flow path was firstly separated into several banks of parallel tubes, as shown
in Fig. 4.4. The flux variation in circumferential direction are ignored, so all tubes
in the bank are assumed to experience the same flux. The backward-facing half of
the tube was assumed to be an adiabatic wall. Three flow configurations were estab-
lished in this project, which are as same as defined in Fig. 3.2.

Fig. 4.4: The breakdown of the flow path

4.3 Methodology

In this analysis2, the energy losses due to the spillage (Q̇spil,rec), the reflection
(Q̇refl,rec), the external radiation (Q̇ext,rad,rec) and the external convection (Q̇ext,conv,rec)
are considered. For the bladed receivers, the surfaces are divided into small meshes.

2The model used in this chapter is an extension of the model described in Chapter 2, and only the
additional details are explained in the following section.
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View factors are considered between each mesh element to capture the effect of tube
tips, gaps between blades, by implementing the radiosity analysis. The total external
radiation loss (Q̇ext,rad,rec) is calculated according to the radiosity balance. All of the
radiative calculations are implemented in the ray-tracing model, which is conducted
by Wang [101]. The total number of mesh elements on the receiver in the ray-tracing
model is equivalent to the total number of segments in the thermal model, so that
integration can be conducted. The detailed expressions for Q̇ext,conv,rec and Q̇net,rec

have been defined in Eq. 2.5 and 2.6, respectively. The external convection coefficients
(hext) are varied for different scenarios and have been labelled in each case. For the
flat case, the external convection coefficient is assumed to be 16 W/m2·K, while for
the bladed receiver, this value is assumed to be 8 W/m2·K. These two values used
in this chapter are consistent with the conclusions made by Nock et al. [167] and
by Torres et al. [168] for the large-scale receiver designs using CFD model, with
an averaged wind speeds of 2.5 m/s, in headwind direction (yaw 0◦). The wall
conduction k is assumed to be 20 W/m·K throughout the whole analysis. It is an
average value for the commonly used tube materials in the tubular receivers, such
as SS316 at ∼ 400◦C [131], Alloy 617 at ∼ 500◦C [132], Haynes 230 at ∼ 600◦C [151],
and Alloy 740H at ∼ 800◦C [133].

And therefore, the rate of energy balance for the steady-flow receiver becomes:

Q̇sun,rec = Q̇spil,rec + Q̇refl,rec + ∑
rec,i

Q̇abs,rec,i (4.2)

where Q̇spil,rec and Q̇refl,rec are calculated using optical modelling, which was imple-
mented by another project member, Wang [101]. Q̇abs,rec,i is the total energy being
absorbed in one segment, which is defined in Eq. 2.3.

The optical efficiency is then:

ηopt = 1−
Q̇spil,rec + Q̇refl,rec

Q̇sun,rec
=

∑
rec,i

Q̇abs,rec,i

Q̇sun,rec
(4.3)

The thermal efficiency is defined as:

ηth =

∑
rec,i

Q̇net,rec,i

∑
rec,i

Q̇abs,rec,i
(4.4)

It notes that the thermal efficiency defined in this chapter is different from Chap-
ter 3, Eq. 3.4. And therefore, the overall system efficiency ηtot is:

ηtot = ηI =

∑
rec,i

Q̇net,rec,i

Q̇sun,rec
= ηopt · ηth (4.5)
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4.4 Finalised PS10 design cases

4.4.1 PS10 reference flat case

Having a larger receiver results in a higher optical efficiency due to lower level
of spillage, but also a lower thermal efficiency due to larger external losses. A range
of simulations were conducted in order to obtain a thorough analysis of a flat re-
ceiver with a PS10-like flux distribution. Monte Carlo ray-tracing simulations were
implemented firstly to examine the flux distribution on the receiver, including the
effects of heliostat slope error and aiming strategies, sun-shape error, and heliostat
reflectivity, which are summarised in Table 4.1. Varying the heliostat field aiming
strategy and the aperture area of the receiver varied spillage and reflection, and con-
sequently led to an optimal optical performance. Then, the energy balance for the
receiver with a number of segments was determined, by implementing the flux map
generated by ray tracing simulation, and balancing the external convective and radia-
tive losses, and internal heat transfer to the working fluid. The trade-offs on external
convective, external radiative losses and pumping losses due to varying the flow
configuration, the tube size, the tube wall thickness, and the flow length (i.e. num-
ber of tube banks) led to an optimal thermal performance. The effects of varying
the tube diameter, the tube wall thickness and the number of banks on the thermal
efficiencies were discussed in Chapter 2 (uniform flux distribution), and in Chapter
3 (non-uniform flux distribution), and hence, are not studied here again since the
trends of the performance are the same. The effect of varying flow configuration on
thermal performance of the receiver is shown in Fig. 4.5. The "edge-to-centre" candi-
date gives the highest overall thermal efficiency but also highest peak external wall
temperature among these three options due to less hot spots.The combined effect of
optical performance and thermal performance results in an optimal receiver design,
as shown in Fig. 4.6. For the "edge-to-centre" flow configuration, higher peak flux
gives fewer hot spots, and consequently, results in more efficient receiver. However,
for the remaining two flow configurations, lower peak flux results in more efficient
receiver due to less external losses at low fluid temperature regions. There is more
detail in the Wang’s PhD thesis [101].

Table 4.1: The key parameters used in the optical model for PS10 designs.

No. of
heliostats Heliostat size Slope error

Mirror
reflectivity Sunshape

Aiming
strategy

624
12.9 m

(Width) × 9.6
m (Height)

0.9 mrad 0.95 Pillbox
the image size

priority in
SolarPILOT

Detailed energy and exergy breakdown for the finalised PS10 flat receiver is sum-
marised in Table 4.2. It was found to be a 10-m length square receiver with 25 tube
banks connected in “edge-to-centre” pattern, the outer tube diameter was 60 mm
with a 1.5 mm tube wall thickness under peak flux of 1198 kW/m2. The finalised
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(a) The studied flux density distribution

(b) The "edge-to-edge" flow
configuration

(c) The "edge-to-centre" flow
configuration

(d) The "centre-to-edge" flow
configuration

Fig. 4.5: The effect of varying flow configuration on thermal performance. (a) the flux distribution;
(b)–(d) the external wall temperature distribution for different flow configurations, where (b) gives

ηth = 91.9%, (c) gives ηth = 92.9%, and (d) gives ηth = 91.5%.

Fig. 4.6: Parametric study on the receiver efficiency for the flat receiver. This figure is owned by Wang
in her PhD thesis [101]. The thermal model was that presented by the author.
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flux distribution and the external wall temperature distribution are shown in Fig. 4.7.
The minimum and maximum external wall temperatures are 289.5◦C and 665.7◦C,
respectively.

The optimised PS10 flat receiver was calculated to have a total efficiency (ηtot)
of 91.66%, consisting of 0.74% for spillage loss, 3.88% for reflection loss, 2.64% for
external radiative loss and 1.09% for external convective loss. It was also calculated
to have 56.67% for total exergy efficiency, consisting of 0.74% for spillage loss, 3.88%
for reflection loss, 1.78% for exergy loss in external radiation, 0.71% for exergy loss in
external convection, 1.95% for exergy destruction in wall, 2.69% for exergy destruc-
tion in internal convection and 0.02% for exergy destruction in flow.

Fig. 4.7: Finalised flux and the external wall temperature distributions for PS10 flat case. Receiver
layout: 10 m × 10 m.

4.4.2 PS10 bladed case

For the bladed receivers, the working fluid firstly runs through the edges, as
marked "A, B, C, D" in Fig 4.8(a). By introducing the edges, the energy loss in
spillage could be much reduced. In addition, as the flux and the working fluid tem-
perature at these sections were both low, the calculated external wall temperatures
were low, which resulted in a very small amount of external energy losses. The exter-
nal radiation loss and the external convection loss were calculated using Eq. 2.4 and
Eq. 2.5, respectively. There were no blades attached on the edges, as the low flux on
the edges would eliminate the benefits of using blades to overcome the flux limits.
In contrast, extra blades would increase the convective heat loss and the cost. The
receiver is tilted down, to essentially line up with the centre of the heliostat field. The
effect of varying the blade angles has been investigated by Wang et al. [169]. Then,
the working fluid passed to the blades (flowing from the tips to the back wall, see
Fig 4.8(b)), which were attached to the central part of the receiver. There were two
reasons: firstly to minimise the temperature of the tips due to high flux, and secondly
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Ẋ
loss,ref

Ẋ
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to reduce the radiative losses from the hottest parts of the blades due to the T4 effect.
High flux was expected on the bladed area, so that the value of adding blades could
be seen. It is necessary that a significant share of the total flux be absorbed on the
blade surfaces, in order for the blades to be beneficial in the overall design. The front
half tubes on the blades were discretised circumferentially, except the outside tube on
each blade was considered as a 4-sector one (i.e. tip, top, bottom and adiabatic wall
sections, see Fig 4.8(c)). Finally, the working fluid runs through the back wall (see
Fig 4.8(d)), in an “edge-to-centre” flow configuration. The backwards-facing half of
the tubes on the edges and the back wall were assumed to be adiabatic walls. It was
assumed that the working fluid in the receiver would remain the same as the con-
ventional molten salt. The temperature range of the working fluid was from 290◦C
at the inlet to 565◦C at the outlet.

(a) Illustration of the numbering system

(b) Fluid flow configuration on the blade.

(c) Tube segments for the
first tube on the blade.

(d) Detailed flow configurations of the bladed receiver

Fig. 4.8: The break-down of the flow configuration for the bladed receiver.
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The objective in design of a bladed receiver was to find a configuration that could
show significantly better performance compared to a flat reference case. A series of
bladed receiver designs were examined by varying the aiming strategies, the blades
length, the space between blades, the number of blades, the size of the edges, but
keeping the flow configurations the same. Examples are shown in Fig 4.9. Short and
long blades were studied, as well as wide-spaced and narrow-spaced blades. The
size of the ‘edge’ section was also studied. Results showed that longer blades would
give higher optical efficiency due to light trapping enhancement, but lower thermal
efficiency as external convection and radiation losses were increased due to larger
surface area. It was concluded that a larger number of short blades was preferable.
The finalised flux profiles and the external wall temperature profiles for PS10 bladed
case is shown in Fig 4.10. The blades are much cooler than the back wall, due to
the flow-pathing within the structure. In addition, the blade tips are cooler than the
backs of the blades.

(a) Flux distribution

(b) The corresponding external wall temperature distribution

Fig. 4.9: Examples of a series of intuitive bladed receiver designs.

The detailed energy and exergy breakdown for the finalised PS10 bladed receiver
is summarised in Table 4.3. It was calculated to have 94.15% for total energy ef-
ficiency, consisting of 0.76% for spillage loss, 1.95% for reflection loss 3, 2.00% for
external radiative loss and 1.44% for external convective loss, where the external
conditions are obtained from the referenced CFD models, stated in Section 4.3. It
was also calculated to have 58.29% for total exergy efficiency, consisting of 0.75% for
spillage loss, 1.96% for reflection loss, 1.37% for exergy loss in external radiation,
0.70% for exergy loss in external convection, 1.58% for exergy destruction in wall,
2.71% for exergy destruction in internal convection and 0.0082% for exergy destruc-
tion in flow.

3Detailed optical losses are studied in Wang’s PhD thesis [101].
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Fig. 4.10: Finalised flux profiles (Top) and the external wall temperature profiles (bottom) for PS10
bladed case. It was found to achieve a reasonable benefit, in the absence of a thorough optimisation

process. Receiver layout: back wall: 10 m × 10 m; 8 blades: 8.5 m × 0.995 m each.
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Ẋ
loss,ext,conv

Ẋ
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4.4.3 Conclusion

Fig. 4.11: The summarised energy accounting for both PS10 flat and bladed receivers. These numbers
can be found in Table 4.3 and Table 4.2 respectively, where obtain detailed results

As summarised in Fig. 4.11, for the bladed concept (receiver layout: back wall:
10 m × 10 m; 8 blades: 8.5 m × 0.995 m each), the reflective (1.95%) and the external
radiative (2.00%) losses are much reduced due to the light trapping effect, unlike
the flat case (receiver layout: 10 m × 10 m) where reflected rays are wasted. The
reflective and the external radiative losses for the flat case are 3.88% and 2.64%. An
example of the thermal radiation trapping effect is illustrated in Fig. 4.12. The results
of this analysis suggests that a bladed receiver design has the potential to be more
efficient than a conventional flat receiver. The results for this bladed receiver show at
least a 2.49% improvement in efficiency relative to the flat case. In other words, the
concept of a bladed receiver is able to achieve at least 30% of reduction in receiver
optical and thermal losses. It is noted that while this receiver design was informed
by the analysis, it has not been rigorously optimised (instead has relied on a degree
of design intuition). Hence the 2.49% gain in efficiency does not necessarily represent
the maximum possible improvement.

4.5 On-sun testing

The objective of on-sun tests is to attempt to confirm the predicted performance
benefits for the bladed receiver, relative to the best flat receiver, can be demonstrated
in a realistic experimental scenario. The receivers keep the same shape as the PS10
case but at smaller scales. Flux distributions and temperature distributions were
matched to the PS10 case, to get the same optical losses (but scaled by area) and

87
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Fig. 4.12: Illustration of the thermal radiation trapping effect, refers to the red arrows.

the same thermal losses (but scalded by area). Firstly, the size of the receiver was
determined by matching the available space upon the tower at the CSIRO facility.
The available testing space was a 1.5 m × 1.5 m square. A 0.2 m margin on each
side for fabrication and installation was considered and hence, the receiver size was
initially fixed at a 1.3 m × 1.3 m square. Importantly, the intended working fluid,
molten salt, was not available at CSIRO. Therefore, two alternative working fluids,
water and air were chosen to access optical and thermal performance respectively
and separately, as shown in 4.13. The optical efficiency could be tested with high
flux and low temperature (i.e. to neglect thermal loss). Water was selected as the
working fluid to apply strong receiver cooling. However, the thermal efficiency test
required hot external surfaces, at temperature as close as possible to those expected
with molten salt. These temperatures could not be achieved using CSIRO facility, and
hence, air was adopted for this test. As a result, the overall performance could be
tested as a combination of making use of these two fluids. The results of this ’virtual
experiment’ design were published by Pye et al. [166]. Detailed design strategies,
receiver geometries and final simulation results on both small-scale flat and bladed
receivers are described in Sec. 4.5.1. Actual experimental results are summarised and
discussed in Sec. 4.5.2.

Fig. 4.13: The concept of the "virtual experiment".
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4.5.1 Comprehensive design analyses

Small tubes were considered to enhance the internal heat transfer of the air re-
ceivers. The tube size was fixed at 12.7 mm with a 0.9 mm thickness. The spacing
between tube centres was approximately 13.5 mm. As a result, the flat receiver size
was eventually fixed at 1.296 m × 1.296 m square, consisting of 8 tube banks with
12 tubes in each bank. The bladed receiver footprint was fixed at a 1.281 m × 1.281
m square. The bladed receiver consists of three sections, namely the edge, blade and
back-wall, as shown in Fig. 4.14. The edge section consists of four panels with 7
tubes on each panel. The blade section consists of four coiled single-pass loops (i.e.
8 blades) to minimise manufacturing and material costs, with 9 tubes on each blade.
The flow configuration for blades was determined as the working fluid running from
the tips (i.e. the outermost) to the back wall (i.e. the innermost). The back wall con-
sists of 8 banks with 10 tubes per bank. The flow configuration for the back-wall was
“edge-to-centre”.

Fig. 4.14: The design concept of the bladed receiver.

The purpose of testing the receiver with air as the heat transfer fluid was to deter-
mine thermal performance by matching the external wall temperature distribution to
that expected in a molten salt receiver as closely as possible. Air receivers were char-
acterised by low-flux and high-temperature to reduce the optical losses to minimum.
The thermal performance of the molten salt receivers was evaluated based on the ex-
ternal losses on the receivers, as functions of external wall temperatures. Therefore,
by matching the external wall temperature distributions on the air receivers to those
of the molten salt receivers, the external losses of the molten salt receiver could be
mimicked and examined through air receivers, and consequently, the thermal perfor-
mance could be determined, without examining the internal heat transfer features of
the molten salt receivers.
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Low-temperature water tests were established to determine the optical perfor-
mance of the receiver. The receivers were designed under high-flux and high water
flow rate conditions. The strategy was to keep the water temperature as low as pos-
sible (<100◦C, the boiling point at the ambient pressure) to reduce the thermal losses
(i.e. convective and radiative losses) to a minimum and to allow the optical losses
to dominate. In this way, the quantity of the optical losses of the receiver would be
directly measured using an experimental method. Ideally, the optical performance
should be represented using the largest possible number of heliostats.

The final designs of the receiver mock-up proposed for on-sun testing are dis-
cussed in the following sections: Section 4.5.1.1 and Section 4.5.1.2.

4.5.1.1 CSIRO air receiver design cases

The aim of air receiver test is to quantify thermal losses without excessive optical
losses (refer back to Fig. 4.13). It requires to achieve high temperature using low
fluxes, which suits the use of air as a HTF. Hence, a small number of heliostats were
used (i.e. 20 heliostats) to reduce the optical losses to the minimum, while to match
the external wall temperature distribution to the maximum. Aiming points are man-
ually determined, so that the external wall temperature profiles could be matched.
The distribution of the external wall temperature (right figure in Fig. 4.15(a)) for
the air case is very sensitive to the flux distribution, due to the poor heat transfer
properties of the air. As a result, the design of the flux distribution (left figure in
Fig. 4.15(a)) is of importance when matching minimum and maximum external wall
temperatures is the goal. Compressed air (7 bar absolute) was pre-heated before en-
tering the receiver, such that the inlet side of the receiver could be hot enough to
allow matching of the operating temperature range for the molten salt receiver, and
consequently, to match the distribution of the external wall temperature. In this way,
the external heat loss could be obtained from a surface of “known” temperature dis-
tribution. Therefore, for the air tests, the number of heliostats, the flow rate and the
inlet temperature of the air were adjusted to best match the temperature profiles of
the large-scale molten salt receiver listed at the bottom row in Table 4.4. These case
studies showed that the smaller the number of heliostats (a factor of 0.8, compared
to the original estimate of 22), the better the maximum external wall temperature
could be matched to the reference molten salt flat case. In addition, it was found that
matching a couple more heliostats (e.g. 2 heliostats) on the edges to increase the inlet
wall temperatures helped the overall temperature matching, even though this would
increased the spillage loss a little. The finalised number of heliostats for the air tests
was 20 (Case 7). This process of finding the best parameters was labour-intensive,
and although it is acknowledged that the final max. external wall temperature was a
little higher than desired, this was the best solution that could be obtained.
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Table 4.4: Flat air receiver case study (pin = 7 bar). For iterations # 2 to # 6, a factor of 0.8 was applied
on the number of heliostats used to reduce the total energy on the receiver and consequently to better
match the external wall temperature profiles, no ray tracing was done to reduce the computational cost.

Case #
No. of
helios

Q̇abs
kW

ṁ
kg/s

Tin
◦C

Tout
◦C

pout

bar
Text,wall,min

◦C
Text,wall,max

◦C
ηth
%

1 22 67.86 0.12 290 543.65 6.34 255.19 690.46 40.98
2 – 67.86×0.8 0.12 290 488.13 6.37 251.49 615.18 39.80
3 – 67.86×0.8 0.12 350 506.82 6.33 294.13 627.99 31.74
4 – 67.86×0.8 0.09 350 528.89 6.62 282.37 606.97 27.19
5 – 67.86×0.8 0.087 350 531.34 6.64 280.88 664.63 26.64
6 – 67.86×0.8 0.088 350 530.34 6.63 281.38 663.40 26.83
7 20 59.98 0.08 320 590.94 6.68 290.21 683.57 39.34

Ref.
salt

–−− – 290 565 – 289.54 660.96 –

The flux distribution and the external wall temperature profiles of the PS10 flat
molten salt case were shrunk down and distored to match the 1.2 m × 1.2 m proto-
type scale, and through this modelling have been replicated on the small-scale CSIRO
field, as shown in Fig. 4.15(b). with small interpolation error on the maximum ex-
ternal wall temperature, drops from 665.70◦C to 660.96◦C due to the different mesh
sizes handled in the two cases. Spatial representations of the pressure drop and the
localised temperature difference between small-scale air case and full-scale salt case
have been plotted in Fig. 4.16. Larger pressure drops occur in the centre of the re-
ceiver due to the localised temperature increase of the HTF. The total thermal loss
calculated for the small-scale flat air receiver is 36.38 kW (3.98%), consisting of 10.53
kW (1.15%) of external convective loss and 25.85 kW (2.83%) of external radiative loss.

Similar strategies were developed to obtain the finalised bladed air case, as shown
in Table 4.5. The small number of heliostats were selected to minimise optical losses,
so that the performance of the receiver was focused on thermal efficiency. As a result,
both minimum and maximum external wall temperatures were matched well to the
large-scale molten salt case, as the differences in both minimum and maximum wall
temperatures were less than 1◦C. The finalised flux profiles, the fluid temperatures,
and the external wall temperatures are shown in Fig. 4.17. The blade temperatures
reflect the mechanism of the flow path (i.e four coiled single-pass loops). The mid-
dle of the back wall has the highest fluid and external wall temperatures due to the
design of the flow path. The total thermal loss calculated for the small-scale bladed
air receiver is 34.81 kW (3.73%), consisting of 11.37 kW (1.22%) of external convective
loss and 23.44 kW (2.51%) of external radiative loss.
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(a) Flux and temperature distributions of the PS10 full-scale case, shrunk and distorted to match the 1.2 m × 1.2 m prototype scale.

(b) Finalised flux distribution and external wall temperature profile on CSIRO small-scale flat air receiver, based on modelling
using expected air inlet and flux conditions from 20 heliostats in the field.

Fig. 4.15: Flux and external wall temperature distribution comparisons between molten salt and air
cases.

Fig. 4.16: Left: localised pressure drop; middle: localised HTF temperature difference; right: localised
external wall temperature difference between the air and salt case.
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(a) Flux distribuion

(b) Working fluid operating temperature

(c) External wall temperature distribution

Fig. 4.17: Finalised (a) flux distribution, (b) working fluid temperature and (c) the corresponding
external wall temperature distribution for CSIRO small-scale bladed air receiver.
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Table 4.5: Bladed air receiver case study (pin = 7 bar)

Case #
No. of
helios

Q̇abs
kW

ṁ
kg/s

Tin
◦C

Tout
◦C

pout

bar
Text,wall,min

◦C
Text,wall,max

◦C
ηth
%

1 22 67.86 0.06 200 604.49 2.59 172.89 791.68 32.26
2 – 67.86×0.8 0.06 250 611.27 2.37 207.86 797.17 28.93
3 – 67.86×0.8 0.06 300 613.17 2.11 238.65 797.84 25.39
4 – 67.86×0.8 0.06 300 551.88 2.55 235.21 717.32 25.13
5 – 67.86×0.8 0.05 300 564.81 3.84 227.71 737.16 21.87
6 – 67.86×0.8 0.057 300 559.91 3.41 230.94 729.33 23.20
7 20 59.98 0.08 320 578.55 3.24 290.42 681.54 38.60

Ref.
salt

– – – 290 565 – 289.21 682.31 –

4.5.1.2 CSIRO water receiver design cases

The aim of this low-temperature water test is to examine the optical performance
of the receiver, and to neglect the thermal losses by running the receiver at low tem-
peratures. From optical efficiency point of view, the bladed receiver would perform
better than flat receiver due to the light-trapping effect. A study of Wang [101] found
that a larger number of heliostats would be more beneficial to the bladed receiver,
when the number of heliostats was greater than ∼50, as shown in Fig. 4.18. How-
ever, it would cause more thermal loss due to larger surface area, and consequently
more convection loss. Therefore, a higher incident flux would result in an increased
advantage for the optically superior bladed design, which means that testing with a
high flux would show the greatest benefit. However, the following design constraints
in this CSIRO water test limited the number of heliostats could be used:

• The peak flux was constrained at 1.2 MW/ms.

• For the water test, the max. fluid temperature was set below 100◦C (the boiling
point at 1 atm).

• The pump power was limited (7 bar absolute) by the available installed equip-
ment at CSIRO, which consequently limited the total heliostats we have used
in this test.

20 heliostats (as used in the air test) were not sufficient for this test due to the
pump limit and the numerical accuracy of the tests. A large δT (outlet T – inlet
T) was aimed to maximise the accuracy of the absorbed flux measurement. But on
the other hand, the external surface temperature was minimised to avoid thermal
losses, and therefore, maximum pumping rate was required. The limitation on the
pump capacity restrained the water flow rate and consequently, limited the number
of heliostats being used, as adding more heliostats would require higher mass flow
rate to achieve the same (fixed) upper limit of the water outlet temperature. More
flow means more pressure drop through the receiver, and more pumping power re-
quired. Initially, 200 heliostats were selected to match the flux distribution of the
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Fig. 4.18: The improvement in the total efficiency from the bladed receiver with different receiver sizes
and number of heliostats, when compared to the flat receiver. This figure was extracted from the PhD

thesis of Wang [101]. In this study, the external wall temperature distribution on the receiver was
assumed to be unchanged. The bladed receiver would perform better than flat receiver optically due

to the light-trapping effect. However, it would cause more thermal loss due to larger surface area, and
consequently more convection loss. Therefore, a higher incident flux would result in an increased

advantage for the optically superior bladed design, which means that testing with a high flux would
show the greatest benefit. Study showed that the advantage of using bladed receiver (pink/red dots)

could be seen when the number of heliostats was larger than 50.

reference PS10 flat case, followed by varying the mass flow rate and the internal flow
configurations (i.e. nbanks and ntubes,perbank ) to keep the water temperature as low as
possible. For example, for Case #1 and #2 in Table 4.6, the outlet temperature of the
receiver was reduced by 27◦C, by reducing the number of banks (nbanks) connected
in series (i.e. more parallel tubes in one bank, less banks in series). The shorter the
flow path, the smaller the pressure drop as well. Once the modelling mechanism was
determined, the final step was to gradually increase the number of heliostats to vir-
tually represent the reference case using the CSIRO facility, while keeping the water
temperature low. The top four cases are listed in Table 4.6 below. From flat receiver
point of view, a larger number of heliostats would cause more spillage and reflective
loss, when comparing Case #3 and Case #4 in Table 4.6. The peak flux constraint (1.2
MW/m2) caused that more heliostats had to aim to the edges to avoid excessive flux
limitation at the central of the receiver, which resulted in more spillage. Reflective
loss is proportional to the total incident energy, and hence, the more the energy, the
more the reflective loss. Therefore, the finalised number of heliostats for the water
tests was 255, without causing excessive pressure drop. The water case was expected
to flow fast enough to keep low the external wall temperatures, as shown in Fig. 4.19,
to neglect the external convective and radiative losses on the receiver, as the thermal
efficiency of this proposed flat water receiver was 99.6%.

For the bladed water test, as the bladed part caused too much pressure drop,
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Table 4.6: Flat water receiver case studies. The results showed that thermal losses are negligible due to
the features of high-flux and low-temperature.

Case #

1 2 3 4

No. of helios 200 200 200 255
ṁ (kg/s) 1.80 2.50 4.00 4.00

nbanks 16 8 8 8
ntubes,perbank 6 12 12 12

Tin (◦C) 20.00 20.00 20.00 20.00
Tout (◦C) 115.40 88.40 62.90 70.60
pin (bar) 6.00 6.00 6.00 3.48
pout (bar) 1.98 4.98 3.51 1.00

Q̇sun (kW) 828.70 828.70 828.70 980.10
Q̇spil (kW) 13.10 13.10 13.10 29.90
Q̇refl (kW) 32.62 32.62 32.62 37.10

Q̇ext,rad (kW) 1.21 1.23 0.81 0.99
Q̇ext,conv (kW) 2.52 2.55 1.92 2.28

ηopt (%) 94.48 94.48 94.48 93.17
ηth (%) 99.52 99.52 99.65 99.64

Fig. 4.19: The flux profile (left) and the external wall temperature profile (right) for CSIRO flat water
case.
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the water receiver was split into two flow streams (i.e. "blades" and "edges + back
wall"). This parallel flow reduced pressure drop, and allowed operation within the
pump capacity limit as per the CSIRO facility requirement. The flux profiles and the
external wall temperature profiles are shown in Fig. 4.20.

Fig. 4.20: Finalised flux profiles (Top) and the external wall temperature profiles (bottom) for CSIRO
bladed water case.

4.5.1.3 Conclusion

The ’virtual experiment’ testing strategy is summarised in Fig. 4.214. As shown
at the bottom of the figure, the optical losses from the water experiment are added to
the thermal losses from the air experiment, and divided by the total incident energy
from the water case. The efficiencies calculated using this method approximately
examine the performance of the scaled-down molten salt receivers. Under these con-
ditions, it is predicted that a bladed receiver achieves an efficiency of 91.77%, which
is 2.32% higher than the optimised flat receiver design with an efficiency of 89.46%.

4This figure is seeking to explain the method of the virtual experiment itself, and not the issues of
error propagation. Therefore, the number of significant digits in this figure does not indicate the “true
values” of the experiments. The uncertainty in the experiments, as a topic, it is discussed extensively
in Section 4.5.2.
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Fig. 4.21: Overall strategy for water and air testing to predict performance of the ’virtual’ molten salt
receivers.

This ’virtual experiment’ testing of the scaled-down version of the large-scale
PS10 systems was designed to provide evidence in support of those findings in Sec-
tion 4.4. An efficiency gain of 2.32% was expected to be achieved in the on-sun
testing, corresponding to an approximately 22% reduction in receiver losses.

4.5.2 Experimental results and discussions

4.5.2.1 Experimental setup and results

The manufactured receivers for the on-sun testing are shown in Fig. 4.22. Before
the real tests, a sequence of trial tests was completed to ensure that the components
were operating as expected, such as no leaking in tubes, bends or joints and no
breakdown of the electrical components on the skid-frame assembly. Meanwhile,
this sequence of preliminary tests could also help validate if the assumptions made
regarding heat transfer and pressure drop processes were similar to those expected
during on the on-sun testing. Then, the proposed on-sun testing was conducted at
CSIRO, including four main tests, as planned:

1. Flat + air

2. Flat + water

3. Bladed + air

4. Bladed + water
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(a) Flat receiver (b) Bladed receiver

Fig. 4.22: Full pictures of (a) flat and (b) bladed receivers with Pyromark coating.

Each test was conducted over a limited period of selected days in April–May 2019,
where sun input was adequate and wind speed mild to maximise the stability of the
testing. The collected quasi-steady data, as in the average values for a 30 s interval,
have been plotted in Fig. 4.23.

And then these data have been post-processed and summarised, in Table 4.7, in
the format of a final set of time-intervals, the DNI, the working fluid inlet tempera-
ture Tin, and outlet temperature Tout, the mass flow rate ṁ, the total incident energy
Q̇inc, the net heat to the working fluid (Q̇i = ṁcp(Tout − Tin)) and the resulting en-
ergy loss (Q̇loss = Q̇inc− Q̇i). For air, ideal gas assumptions and constant specific heat
capacity of 1.07 kJ/(kg·K) were used in the calculation. For water, a constant specific
heat capacity of 4.178 kJ/(kg·K) was used. The time-intervals selected correspond
to periods of approximate steady-state conditions. The rest of the parameters were
calculated as the average value over that time-interval.

Note that there was an unexpected in-line thermocouple failure during the bladed
air receiver test. For the flat air receiver, FA4’ and FA5’ the results were measured
using the external thermocouple directly, while FA4" and FA5" were calculated using
the correlation determined from the regression process, as discussed in Sec. 4.5.2.3.

4.5.2.2 Uncertainty analysis

A Python uncertainties package [170] was implemented to analyse the uncertainty
in the measurements, where the uncertainty determined how large the margin would
be, between the experimental measurements and the "true values". Random errors
cause different/random measurements in the experiments, which are unpredictable.
The more repeated experiments conducted, the better estimate on the random error
can get. Systematic errors give the same amount of the "error", if the experiments
are conducted in same way of measurements. Therefore, repeated measurements are
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(a) Flat water test on 17 April 2019

(b) Bladed water test on 18 April 2019

Fig. 4.23: Quasi-steady operational performance for (a) the flat water test on 17 April 2019, (b) the
bladed water test on 18 April 2019, (c) the flat air test on 30 May 2019 and (d) the bladed air test on 30

May 2019
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(c) Flat air test on 30 May 2019

(d) Bladed air test on 30 May 2019

Fig. 4.23: Quasi-steady operational performance for (a) the flat water test on 17 April 2019, (b) the
bladed water test on 18 April 2019, (c) the flat air test on 30 May 2019 and (d) the bladed air test on 30
May 2019 101
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not able to tell the systematic effects. Different measurements are required to es-
timate the systematic errors. Uncertainty consists of random and systematic errors.
Correlations between variables are automatically handled in the Python uncertainties
package. This feature is of importance when, for example, two thermocouples are
sharing one single cold junction compensation. Experimental results are summarised
by Pye et al. [171]. Type K thermocouples with their accuracy (i.e. a systematic er-
ror) and the errors in the cold junction compensation were considered [172]. The
thermocouple measurements were taken every one second over the time intervals of
interest, and hence the random errors in thermocouple measurements were negligi-
ble. The accuracy of the mass flow meter for air (Manufacturer: Oval, coriolis type,
Part Number: Sensor SN0250-SS-323R; Transmitter CT9401-R7MV31) was ± 1% [173]
and for water (Manufacturer: Omega, turbine type, Part Number: FTB-1425) was ±
0.5% [174]. The accuracy of the DNI capture device was assumed to be ± 2% [175].
To summaries, Table 4.8 provides all instruments’ uncertainties. A full uncertainty
analysis for the flat air test on 30 May 2019, as an example, is attached in Appendix
D. This analysis showed that water cases have large uncertainty due to the low tem-
peratures in inlet and outlet.

Table 4.8: A summary of the detailed instruments’ uncertainties.

Air Test Water Test

Instrument Accuracy Instrument Accuracy

Thermocouple Type K Class 2
±2.5◦C (≤ 333◦C)
±0.75◦C (333◦C–

1200◦C)
Type K Class 2

±2.5◦C (≤ 333◦C)
±0.75◦C (333◦C–

1200◦C)

Data acquisition
Schneider Electri
TSXAEY1614 and

ABE-7CPA12

No significant
error

Schneider Electri
TSXAEY1614 and

ABE-7CPA12

No significant
error

Mass flow meter Manufacturer: Oval ±1% Manufacturer: Omega ±0.5%
DNI DNI capture device ±2% DNI capture device ±2%

4.5.2.3 The regression process for the failure of a thermocouple

There was an unexpected in-line thermocouple failure during the bladed air re-
ceiver test. Unfortunately, it was an important in-line thermocouple, as it was sup-
posed to measure the outlet temperature of the bladed receiver. Without it, it is very
difficult to accurately calculate the net heat to the working fluid. Due to limited
time and budgets and the complexity in replacing the broken thermocouple which
was mounted within the receiver inner insulation, an alternative way to indirectly
determine the outlet temperature of the bladed air receiver was conducted using an
uninsulated thermocouple placed 1.5 m downstream from the broken in-line ther-
mocouple. A regression process has been conducted using data from both the faulty
thermocouple and the one downstream (see Fig. 4.24), as fortunately, both these
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two thermocouples were operating normally during the early flat air tests on the
same day. The predicted temperature difference between these two thermocouples
was about 2◦C, when compare Case FA4’ to Case FA4", Case FA5’ to Case FA5",
as shown in Fig. 4.24(a). Case FA4’ and FA5’ were the original results using the
in-line thermocouple, while Case FA4” and FA5” were the predicted results using
the preferred results. This was a very unfortunate situation and clearly, more ex-
periments after fixing the thermocouple would be preferable. It seems that there
was no better choice but using these unsatisfactory data to fix the missing data.
Therefore, the outlet temperatures for both flat and bladed air receiver tests on 30
May 2019 were calculated using the preferred curve-fit correlation in Fig. 4.24 b:(

Toriginal − Talternate
)
= 51.62 + 0.03016× Talternate. In this way, reasonable predictions

on the flat and the bladed air receivers could be made.

4.5.2.4 Discussions

The final evaluation for the flat and bladed receiver was determined using the ex-
perimental data. Optical losses were obtained from the heat loss from the high-flux
water experiments, with negligible thermal losses. The heat loss from the high-
temperature air experiments were then used to determine the thermal losses. There-
fore, the nominal value of the total efficiency expression for each type of the receiver
(flat or bladed) was calculated as the following:

ηtot = 1−
(

Q̇loss,opt + Q̇loss,th

Q̇inc

)
≈ 1−

(
Q̇loss,water + Q̇loss,air

Q̇inc,water

)
(4.6)

Together with the derivative calculated using the same uncertainty method men-
tioned above, the total efficiency of the bladed receiver was 80 ± 8%, while that of the
flat receiver was 79 ± 8%. The efficiency gain (ηtot,bladed − ηtot,flat) from this on-sun
testing was 0.65 ± 0.08%.

The uncertainty calculated (i.e. ± 0.08%) in the efficiency gain showed that, some-
how, a consistent gain was expected to be achieved, with the consideration of the
numerical correlation between input variables. However, it was likely to be a biased
conclusion, since the uncertainty calculated here is only based on one set of flat and
bladed receiver results. The random errors in the measurements were eliminated
due to repeated measurements in every 30 seconds, which is reasonable. The way of
calculating uncertainty with correlation being handled, turned out that the system-
atic errors were cancelled out due to the same thermocouples and same flow meters
used, when examining the difference between variables, which is also reasonable.
However, it assumed that all of the errors in the thermocouples is systematic error.
In addition, no uncertainty in the reflectivity, flux distribution and wind condition
were measured. The uncertainties in the flux measurement were of importance in
approaching to the final comparison between flat and bladed receivers, which was
unfortunately unknown. Wind was very likely a source of uncertainty, since it af-
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(a) The curve-fit plot for the whole day

(b) The curve-fit plot only for two steady-state periods

Fig. 4.24: The correlations of temperature measurements between intended in-line thermocouple and
alternative external thermocouple on 30 May 2019. Top: a curve-fit plot for the whole day; bottom: a

curve-fit plot only for two steady-state periods on the same day. The impact of wind was not
considered in this analysis, which might affect the accuracy of the predicted temperature

measurements.
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fected the total heat loss calculated on the certain receiver. Therefore, it was very
challenging to quantify uncertainties due to unknown wind speed and wind direc-
tion. They could not be handled with the available data. The ambient conditions
might not have been consistent throughout all the tests. In this study, the specific
heat capacity of water and air were assumed to be constant at 4.18 kJ/(kg·K) and 1.07
kJ/(kg·K), respectively. The difference between cp(T) and cp was not considered. The
qualities of the water and the air were unknown (e.g. pure water or impure). All of
these uncertainties and inconsistencies led to the question of "To what extent, could
the uncertainty analysis in this study present the true performance of the receiver?".

4.6 Conclusions

The concept of the bladed receiver is examined, where the heliostat field and
flux distribution are assumed to be PS10-like. It is found that the large-scale bladed
molten salt receiver is capable of improving the efficiency by at least 2.49%, consid-
ering both optical and thermal losses, when compared to the optimised flat receiver.
The light trapping enhancement between blades leads to the much reduced reflective
and external radiation losses. Simultaneously, the mechanism of adding blades to
overcome the flux limit on the conventional flat receiver is validated.

Next, the on-sun testing is conducted at CSIRO, Newcastle, Australia, to fur-
ther test this concept in practice. A ’virtual experiment’ is designed and evaluated,
due to the lack of any ready access to testing infrastructure able to make use of
high-temperature molten salts. It utilises water and air as alternative working flu-
ids to indirectly but near-accurately test the performance of both large-scale flat and
bladed molten salt receivers on the small-scale receivers. An efficiency gain of 2.32%
is expected to be captured from the on-sun testing. This efficiency gain is very close
to the large-scale results, which shows that the concept of the ’virtual experiment’ is
capable of replicating the performance of the large-scale receivers. The key conclu-
sions of the large-scale PS10 receivers, virtual designs and experimental results are
summarised in Table 4.9.

However, the experimental results show a modest improvement of 0.65% in re-
ceiver performance for the bladed receiver, when compared to the flat receiver. This
improvement was slightly less that the result expected according to the model. The
optimised design models are reconciled with experimental results next in Chapter
5. Nevertheless, this conclusion was made based on very limited experimental data.
Unexpected weather conditions (e.g. windy or cloudy) could occur during the high-
temperature testing on 30th of May 2019, as the DNI was relatively low. This might
reduce the performance gain, since the advantage of the bladed receiver was more
clear at higher DNI, when compared to the flat receiver. The assumptions about the
slope error, reflectivity and wind conditions did not consider the systematic error
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Table 4.9: Conclusions of the large-scale PS10 receivers, virtual designs and experimental results

Large-scale PS10 Virtual designs experimental results

Flat Bladed Flat Bladed Flat Bladed
Footprint (m2) 10×10 10×10 1.2×1.2 1.2×1.2 1.296×1.296 1.28×1.28

nblades – 8 – 8 – 8
Tin (◦C) 290 290 320 320 321.5±3.5 315.6±3.5
Tout (◦C) 565 565.83 590.94 578.55 516.7±3.6 524.9±3.6

Text,wall,max (◦C) 660.96 682.31 683.57 681.54 – –
Tint,wall,min (◦C) 289.54 289.21 289.54 290.42 – –

Q̇sun (kW) 65.79×103 65.80×103 980.08 979.85 – –
Q̇spil (kW) 0.48×103 0.5×103 – – – –
Q̇ref (kW) 2.55×103 1.28×103 – – – –

Q̇ext,rad (kW) 1.74×103 1.32×103 25.85 23.44 – –
Q̇ext,conv (kW) 720 750 10.53 11.37 – –

ηopt (%) 95.38 97.29 93.17 96.45 86 88
ηth (%) 96.09 96.76 96.02 95.15 90 89
ηtot (%) 91.66 94.15 89.45 91.77 79±8 80±8

analyses and might change the results. Under such circumstances, accuracy and pre-
cision of measurements subject to random errors could not be guaranteed, especially
when there was one essential thermocouple (i.e. to measure the outlet temperature of
the flat air receiver) not working during the testing. Repeated measurements under
different testing conditions (e.g. various ambient conditions, various wind speeds)
should be obtained to reduce random errors, however, such testing is very expensive.
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Chapter 5

BRAAC Project: Experimental
Reconciliation

5.1 Introduction

In Chapter 4, a bladed receiver design was described and modelled, with an ex-
pected 2.49% performance gain. Experimental results were also described, but they
indicated an 0.65% percent gain, which was less than predicted. In this chapter, the
differences are considered, and possible sources of experimental and modelling er-
ror are examined. Temperature and pressure were the sources of the uncertainties in
both modelling and experiments, which could be responsible for these discrepancies.
In addition, they are the most direct measurements encountered in engineering de-
sign situations, and hence these simulation results are targeting to be matched with
the experimental results. The aim of this chapter is to develop a calibrated model,
which can replicate the experimental outcomes by optimising the temperature and
the pressure-related parameters in the model, so that (a) the accuracy of the model
could be confirmed; (b) the experimental results could be aligned with the under-
standing of physics; (c) the flat receiver could be compared to the bladed receiver.
The thermocouples designated across the flat and the bladed receivers are shown as
the red dots in Fig. 5.1.

Fig. 5.1: Instructions on thermocouple location for flat and bladed receivers. Dimensions are in mm.
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(a) The full picture of the bends from top of the receiver (b) Single tube path with bends

(c) Tube path #1 (d) Tube path #2 (e) Tube path #6

Fig. 5.2: Tube configuration of the flat receiver, including bends and manifolds, (a) full picture,
(b)single tube path (c)–(e) individual tube bend configuration.
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First of all, the simulation results were attempted to be matched with the exper-
imental results for the steady-state flat water and the flat air cases. The real tube
configuration of the flat receiver, including detailed demonstration of the bends and
the manifolds, is illustrated in Fig. 5.2. The flat receiver consisted of 8 parallel tubes
and each tube consisted of 16 90◦ bends, 7 return bends and 8 straight parts. In total,
there were three headers connected at the ends of the tubes (i.e. two at the inlets and
one at the outlet). A similar approach was conducted next for the bladed receivers.

5.2 Parameter estimation

The main uncertainties in the receiver model to matching with experimental re-
sults were external heat transfer coefficient hext, internal heat transfer coefficient
hint = Nuk

di
, roughness of the tube e and nominal loss coefficient K (where ∆P =

K 1
2 ρV2). The approach to calibrating the model with the experiments was to imple-

ment a Python constrained optimisation package "COBYLA" to minimise the differ-
ence between these two models caused by the four uncertainty parameters. Firstly,
the optimisation method was applied to minimising the difference in temperatures
at specific locations across the receiver, as indicated in Fig. 5.1, by varying the hext

and the hint, where hint was represented by a multiplier fint,conv (hint = fint,conv
Nuk

di
).

An iteration process was conducted next to minimise the difference in pressure drop
by varying the K. Finally, the first step was repeated to obtain the optimised results.
The objective function, using the flat receiver as an example, was defined as:

min
x0,x1,x2,x3

[
fFW1 (x0, x1, x3) + fFW2 (x0, x1, x3) + fFA4 (x0, x2, x3) + fFA5 (x0, x2, x3)

]
(5.1)

where FW1, FW2, FA4 and FA5 were the four flat cases summarised in Table 4.7, x0

is the hext, in W/(m2·K), x1 was the fint,conv,water for water cases, x2 was for air cases
( fint,conv,air) and x3 was the total nominal loss coefficients K in the manifolds and the
bends.

Each term in Eq. 5.1 (e.g. fFW1 (x0, x1, x3)) was determined using the least-squares
method, which minimises the sum of the squares of the residuals (i.e. temperature
difference between the experiment and the simulation at the same thermocouple
location) made in the results of every single equation (i.e. each type of the receiver),
as follows:

f =
i=n

∑
i=1

(
Ti,exp − Ti,min

)2 (5.2)

where 1,2,...,n are the thermocouple locations, and there are a total of n thermocou-
ples.

111



5.3. Flat cases

The optimisation processes were the same for both the flat and bladed receivers,
except that only BW1 and BA7 (numbering was the same as labelled in Table 4.7)
was calibrated and optimised due to the high computational costs, since these two
cases were selected to conduct the final evaluation in Chapter 4.

5.3 Flat cases

Fig. 5.3 shows the locations of thermocouples, and the corresponding tempera-
ture measurements as averaged for each of the tests (FW1, FW2 FA4 and FA5). In
each test, the top two sub-figures indicate the thermocouple measurements, while
the bottom two are the corresponding simulation results. The model used in this
study has been described in Chapter 2 and Chapter 4. The flow configuration has
been modified to align with the manufactured model (refer back to Fig. 5.4). For
example, the flow path was split into two inlets with serpentine flow configurations,
where each inlet was coupled with a header. The fluids were merged into the outlet
header. The flow pattern was "edge-to-centre". Effects such as the circumferential
temperature variation were not considered in the current model.

5.3.1 Initial optimisation results

In this section, four flat cases (FW1, FW2 FA4 and FA5) were optimised in one
single model, using Eq. 5.1, to reduce the overall discrepancy in all the cases to
minimum. The flat cases were optimised using the method mentioned in Eq. 5.1.
The optimised external wall temperatures have been shown in Fig. 5.5, where the
optimised values were consistent with experimental observations. Note that the tem-
peratures, 31◦C for FA4 and 32◦C for FA5 as indicated by ∗ on the figures, were not
considered in the optimisation algorithm as the accuracy of these low measurements
was in doubt. The original and the corrected parameters after optimisation were
listed in Table 5.1. The optimised values of each parameter could only numerically
describe the disparities between experimental results and simulations. Some results
were questionable, such as 130.09 for K and 0.05 for fint,conv,water. Therefore, questions
arise as to the optimised values; what the physical significance behind these values
were, as they were of significant practical interest to be discussed. The discussions
were conducted in the following sections, consisting of three parts: incident flux dis-
tribution matching, external wall temperature matching and pressure matching. The
first two parts were associated with external and internal heat transfer coefficients,
while the third part was associated with a nominal loss coefficient.
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(a) FW1 (b) FW2

(c) FA4 (d) FA5

Fig. 5.3: Experimental temperature results vs simulation temperature results for the receiver front and
rear surface. For both flat water and air cases, hext = 16 W/(m2·K), K = 32.71, e = 0.046 mm and

fint,conv = 1. Numbers in red are the temperature measurements in ◦C. The location of the numbers in
the figure indicates the thermocouple locations on the receiver, aligning with Fig. 5.1. Red arrows are

the examples, showing that those two temperatures should be compared. Red ∗ indicates certain
measurement was not considered in the optimisation process.

Table 5.1: Design points for each optimised receiver.

Original parameter Corrected parameter

Water Air Water Air

hext (x0), W/(m2·K) 16 16 21.12 21.12
fint,conv,water (x1) 1 – 0.051 –

fint,conv,air (x2) – 1 – 1.49
K (x3) 32.71 32.71 130.09 130.09
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Fig. 5.4: Flow configuration of the flat receiver.

(a) FW1 (b) FW2

(c) FA4 (d) FA5

Fig. 5.5: Results for the initial optimisation. For the flat water cases, hext = 21.12 W/(m2·K),
K = 130.09, e = 0.046 mm and fint,conv = 0.051 For the flat air cases, hext = 21.12 W/(m2·K),

K = 130.09, e = 0.046 mm and fint,conv = 1.49
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5.3.2 Incident energy matching1

The total incident energy and the flux distribution generated from the experiment
were obtained using the CSIRO live ray-tracing program, where the ray resolution
was set quite low to allow for rapid evaluation. The optical performance, as recom-
mended by CSIRO colleagues, was obtained by rebuilding the state of the heliostat
field from the log files written by the control system and simulating it using Tracer
(more details see Wang’s PhD thesis [101]), a preferred ray tracing tool, as it is also ca-
pable of handling the case of the multi-reflection and light-trapping effects that arise
in the later case of the bladed receiver. Shading and blocking effects were considered
in Tracer. CSIRO also suggested that a Buie sunshape with circumsolar ratio (CSR)
of 0.10 could be appropriate, slope error of 1.64 mrad and reflectivity of 0.90 could
be applied to the heliostat surfaces. The centroids based on the surveyed receiver
positions were2: 3 033 mm, 4.17 mm, 27 195 mm for the air case with a tilted angle
of 15.51◦, and 3 033 mm, 55.08 mm, 27 079 mm for the water case with a tilted angle
of 38.62◦. The effective absorptivity of the planar receiver was assumed to be 0.96,
considering the light-trapping effects between adjacent tubes. The blocking ends of
two adjacent blades that consisted of coils of tubes were modelled as planar surfaces
with sharp turns to simulate the blocking effect, which was conducted by Wang [101]
in her PhD thesis (see Fig 5.6). However, the energy absorbed on the blocking ends
was not included in the total absorbed energy for the bladed receiver.

Fig. 5.6: An illustration on how the blocking effect was simulated in the coiled blades, by Wang [101].

For the simulation of each test case, the DNI was taken to be the average value
within the testing period labelled in Table 4.7, in AEST, UTC +10. The sun position
was calculated based on the starting time of each testing period, while solar noon
was estimated at 11:50 am for all the cases. The comparison of the heliostat fields
(the PS10 and the CSIRO) and the kay parameters of these two fields are extracted
from Wang’s PhD thesis [101] and shown in Fig. 5.7 and Table. 5.2.

1This optical matching was conducted by Wang, as she was involved in the BRAAC project to deal
with optical analysis.

2A half-space is used for the thousands separator.
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5.3. Flat cases

Fig. 5.7: The heliostat fields of (a) PS10 and (b) CSIRO. Extracted from Wang’s PhD thesis [101]

Table 5.2: The key parameters of the PS10 and the CSRIO heliostat fields. Extracted from Wang’s PhD
thesis [101]

.

PS10 CSIRO

Tower height (m) 115 30
Field land scale (m) 780 45
Tower to land ratio 0.147 0.667

Facing direction North South
Heliostat width (m) 12.9 1.85
Heliostat height (m) 9.6 2.44
Tracking Mechanism Azimuth-elevation Pitch-roll
Slope error (mrad) 0.9 1.64

Reflectivity 0.95 0.94
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Chapter 5. BRAAC Project: Experimental Reconciliation

The calculation of the incident energy was performed initially by the CSIRO con-
trol system and reported in the experimental data files. A later off-line simulation
was conducted using Tracer. Very good agreement was obtained between the two
tools. After re-simulating the flux map using the data from the log files, the total
incident energy rate of the flat water case calculated using Tracer was 1.60% higher
than that calculated by CSIRO, while the flat air case was 2.05% lower. These dif-
ferences, although relatively small, are of the same magnitude as the differences in
receiver performance, and as such it is important to consider their source. Possible
sources are as below:

• The sun position in each case was fixed at the starting point within the testing
period. This assumption, however, would not cause a large difference in the
results due to the short time interval of interest. The change in sun position
would be less than 7.50◦, if the time duration was less than half an hour.

• Solar noon was assumed to be at 11.50 am, since the solar noon was 11:52 am
on 17th and 18th of April, and was 11:50 am on 30th of May (source: [176]).

• Air attenuation was not considered, since the heliostat field was relatively
small. The distance between the furthest heliostat and the receiver was less
than 100 m. Therefore, the effect of air attenuation was nearly negligible.

• All the unused heliostats were set in the vertical position in Tracer, while some
of the unused heliostats were set in the standby position at CSIRO. This would
make the most difference in the results. Difference poses of heliostats would
have different blocking and shading effects with respect to the surrounding
heliostats. However, the actual poses of the unused heliostats were hard to
reproduce, outside the CSIRO control system. Therefore, they were simplified
in the vertical position in Tracer.

The flux distributions for all four cases (FW1, FW2, FA4 and FA5), with the com-
parison between simulated results from CSIRO (top) and Tracer (bottom) were plot-
ted in Fig. 5.8 and Fig. 5.9. Overall, the results from the Tracer model were consistent
with the optical model used by CSIRO. However, there were no flux measurements
involved in the experiments. Therefore, the assumptions made in the optical models3

could not be evaluated in this thesis. The distributions of external wall temperature
were studied next, based on the flux distributions that were obtained from the optical
model introduced above.

5.3.3 Temperature matching

Dominant parameters that affected the external wall temperatures were the ex-
ternal and internal heat convection coefficient. These coefficients could be validated

3Optical models were carried out by Wang [101]. The overall optical analysis was not the research
scope of this thesis and therefore, was not included in this thesis.
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5.3. Flat cases

(a) CSIRO: FW1, min. flux = 24.35 kW/m2, max. flux = 817.58
kW/m2

(b) CSIRO: FW2, min. flux = 21.40 kW/m2, max. flux = 709.08
kW/m2

(c) Tracer: FW1, min. flux = 13.81 kW/m2, max. flux = 844.25
kW/m2

(d) Tracer: FW2, min. flux = 12.63 kW/m2, max. flux = 775.47
kW/m2

Fig. 5.8: Flux distribution, water cases. 10×10 flux maps were provided by CSIRO, as shown in (a) and
(b), while 10×96 flux maps were developed in Tracer using the same specified aim-points as reconciled

by the CSIRO control system, and then implemented in ASCEND. There were 96 tubes in the
receivers. The flux map was not interpolated in y-axis direction to reduce the the computational costs,

when calculating the thermal performance of the receiver based on the mesh size of the flux map.
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(a) CSIRO: FA4, min. flux = 3.06 kW/m2, max. flux = 66.30
kW/m2

(b) CSIRO: FA5, min. flux = 2.13 kW/m2, max. flux = 75.63
kW/m2

(c) Tracer: FA4, min. flux = 1.37 kW/m2, max. flux = 64.94
kW/m2

(d) Tracer: FA5, min. flux = 1.07 kW/m2, max. flux = 74.04
kW/m2

Fig. 5.9: Flux distribution, air cases (similarly to Fig. 5.8).
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using experimental results.

Comparing the temperatures of flat air tests of experimental results to those of the
simulation results, we can confidently state that the optimised parameters were well
matched with the assumed parameters in the simulation—the external heat transfer
coefficient (16 W/(m2·K) [167]) and the internal convection correlations (suggested
by Gnielinski [137]). It was noted that the temperature variation might be caused
by the difference in the flux distribution, shown in Fig. 5.9. The slightly higher
maximum flux in the centre of the receiver might result in a higher external wall
temperature, where the front thermocouple was located.

For the flat water case (flux distributions shown in Fig. 5.8, however, the explicit
comparison in Fig. 5.3 showed a large variation occurred in external wall temper-
atures, which resulted in extremely poor internal heat transfer in the optimisation
afterwards (i.e. 95% worse than experiments). However, the empirical relation used
for calculating internal convection heat transfer was very unlikely to be so inaccu-
rate, considering the Reynolds numbers calculated for the water cases (i.e. 4× 104 –
8× 104) were in turbulent flow range. A number of possible causes were then dis-
cussed in the following sections, in sequence from minor to major effects.

5.3.3.1 Coarse mesh smoothing effect in flux distribution

There would be some discrepancies occurring at the peak-flux matching as shown
in Fig. 5.8 and Fig. 5.9, even though the total incident energy could be matched well
(as discussed in Section 5.3.2). The simulation results were obtained based on a
10×10 flux map provided by CSIRO. This coarse mesh might dilute the realistic flux
in the centre of the receiver to a lower averaged value in order to maintain identical
total energy in one single grid when compared to a 10×96 mesh, where the peak flux
and the peak external wall temperature were expected to be captured in the centre
of the receiver.

5.3.3.2 Tube wall temperature variation in the circumferential direction

One assumption made in the receiver models was that the tube was supplied with
heat uniformly across its front half (a flat external surface was assumed (Aext,tube =
Ldo)), and with effective absorptivity and surface emissivity being considered (named
as "Case C1"). A very relevant study has been conducted in Chapter 2 (refer to Sec-
tion 2.5.6 for summarised results, and Appendix B for model details), and shows
that this assumption caused an under-estimation of the peak tube wall temperature,
assuming the peak tube wall temperature was on the centre of the tube.

In order to examine this question, one modified model was conducted relating
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Chapter 5. BRAAC Project: Experimental Reconciliation

to this effect. Here, a non-uniform distribution of absorbed flux across its front half
was considered (named as "Case C2"), according to the cosine profile (Q̇abs,tube =
αeffq̇

′
Atubecos(θ)), where the absorbed flux was symmetrical about the angular coor-

dinate θ = 0◦, 180◦), with scaling applied to ensure the same total absorbed energy
per tube section as in Case C1. The cosine profile was applied to estimate the re-
duction of the absorbed energy due to cosine effect. The emissivity εi of the receiver
surface in Case C2 was considered the same as Case C1.

(a) Flux profiles (b) Temperature profiles

Fig. 5.10: "FW1" is selected in this study, with THTF = 80◦C. (a) flux profiles in the circumferential
direction of the tube and (b) the corresponding inner and outer wall temperature profiles, where

thermocouple is supposed to measure the external wall temperature at θ = 0◦. The peak flux (q̇abs) of
Case C1 is 576.5 kW/m2 on the unfolded surface, and of Case C2 is 836.0 kW/m2.

To summarise, a cosine circumferential wall temperature profile with no consider-
ation of view factors (Case C2) would result in an increase in the peak circumferential
wall temperature when compared to the case of uniform wall temperature (Case C1),
as shown in Fig 5.10. However, this effect did not fully explain the large variation
between thermocouple measurements and model simulations, as the temperature at
the front centre of the receiver could only be increased from 146◦C (which was the
same as the temperature calculated in Fig. 5.3(a)) to 179◦C in this approach. There-
fore, other effects which may also be at play were expected and examined next.

5.3.3.3 Effect of thermocouple configuration

A 27 mm (length) × 17 mm (width) × 3 mm (thickness) plate was used to protect
the thermocouple, which was mounted on top of the tube surface, as shown in Fig
5.11. The temperature measured by the thermocouple could be directly affected by
the irradiance transmitting, plate temperature and the hot air trapped between the
plate and the tube. In this section, the effects of the wall conduction of the plate, the

4The photo was taken several months later, after the receiver was returned to ANU from CSIRO,
and there had been rain and dust in the meantime. The emissivity from this photo cannot be inferred.
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5.3. Flat cases

(a) Before testing (b) After testing

Fig. 5.11: The welding of the thermocouple on the receiver (a) before and (b) after on-sun testing. The
surface appearance after on-sun testing (b) indicates a significant difference in surface emissivity from

before testing (a)4.

Fig. 5.12: The schematic diagram of the thermocouple (black dot) with a protective plate on top. The
breakdown of the thermal resistance was circled in red dotted lines. Temperatures at the internal plate

(red star) and external tube (red dot) were of interest to investigate the noise on thermocouple
measurement.
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temperature difference between the plate and the external wall, and the temperature
variation in the circumferential direction of the tube have been conducted. Imagining
the thermocouple and the external tube wall brought into contact as indicated in Fig.
5.12, there might be a temperature difference between the two materials due to the
result of a thermal contact resistance. Assuming the flux density on the plate was
constant, the total absorbed energy on the plate was:

Q̇abs,plate = αeffq̇Aplate (5.3)

where αeff was set in a range from 0.7–0.99 to study the effect of varying αeff on ex-
ternal wall temperature. The heat flux q̇ is 836.0 kW/m2.

External radiation and external convection losses were considered as:

Q̇ext,rad = εσc Aplate

(
T4

ext,plate − T4
amb

)
(5.4)

Q̇ext,conv = hext Aplate
(
Text,plate − Tamb

)
(5.5)

where hext = 16 W/m2·K, ε has been defined as Eq. 2.9.

Therefore, the net energy on the plate was defined as:

Q̇i,plate = Q̇abs,plate − Q̇ext,rad − Q̇ext,conv

=
kplateAplate

(
Text,plate − Tint,plate

)
tplate

=
Aplate

(
Tint,plate − Text,tube

)
1

hcont

(5.6)

In this study, a wide range of plate wall conduction values were used, from 10–40
W/m·K. The range of the thermal contact resistance 1

hcont
values were 0–0.2×10−3

m2K/W [177].

From the energy equation (Eq. 5.6), it is shown that the temperature measured
by the thermocouple was not the true external wall temperature but some radiation-
conduction-contact equilibrium temperature. A large error could result in temper-
ature measurement if this energy balance is not properly considered. Therefore, a
sensitivity study was conducted to examine the effect of varying the wall conduc-
tivity of the plate, the thermal contact resistant between hot plate and tube, and the
surface reflectivity αeff of the tube on the thermocouple measurement. The inner wall
temperature of the plate was the temperature of interest in this study as the thermo-
couple measurement was supposed to be a value between the inner wall temperature
of the plate and the external wall temperature of the tube.
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5.3. Flat cases

First of all, the effect of varying the wall conductivity of the plate on the temper-
ature for water case FW1 with varied 1

hcont
was examined. Results in Fig. 5.13 showed

that the wall conductivity of the plate would not affect its inner wall temperatures
significantly, when compared to the 1

hcont
. Then, the effects of varying the thermal

contact resistance and the effective reflectivity on the temperatures was examined.
The intention of this analysis is to figure out one single set of values for the thermal
contact resistance and the effective reflectivity that could make thermocouple mea-
surements and simulations well matched for all four cases.

Fig. 5.13: The effect of varying the wall conductivity of the plate on the temperatures for the water
case "FW1", for a range of 1

hcont
. Left: stars indicate the internal temperature of the protective plate.

Right: stars indicate the external temperature of the protective plate.

After conducting a series of studies on air case FA4, the results in Fig. 5.14
showed that the effect of αeff seemed to be stronger than the effect of 1

hcont
. In addi-

tion, the result for a reasonable effective reflectivity was dominated by hext, as Fig
5.14(b) showed that the fint,conv did not improve the αeff obviously. Fig 5.14(a) and (c)
indicated that either the Pyromark was very damaged to cause a rather low αeff, or
a higher hext was required to have a more reasonable αeff (e.g. in a range of 0.86–0.9,
as shown in Fig 5.14(c)). The overall study showed that the effect of thermal contact
resistance would not be significant for the air cases as the given incident flux on top
of the plate was low and the external wall temperature of the tube was high. These
findings could also validate that the external wall temperatures for the initial simu-
lation air cases in Fig. 5.3 were matched well with the experimental measurements,
since the interference factor of thermal contact resistance was low.

Next, the appropriate thermal contact resistance 1
hcont

was examined. Results were
shown in Fig. 5.15. The initially optimised hext (i.e. 21.20 W/(m2·K)) was applied on
the rest of the three cases, FA5, FW1 and FW2, but remaining fint,conv = 1. A wide
range of thermal contact resistances were observed to be possible from water cases,
FW1 and FW2, as the thermocouple measurements could be any temperature value
between the internal plate and the external tube wall. A large uncertainty would
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Chapter 5. BRAAC Project: Experimental Reconciliation

exist if the thermocouple was not be adhered to the external tube.

5.3.3.4 Failure of thermocouple insulation

One unlikely but possible error could occur if two wires made contact with each
other before the end of the connection head, due to the insulation failure. A hint
could be observed from Fig. 5.11(b). The characteristics of the thermocouple metal
could be changed if they were exposed to the high flux and high temperature atmo-
sphere, where overheating might happen.

5.3.3.5 An airlock in the tube

Another issue could be an airlock in the tube. It might happen when the air was
trapped by the flow of the water, preventing the free flow of water. However, this
phenomenon was considered before the water test and steps were taken to attempt
to avoid it. For example, high flow rate pumping was applied before starting the
water tests, which made this experimental failure unlikely happen.

5.3.3.6 Discussion

A series of studies have been conducted to comprehensively analyse the possible
reasons why simulation results were different from the experimental measurements
in three aspects. Studies show that the effect of thermocouple configuration was very
likely the leading cause. However, a wide range of possible 1

hcont
were detected due

to the uncertainty in thermocouple welding circumstance. It seems that the previous
section provides a compelling explanation for the high measurements. What is not
possible, though, is to correct those measurements, since there is too much uncer-
tainty. Unfortunately, with very limited experimental data, there was no clear-cut
answer to the understanding of the reason for the high temperature measurements
at the front centre of the water receiver. Suggestions for future experiments of this
type, could be:

• mounting the thermocouples inside the tube wall to make direct contact, if
possible;

• using insulated protection if mounting the thermocouple externally;

• using an infrared camera to measure the receiver surface temperature distribu-
tions;

• repeating experiments under different testing conditions, such as variable am-
bient conditions, variable sunlight conditions and variable wind speeds.
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5.3. Flat cases

5.3.4 Pressure drop matching

Besides the temperature, the pressure drop across the receiver was also valuable
to be reconciled with the flow meter measurement, so that a better understanding
about the hydraulic performance of the receiver could be made. The analysis of pres-
sure drop has been split into two parts: the major losses due to the friction in the
tubes, and the minor losses due to the tube bends and the headers.

5.3.4.1 Major loss

The major loss in a developed flow is related to the friction, where the friction is a
function of the roughness of the tube e. Therefore, this section examined if the rough-
ness of the tube was the dominant cause of the pressure drop. The Darcy-Weisbach
equation (Eq. 2.27) is used here.

Hence, if the roughness of the tube wall is known, we can find the friction factor
( f = f

(
ρVD

µ , e
D

)
) and then the pressure drop. Unfortunately, the roughness of the

tube used in this experiment was unknown. Therefore, a sensitivity study on the flat
and the bladed cases has been carried out to show that varying the roughness of the
tube would not cause a large difference in pressure drop. In this sensitivity study, a
wide range of roughness values were selected, 0.0015 mm (e.g. drawn tubing), 0.046
mm (e.g. wrought iron) and 0.15 mm (e.g. galvanised iron) [155].

Table 5.3: The effect on varying the roughness of the tube on the flat water and the flat air cases on the
pressure drop (i.e. ∆p in bar), with K = 32.71 (refers to Sec. 5.3.4.2).

∆p (bar)

e (mm) 0.0015 0.046 0.15 CSIRO exp. result

flat water (FW1) 1.89 2.22 2.64 5.48
flat water (FW2) 1.89 2.23 2.64 5.49

flat air (FA4) 0.11 0.13 0.14 0.50
flat air (FA5) 0.16 0.17 0.14 0.53

5.3.4.2 Minor losses

The above study showed that the uncertainty in the roughness of the tube was not
the main cause of the difference between theory and experiment. The minor losses
refer to the pressure losses in the tube fittings (e.g. bends Kb, contractions Kcon and
enlargements Kenl) and within the headers. The friction pressure drops in the elbows
were not considered due to the relatively short lengths. All of the minor pressure
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drops in the tube fittings could be calculated by:

∆pfittings = −
(

∑
bend

Kb + Kcon + Kenl

)
1
2

ρV2, (5.7)

as proved by Crane Co. Technical paper [178]. For one return bend, Kb = 50 fD

and for one 90◦ bend, Kb = 30 fD [178]. The friction factor fD was obtained us-
ing the Moody diagram. If e

D = 0.046 mm
10 mm = 0.0046 and Re = 104 ∼ 6× 104, then

fD = 0.037 ∼ 0.032.

The total resistance coefficient Kb of the flat receiver was 30.71, referring to 7 re-
turn bends plus 16 90◦ bends. Kcon = 1 and Kenl = 1. Pressure drop within headers
was not considered in this chapter.

The above analyses show that local losses were likely the major cause of the
pressure difference between the experimental results and the simulation results. For
the bends and headers with specific angles and shapes used in the experiments, there
was unlikely a way to accurately calculate the pressure drops without conducting
experimental tests, since it was difficult to predict the real behaviour in the bends
and headers using simulation models due to the three-dimensional motions. One
possible circumstance that could occur in the bends is the swirling effect. Swirl flow
happens through two consecutive out-of-plane bends, which was summarised by
Islek [179]. It causes high pressure drop, and the nominal loss coefficient K values
suggested by Crane Co. [178] did not consider the swirl effect. Turiso et al. [180]
indicated that the velocity in the double bend would increase, and the pressure drop
would also increase. The unlikely but possible airlock in the tube, mentioned in Sec
5.3.3.5, may increase the pressure drop due to fewer tubes with flow (i.e. no flow
through tubes with airlock), and consequently may lower the receiver efficiency. The
optimisation result shows a similar trend with their conclusion. The result shows that
the minor loss in the out-of-plane bends could be (130.09/32.71)×100=398% larger
than on-the-plane bends. Suggestions for future experiments of this type are:

• conducting more experiments to determine the roughness of the tube, using
the straight part of the tube to avoid the uncertainties in bends.

• studying the pressure drop in one similar single out-of-plane bend to have a
better understanding of the hydraulic performance.

• building a CFD model to simulate the internal flow of the experimental setup.
One out-of-plane bend could also be simulated.
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(a) Blades (b) Bladed receiver with bends, heaters and framing

Fig. 5.16: Bladed receiver assembling.

5.4 Bladed cases

A few photos of the bladed receiver are displayed in Fig. 5.16. First of all, the flux
maps for the bladed water and air receivers were re-simulated using Tracer5. The
external wall temperature comparison between experiments and simulations for the
bladed air case (BA7) and bladed water case (BW1) have been shown in Fig. 5.17.
Due to the very similar behaviour and very high computation costs, only one time
interval for each fluid was studied. These two selected cases (i.e. BA7 and BW1)
were also used in Chapter 4 for the final experimental evaluations.

(a) BA7 (b) BW1

Fig. 5.17: The temperature distributions for the bladed cases, before matching. Key results from the
on-sun tests for these two cases were highlighted in Table 4.7. Parameters were fint,conv = 1,

hext = 8.00 W/(m2·K) and K = 39.33.

The initial parameters used in the simulations were hext =8 W/(m2·K), fint,conv,water =
1, fint,conv,air = 1 and K = 39.33 (consists of Kblade = 4, Kedge = 2.62, KbkW = 32.71).

5Optical related studies were conducted by Wang.

130



Chapter 5. BRAAC Project: Experimental Reconciliation

The initial K value was obtained using the same approach as mentioned in Sec-
tion 5.3.4.2 and in [178]. The comparison between experimental measurements and
the initial simulation results have been summarised in Table 5.5. Inputs of simula-
tions were aligned with the experimental measurements, highlighted in bold. It is
worth noting that the pressure drop in the "blade" section of case BW1 in the simu-
lation (i.e. ∆p = 4.97− 1 = 3.97 bar) was well matched with the measurements (i.e.
∆p = 5.11− 1 = 4.11 bar). The difference was only 3.4%. The disparity in pressure
drop in the edge and the back wall sections of case BW1 was expected to be large
due to the uncertainty in the "out-of-plane" bends in the back wall, as discussed in
Section 5.3.4.2. The parameter corrections for the bladed cases are investigated in the
following section.

5.5 Overall comparison between flat and bladed cases

Both flat and bladed receiver models were updated again to make a final com-
parison of the receiver performance, according to the optimised corrections on the
internal and external convection coefficient, and the nominal loss coefficient. The
initial optimisation results showed that, for the water cases, the thermocouple mea-
surements on external wall temperatures at the front surface of the receivers were un-
reliable as the reduction in internal convection coefficient (95% worse than the initial
value) was not likely to truly happen, according to the studies in Section 5.3.3. There-
fore, the updated optimisation procedures were based on the air cases only, where in
those cases the external wall temperatures were supposed to be high but the flux on
the tubes were relatively low, so that there would be fewer issues with the thermo-
couple behaving abnormally. The corrected parameters using air cases were updated
and shown in Fig. 5.18 below. Table 5.4 summarised the experimental results, and
the simulation results for the flat receivers, after implementing re-simulated flux map
using Tracer, inlet temperature of the working fluid and the mass flow rate as indi-
cated in the experiments, together with the final optimisation results. These final
results were used later for the comparison between flat and bladed receivers.

The approach to attaining the final corrected parameters for the temperature re-
lated parameters (i.e. hext, fint,conv,air) in the bladed receivers was to conduct the
least-squares optimisation method mentioned in Section 5.2. No optimisation pro-
cess was conducted on the pressure matching due to high computational costs. The
ratio for the corrected K in the flat case was used here, ratioK = 130.09

32.71 = 3.98. Note
that this correction ratio was only applied to the "back-wall" section in the bladed
receivers, since the "blade" section was already matched well before the correction.

After applying all the correction parameters into bladed case BA7 and case BW1,
a good agreement could be seen in the bladed air case between experimental mea-
surements and the updated modelling. Consequently, the thermal losses calculated
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(a) FW1 (b) FW2

(c) FA4 (d) FA5

Fig. 5.18: Final results after corrections. For the flat water cases, hext = 20.32 W/(m2·K), K = 130.09,
e = 0.046 mm and fint,conv,water = 1 For the flat air cases, hext = 20.32 W/(m2·K), K = 130.09, e = 0.046

mm and fint,conv,air = 0.8

(a) BA7 (b) BW1

Fig. 5.19: The temperature distributions for the bladed cases, after applying the ratio of the
parameters. Parameters are fint,conv,water = 1, fint,conv,air = 1.50, hext = 20.72 W/(m2·K) and

K = 4 + 2.67 + 3.98× 32.71 = 136.71. Numbers labelled in ∗ were not considered in the optimisation
due to the improper measurements.
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5.6. Conclusions

in the air model could be confidently used in the final energy comparison between
flat and bladed cases. Note that, the improbably low measurements at the centre of
the front surface for both cases (as labelled in ∗ in Fig. 5.19) were not considered in
the analysis. The large temperature difference in the BW1 case was due to the low
temperature measurements at the back wall; the temperature difference, for example,
was 81.40% at the centre of the back surface (i.e. 78−43

43 × 100 = 81.40%). However, it
was believed that the thermal losses in the bladed water receiver should be marginal,
as it was designed to have high flux but low heat transfer fluid temperature (<100◦C)
and hence, very low external wall temperature on the receiver. The detailed results,
after correcting those parameters, are listed in Table 5.5. The differences between
simulated results and experimental results (flat receivers: 88.6% vs 79 ± 8%; bladed
receivers: 89.0% vs 80 ± 8%) were due to limitations in experimental conditions that
could be achieved in practice, in particular due to limits in pressure drop and pump
capacity. A water boost pump had to be installed as part of the receiver test sys-
tem since the pressure from the CSIRO feedwater system was low at the top of the
tower. In addition, the uncertainty about the flux levels could not be measured. The
difference in the thermal efficiencies, between calculated simulation results before
and after the parameter corrections, were only 2.8% (i.e. (25.2− 22.4)%), 0.4% (i.e.
(26.3− 25.9)%) and 2.2% (i.e. (28.5− 26.3)%) in the flat air cases (FA4 and FA5) and
the bladed air case (BA7) respectively, which showed that the hext and internal con-
vection correlations in the low-flux high-temperature air cases were appropriately
used. The final results for the bladed receiver showed an improvement of 0.5% in
receiver performance (refer to Table 5.4 and Table 5.5) when compared to the flat
receiver, which showed a good agreement with the experimental measurements (was
0.65 ± 0.08% as concluded in Section. 4.5.2).

5.6 Conclusions

The 0.5% improvement in the updated bladed receiver, when compared to the
updated flat receiver, was consistent with the conclusion made in Chapter 4. The
analysis highlighted that the pressure drops in the flat receiver and in the back wall
of the bladed receiver were likely significantly higher than the original models. The
K values were 400% higher than the values expected, which was associated with the
presence of out-of-plane bends. The pressure drop in the "blade" section could be
well matched without optimisations, which showed that the pressure drop in the
straight tubes and in the regular 90◦ bends could be well predicted using the litera-
ture. The difference of the pressure drop in the "blade" section between experimental
measurements and the simulation was only 3.4%. The front-surface thermocouple
appeared to be measuring very high temperatures for the high-flux low-temperature
water cases, which were not consistent with the original models. Those measure-
ments on the front surface were not credible in any of the high flux cases. Therefore,
those high flux water cases were removed from any of the parameter corrections.
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5.6. Conclusions

Better understanding between experimental data and receiver models was obtained
through the optimisation process, not only the temperature and the pressure match-
ing, but the use of additional instruments which were not available using the tests.
The optimisation results showed the thermal performance of both flat and bladed
receivers was appropriately calculated using the simulation model before correcting
hext and internal convection, as the differences in the thermal efficiency performance
were <3.0% in all cases. Overall, both flat and bladed models had better function
when compared to the experimental measurements, especially on the effects of pres-
sure drop, internal and external convection coefficients.

However, this conclusion could not fully reflect the realistic performance of the
receivers due to very limited experimental data. Nonetheless, this chapter provided
valuable literature for future experiments. Future experiments which could over-
come the limitations of the reconciliation could be: repeated experiments under a
wide range of conditions (ambient conditions, wind conditions, flux conditions); im-
proved method of mounting the front surface thermocouples; addition of an infrared
camera for realistic temperature measurements, and realistic flux distribution mea-
surements.

It is worth nothing that a relatively small gain, whether it is 2.5% or 0.5%, for a
receiver that is basically the same aperture area for both flat and bladed, is unlikely
to be worth the effort. The concept of the bladed receiver is demonstrated as far as
performance, but there are serious doubts over its potential as a commercially-viable
concept, due to the likely higher cost of such a design.
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Chapter 6

Durability, cost and efficiency
trade-offs in tubular receivers with
a range of working fluids for CSP1

6.1 Introduction

The performance gains due to novel geometries (Chapter 4) were not so promis-
ing as the gains that were found with a ’ramp’ flux profile (Chapter 3). In this chapter,
more parameters (e.g. the operating temperatures, the working fluid and the tube
material choices) are considered to better understand how well different options per-
form, when used with the more conventional convex receiver designs. In addition,
noting the concerns of Chapter 5 , the question of cost-versus-performance is essential
to be considered, not just performance. The main metric for justifying the economic
feasibility of Concentrating Solar Power (CSP) systems is typically the levelised cost
of energy (LCOE). Improvements can be made broadly through either reductions in
capital costs or improvements to the efficiency of components in the energy chain
for the entire system. In Chapter 2, high temperature sodium was found to be the
best working fluid candidate, when compared to other candidates (e.g. molten salt2,
air, water/steam and sCO2), under the uniform flux distribution assumption. It was
also assumed that no external wall temperature variation was considered across the
front half of the tube, throughout the whole receiver. Chapter 3 studied the effects
of varying the flux distribution and the flow configuration on the tubular molten salt
receiver. Again, external wall temperature variation was not considered due to the
computational limitations of the models. In addition, both studies had no consider-
ations of the material damage or the costs of the receiver. In Chapter 2, there was a
superficial analysis of one single tube-section, which established that it was not too
critical for performance estimation. However this chapter relates to the tube failure,
for which the peak temperature is much more important. That is the reason that

1The preliminary results had been presented by the author at the ASME Power & Energy Confer-
ence, in Bellevue, WA, USA, 14–17 Jul 2019, titled "Durability, cost and efficiency trade-offs in tubular
receivers with a range of working fluids for CSP"

2Molten salt in this thesis refers to solar nitrate salt, a mixture of 60% NaNO3, 40% KNO3.
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6.1. Introduction

more focus was given to considering the temperature variation in the circumferential
direction of the tube. Therefore, this chapter focuses on the impact of the receiver
component, specifically a tubular receiver in a point-focus CSP system, and considers
the relationships between material costs, receiver efficiency, and system-level design
for a range of working fluids (i.e. molten salt (60% NaNO3, 40% KNO3), chloride salt
(46.0wt% MgCl2–38.9wt% KCl–15.1wt% NaCl) and sodium). The aim is to develop
a unified analysis incorporating these different working fluids, tube materials, non-
uniform flux distribution and flow paths, so that a globally optimal choice can be
made. Although numerous studies on receiver design have been conducted (Section
1.9), few studies undertake this type of broad comparison. In addition, this study
focuses on the thermal direction in the receiver, which is in contrast with assuming
fixed operating temperatures in other studies. The study of Li et al. [80], for ex-
ample, examines the optical performance of receivers as a function of the receiver
temperature (average blackbody cavity temperature), which goes further in the opti-
cal direction.

High-temperature receivers (≥ 700◦C) have been proposed in third-generation
(Gen3) CSP technology [12] to align with high-temperature sCO2 Brayton cycle to
achieve high efficiencies (≥ 50%). Conventional molten salt (maximum temperature
is 565◦C) is not able to be used at those elevated temperatures due to chemical degra-
dation and corrosion [40]. However, it has been considered as a working fluid in the
receiver due to low cost. An appropriate alternative is chloride salt, which is capable
of being operated at high temperatures (i.e. 700◦C) (see Section 1.4.2 for literature).
Hence, chloride salt is considered in this study.

For this chapter, a numerical one-dimensional flow model takes a selection of
working fluids, temperature ranges and operating pressure ranges that reflect the
current and next-generation concepts for tubular receivers for CSP. The model con-
sists of a range of tube banks connected in series, with several parallel tubes in each
bank. External convection, internal convection, thermal resistance of the pipe and
radiative losses are studied, with non-uniform incident flux distributions. The tube
wall temperature variation is considered by applying the cosine effect to the circum-
ferential incident flux. The model examines the relationship between the second-law
efficiencies of receivers and the costs of the receiver including any necessary receiver
replacement over an operating lifetime of 30 years, for three selected working fluids
(molten nitrate salt, chloride salt and liquid sodium) using three selected materials
(Stainless Steel 316 (SS316) [131], nickel-chromium-cobalt-molybdenum alloy Alloy
617 [132] and nickel-base superalloy Alloy 740H [133]), by optimising the flux distri-
bution, operating temperature range of the HTF, the receiver size, the flow configu-
ration and the tube size using a multi-objective genetic algorithm.

The alternative fluids have a wide range of temperatures and pressures which,
impact the thermal and mechanical stresses that some receivers experience. Creep-
fatigue damage dominates the lifetime of the receiver, where creep is a time-dependent
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deformation, and fatigue occurs when a material is subjected to repeated loading and
unloading. This thermoelastic material model also considers a simplified analysis of
allowable stress (developed by Logie et al. [72]) at the temperatures in question to-
gether with the recommended cycling design life.

6.2 Methodology

6.2.1 Receiver layout

(a) A Gaussian flux distribution, σ = 3 m. (b) The corresponding HTF temperature
distribution, with serpentine "edge-to-edge"

flow configuration.

Fig. 6.1: The demonstration of a 10 m ×10 m receiver layout, with three banks and four sub-banks in
each bank. The flux has been varied into four meshes horizontally in each bank, since there are four

sub-banks. Flow configuration: edge-to-edge. Manifolds are coupled at the receiver inlet and outlet to
regulate fluid flow.

The foundation of the receiver model has been separately addressed in Chapter
2, 3 and 4. In this chapter, an advanced model is built by merging all the previous
features together into one model. In addition, one new feature is added, which is
the ability to examine the effect of varying the circumferential tube wall tempera-
ture. There are several parallel sub-banks in each bank being considered, and in each
sub-bank, there are several parallel tubes, which have identical flux in the horizontal
direction.

For each segment, a non-uniform distribution of incident flux across its front half
is considered, according to the cosine profile (Q̇inc,i,θ = αCGAextcosθ), where the in-
cident flux is symmetrical about the angular coordinate θ = 0◦ and 180◦. The cosine
profile is applied to estimate the reduction of the incident energy due to the cosine
effect. In this study, a Gaussian flux distribution was assumed for the model to ap-
proximately simulate the flux profile on the aperture of the receiver, as described in
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6.2. Methodology

Section 3.3.1.1. The flux distribution has been varied horizontally along the width of
the receiver, and vertically along the tube into a series of segments. An example of
the receiver layout is demonstrated in Fig. 6.1. This is a model artifact rather than
a physical implementation (i.e. 100 tubes per bank, approximated as four sub-banks
of identical parallel tubes). In this particular case, three banks with four sub-banks
in each bank and 25 tubes in each sub-bank is shown. The flux is assumed the same
horizontally for the 25 tubes in each sub-bank. The receiver size is 10 m × 10 m with
a Gaussian spot size σ of 3 m. Fig. 6.1(a) shows the Gaussian flux distribution on
the receiver and (b) shows the resulting HTF temperature distribution with an "edge-
to-edge" flow configuration. Three flow configurations are considered in this study,
namely "edge-to-edge", "edge-to-centre", and "centre-to-edge", as elaborated in Fig-
ure 3.2. Entry and exit headers are considered to regulate the pressure drop in each
flow path. Heat and pressure losses in the headers are not considered in this analysis.

6.2.2 Energy and exergy accounting

The total incident energy Q̇inc,rec on the receiver is equivalent to the total area
under the bell curve of a Gaussian distribution, and it is the sum-up of the incident
energy (Q̇inc,rec,i) in all segments (i) of the receiver. In each segment, Q̇inc,rec,i is the
sum-up of the incident energy Q̇inc,i,θ in the circumferential directions. The remainder
energy from Q̇sun,rec is considered as the spillage, as follows:

Q̇sun,rec = Q̇spil,rec + ∑
rec,i

Q̇inc,rec,i (6.1)

where Q̇inc,rec is defined in Eq. 3.4.

Detailed energy and exergy equations are defined in Section 3.2. In this chap-
ter, the external convection coefficient is assumed to be hext = 20 W/m2·K, which is
based on mixed external convection for receivers of realistic size (See Fig 6.2), and
is a sensible mid-range value based on expected operational conditions (wind speed
range: 0–16 m/s) studied by Siebers and Kraabel [134]. The value used in this study
is reasonably consistent with their findings. However, it notes that the external con-
vection coefficient would change, if the scale of the receiver size is changed. The wall
conductivities (Fig. 2.7) used in this study and the allowable stresses (Fig. 6.3) for
design condition calculations are aligned with the data recommended in the material
codes, as a function of the temperature. Materials selected are: SS316 [131], Alloy
617 [132] and Alloy 740H [133].

The internal convection correlations considered here are distinguished for differ-
ent working fluids to best represent their thermophysical properties. All properties
in the correlations are evaluated at bulk fluid temperatures. For molten salt and
chloride salt, the Gnielinski correlation [137] (Eq. 2.28) has been applied. For liquid
sodium, Skupinski correlation [140] (eq. 2.32) has been applied. et al. All working
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Fig. 6.2: External convection coefficient hext versus wind speed for the 10 MWe Barstow Receiver at
Twall = 400◦C. Receiver size: 7.01 m diameter and 13.71 m height [134].

Fig. 6.3: The allowable stress for the selected materials. Source: [131] (SS316), [132] (Alloy 617) and
[133] (Alloy 740H).
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fluids in this chapter are assumed to be incompressible fluids.

6.2.3 Temperature profile

After solving the external and the internal tube wall temperatures by using the
rate of energy balance equation (Eq. 3.2), the rate of external convection equation
(Eq. 2.5) and the rate of net energy equations (Eq. 2.6–2.8), the average surface
temperatures T̄i and T̄o are found by:

T̄i =
1

2π

∫ 2π

0
T(ri, θ)dθ (6.2)

T̄o =
1

2π

∫ 2π

0
T(ro, θ)dθ (6.3)

where ri is the internal radius, and ro is the external radius. θ is the circumferential
component. The internal (T(ri, θ)) and the external (T(ro, θ)) temperature fields in
the circumferential direction are obtained by solving the energy rate equations in the
circumferential direction.

Finally, Logie et al. [72] employ a least-squares fitting algorithm to determine the
coefficients in Eq. 6.4 and seeks the Fourier series of Eq. 6.4 at the inner (Eq. 6.5) and
outer (Eq. 6.6) surfaces to reduce the effort required to minimise the (integral) sum
of the squares of the differences over the entire cross-sectional area of the tube:

Tθ =
∞

∑
n=1

(
Anrn + Bnr−1

)
cos(nθ) +

(
Cnrn + Dnr−1

)
sin(nθ) (6.4)

T(ri, θ) = T̄i +
∞

∑
n=1

[
B′n cos(nθ) + D′n sin(nθ)

]
(6.5)

T(ro, θ) = T̄o +
∞

∑
n=1

[
B′′n cos(nθ) + D′′n sin(nθ)

]
(6.6)

where B′ and B′′ represent the coefficient B in Eq. 6.4 at inner tube and outer tube,
respectively. It notes that the rear of each tube is assumed to be adiabatic. An exam-
ple of the inner and outer wall temperature profiles around the whole circumference
is shown in Fig. 5.10.

6.2.4 Thermoelastic stress

The approach to examining the thermal stress in this study is to only consider the
elastic deformation. Yield stress, which causes the plastic deformation, is not consid-
ered. After solving the temperature T(r, θ), thermoelastic stresses are calculated by
using the non-axisymmetrically heated tube stress and the dominant axial thermal
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stress model [72]:

σr,th,i = Ki
αE

2 (1− ν)

[
−ln

ro

r
− r2

i

r2
o − r2

i

(
1− r2

o
r2

)
ln

ro

ri

]
+ Kθ,i

αE
2 (1− ν)

(
1− r2

i
r2

)(
1− r2

o
r2

) (6.7)

σθ,th,i = Ki
αE

2 (1− ν)

[
1− ln

ro

r
− r2

i
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o − r2

i

(
1 +

r2
o

r2

)
ln

ro
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]
+ Kθ,i

αE
2 (1− ν)

(
3− r2

i + r2
o

r2 − r2
i r2

o

r4

) (6.8)

σz,th,i = Ki
αE

2 (1− ν)

[
1− 2ln

ro

ri

]
+ Kθ,i

αEν

1− ν

(
2− r2

i + r2
o

r2

)
(6.9)

where subscripts r and z are the radial and the axial components, respectively. th
notates thermal stress. i is the segment number. E is the Young’s modulus in Pa, α is
the linear thermal expansion coefficient in K−1, ν is Poisson’s ratio. K and Kθ are the
axisymmetric and non-axisymmetric geometrical temperature contributions:

Ki =
T̄i − T̄o

ln
ri

ro

(6.10)

Kθ,i =
rriro

r2
o − r2

i

[(
B
′
1b− B

′′
1ri

r2
i + r2

o

)
cosθ +

(
D
′
1ro − D

′′
1ri

r2
i + r2

o

)
sinθ

]
(6.11)

where the solution of this equation assumes that only the first two terms are needed.

For thick walled tubes ( r
t < 10), the stresses due to internal tube pressure σr,pres,i,

σθ,pres,i and σz,pres,i are defined as:

σr,pres,i =
pr2

i

r2
o − r2

i

(
1− r2

o

r2
i

)
(6.12)

σθ,pres,i =
pr2

i

r2
o − r2

i

(
1 +

r2
o

r2
i

)
(6.13)

σz,pres,i =
pr2

i

r2
o − r2

i
(6.14)

where pr notates pressure stress.
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Finally, the equivalent Von Mises stress (σVM,i) is calculated as:

σVM,i =

√
(σr,i − σθ,i)

2 + (σθ,i − σz,i)
2 + (σz,i − σr,i)

2

2
(6.15)

σr,i = σr,th,i + σr,pres,i (6.16)

σθ,i = σθ,th,i + σθ,pres,i (6.17)

σz,i = σz,th,i + σz,pres,i (6.18)

Logie et al. [72] showed that the maximum equivalent stress (σVM,i) takes place at
the crown of each section (where θ = 0◦ is defined). Figure 6.4 depicts the local con-
centrated solar flux distribution in the circumferential direction and the distribution
of the inner and outer wall temperature, stress components σr,i, σθ,i, σz,i and σVM,i
on a section of the tube. Molten salt is considered as the HTF. To validate the stress
calculations, stresses determined by Logie et al. [72] are plotted accordingly, labelled
as dashed lines. The results from the model used in this study are in good agreement
with the results from Logie et al. [72].

Fig. 6.4: The local circumferential flux distribution (cosine curve) and the corresponding inner and
outer wall temperature distributions, thermal stress components σr,i, σθ,i, σz,i and σVM,i on the tube

with do = 33.4 mm and t = 1.65 mm. DNI = 850 W/m2, CR=1000.
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6.2.5 Creep-Fatigue damage

The total damage on the tubes, D, is calculated as the summation of individual
fatigue and creep life fractions (i.e. Linear Damage Summation [181, 182, 183]):

D =
n

∑
i=1

1
Nd

+
n

∑
i=1

∆ti

Td
≈ n

Nd
+

∆t
Td

(6.19)

where the number of on-off cycles to failure per year for fatigue tests n = (365 days −
the days where DNIs are too low to operate the receiver) = 317 and the holding time
per year in high temperature cycling, ∆t = 2624, is the sum of the total hours that
receiver operated in 317 days. The number of cycles per year and the total holding
hours per year were assumed to be constant over 30 years of operation. These two
values (n and ∆t) are calculated using the System Advisor Model (SAM) under the
solar and meteorological conditions of Alice Springs, Australia [76] (see Fig. 6.5). The
minimum Q̇inc considered in calculating n and ∆t was set to 200 MWt, which means
that the operating conditions were not taken into account if the incident power was
less than 200 MWt. Nd is interpolated from the design fatigue strain range data (see
Fig. 6.6(a)) for each material (SS316 [131], Alloy 617 [132] and Alloy 740H [133]), and
Td is interpolated from the minimum stress-to-rupture data (see Fig. 6.6(b)) in the
same sources. Finally, according to the ASME boiler and pressure vessel code, the
total damage D has to be included in the safe region from Fig. 6.6(c) [183] to avoid
receiver failure. Therefore, the lifespan is calculated as x2

x1
. The mechanical damage

values are based on the creep-fatigue failure data and the mechanical properties of
the following alloys: SS316 [131], Alloy 617 [132] and Alloy 740H [133].

Fig. 6.5: Example of the meteorological conditions in Alice Springs, Australia. Data as supplied by
System Advisor Model (SAM) [76]. Red line indicates the minimum Qinc considered to calculate n and

∆t.

It is assumed that the material behaviour lies on the elastic region only. No
material behaviour in the elastic-plastic region or the stress relaxation is being con-
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(a) Fatigue damage

(b) Creep damage

(c) Creep-fatigue interaction damage envelope, as
proposed for SS316 [183].

Fig. 6.6: Creep and fatigue lifespan calculation

sidered in this study. However, a study by González-Gómez et al. [74] showed that
the damage would be overestimated if only the elastic behaviour is considered, and
consequently caused the receiver to have a shorter lifetime and more costs. Nev-
ertheless, the elastic-only damage provides a conservative analysis on the lifetime,
which makes it worthwhile in this study. In addition, the emphasis of this study is
to compare the performance of variable HTFs on variable materials, using one single
model under unified assumptions. Eq. 6.20 is used to calculate the strain components
(εr, εθ and εz) from the thermoelastic stress components (σr, σθ and σz) calculated in
Section 6.2.4 and the material properties under the assumption of elastic behaviour
[133]. The number of cycles to failure (Nd) is a function of temperature and the
equivalent strain. Td is the time to rupture for a pure creep test at the same stress as
the hold period. The ASME boiler and pressure vessel code, section III, Division 1
– subsection NH3 is employed to calculate the Td for the particular temperature and
the equivalent stress (σeq).

 σr

σθ

σz

 =

 λ + 2µ λ λ

λ λ + 2µ λ

λ λ λ + 2µ

 εr

εθ

εz

 (6.20)

where λ is the Lamé’s constant and µ is the shear modulus. More detailed explana-

3This table cannot be reproduced here due to copyright restrictions from ASME.
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tions can be found in [184]. The properties λ and µ are obtained from the Young’s
modulus E and the Poisson ratio ν by solving Eqs. 6.21 and 6.22.

λ =
Eν

(1 + ν)(1− 2ν)
(6.21)

µ =
E

2(1 + ν)
(6.22)

The equivalent strain (εeq) is used to determine the number of cycles to failure
(Nd) for the studied materials. It is obtained from Eq. 6.23 by using the components
of the strain found from Eq. 6.20:

εeq =

√
2

2(1 + ν)

√
(εr − εθ)2 + (εr − εz)2 + (εθ − εz)2 (6.23)

And the strain range for each cycle is obtained as:

∆εeq = εeq,max − εeq,min (6.24)

where εeq,min is zero when the receiver is under off-sun condition and the stress com-
ponents are zero.

6.2.6 Component costing

The approach of calculating the capital cost of a receiver is similar to the method
adopted by Abengoa Solar [185]. In this study, the capital cost of a receiver (C) is
defined in three terms, as follows:

C = mcm + ntubescF + CA, where CA = ArefcA + Co (6.25)

where cm is the cost of the tubes based on the tube material and mass, in USD/kg;
cF is the panel fabrication cost in USD/tube; CA is other costs of the receiver in USD,
including the cost of design, manufacturing and supplying, while cA is in USD/m2;
and Co is the design point cost.

The Abengoa 910 MWth molten salt receiver has been referred to as a baseline to
estimate the cost of the receiver. This 20 m (diameter) × 25 m (height) receiver had
a cost of 51.55 M ·USD (i.e. C) in 2008. The Abengoa report indicates that the total
cost of the tube material (i.e. mcm) and that of the tube fabrication (i.e. ntubescF) was
1.89 M ·USD and 1.42 M ·USD in 2008, respectively. The fabrication cost consists of
the costs for welds, nozzle and tube clips. This large-scale receiver consists of 1120
tubes. Therefore, the cost of fabrication for each tube was 1, 268 USD in 2008, which
is equivalent to 1, 748 USD in 2021 with the consideration of an assumed indexation
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rate of 2.5%p.a. [186]:

C2021 = C2008(1 + 2.5%)(2021−2008) (6.26)

Therefore, CA =(51.55− 1.89− 1.42 = 48.24) M ·USD in 2008, which is equiva-
lent to 66.50 M ·USD in 2021.

The cost of this large-scale baseline receiver is then scaled down to that of a 100
m2 receiver, in order to match an average receiver size in the study.

The function of cost in SAM (CSAM) is applied here [76]:

CSAM = Cref

(
A

Aref

)SE

(6.27)

where Cref is the receiver reference cost (i.e. Cref = CA); the scaling exponent of the
receiver cost (SE) is 0.7 [76]. Substituting A = 100 m2 into the above equation (Eq.
6.27), then CSAM = 9.67 M ·USD. This equation, however, indicates that the cost of
the receiver is nil if the receiver size is approaching to 0 m2, as shown in Fig. 6.7,
which might not be accurate as some other costs still exist. Hence, the equation of
the tangent at (100, 9.67) on the curve of CSAM is applied to find the Co at A = 0 m2:

y = 0.068x + 2.90 (6.28)

Hence,

C = (2.90M ·USD) +

(
0.068M ·USD

m2 A
)
+ mcm + ntubescF (6.29)

where m denotes the mass of tubes in kg, and the term mcm, is calculated as:

mcm =
(

ρ
π

4
(
d2

o − d2
i
)

L
)

ntubes,totalcm (6.30)

where the density ρ and the cost of the materials cm [187] are listed in Table 6.14.

Table 6.1: The density and the cost of the materials.

Alloy 740H Alloy 617 SS316

density ρ (kg/m3) 8,050 8,360 7,750
material cost (USD/kg) 85.7 76.1 6.5

4The material costs are provided by the team member in the project of "CSP Gen 3: Liquid-Phase
Pathway to SunShot [188]. Even though the data is not in that report, but rather was also used in the
calculations that report reports.
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Fig. 6.7: The function of cost defined using three analytical methods.The area of interest in this study
is 50–200 m2.

6.3 Optimisation method

Genetic Algorithms (GAs) are optimisation techniques used to solve nonlinear op-
timisation problems. They have been applied to a range of fields, such as medicine,
geotechnics, industrial chemical process and solar fuel plants [189, 190, 191, 192].
These random-based evolutionary algorithms are inspired by the theory of biological
evolution developed by Charles Darwin and then formulated by Prof. John Holland
in 1975 [193].

First of all, a population of “individuals” are determined randomly, where one
individual (represented by ’chromosome’) is one set of design parameters. Each indi-
vidual is able to provide a solution to the problem, where in this study, the solution
refers to one set of efficiency and cost. One population consists of a number of in-
dividuals (i.e. N) and it is called one generation. From the next generation onward,
the combinations of two individuals are selected from the previous generation and
then have an opportunity to do crossover and mutation to produce offspring. The
fitness of all the offspring is evaluated (i.e. efficiency and cost are obtained). In the
crossover process, most of the features from the selected designs are taken, depend-
ing on the probability of the crossover set. In the mutation process, if a randomly
generated number is less than the probability of the mutation, the gene is replaced by
this random number in the chromosomes, otherwise the gene (i.e. design parameter)
is left. A multi-objective (minimum cost and maximum efficiency) optimisation (i.e.
Pareto-frontier) using DEAP [194] is obtained after each generation, where N points
have fallen on the Pareto-front curve. Pareto-front is a set of optimised points where
no other points in the pool are more superior. In other words, the Pareto-front rep-
resents the most efficient designs at their corresponding cost levels in this study. In
this way, over a number of generations, an optimised set of offspring, with good fea-
tures that are inherited from previous generations, is obtained. In this analysis, the
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population size N is 40, the number of generations is 200, the percentage of crossover
is 0.95 while of mutation is 0.05. The optimised values are discrete.

As a summary to the method of this chapter, the receiver is optimised from the
efficiency point of view, by varying the receiver size, flow configuration, tube diam-
eter, and tube wall thickness, for a range of working fluids and tube materials. The
performance of a receiver is also estimated based on number of hours per year at de-
sign point and damage (cycles per year and creep damage), and hence, the lifetime
costs of the receiver can be calculated. Therefore, a Pareto-front relationship between
the cost of the receiver for a 30-year lifespan and the second-law efficiency could be
obtained.

6.4 Results

The Pareto-front relationship between minimum cost over 30 years and second-
law (exergy) efficiency including the pumping losses, has been conducted for the
selected fluids with multiple tube materials after optimising the receiver aperture
area, the Gaussian spot size, the inlet and outlet fluid temperatures, the tube di-
ameter, the wall thickness, the number of banks and the flow configuration. Only
material damage in the elastic region is considered in this study, to provide a conser-
vative damage analysis of the material. The selected tube materials are SS316, Alloy
617 and Alloy 740H. All these variables and their ranges considered in this study
have been summarised in Table 6.2.

Table 6.2: The variables and their ranges considered in this study.

Variables Range

aperture area (m2) 50–200
Gaussian spot size σ (m) 0.5–10

number of banks 1–10
tube diameter 17 standard tube sizes from 10.3 mm to 273.1 mm, in ASME

B36.10 [147]
wall thickness "STD", "EXTRA STRONG" and "XX STRONG" corresponding to

each tube size used, in ASME B35.10 [147]
flow configuration "edge-to-edge", "edge-to-centre" and "centre-to-edge"

tube materials SS316, Alloy 617 and Alloy 740H
fluid temperature range molten salt: 290–565◦C; sodium: 150–750◦C; chloride salt:

400-800◦C

The Pareto-front relationships, shown in Fig. 6.8 indicates the important impacts
of material selection on the efficiency and cost of the receiver over 30 years. From the
HTF selection point of view, the Pareto-front diagrams showed that liquid sodium
outperformed other HTFs due to its better internal heat transfer, which obtained
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Fig. 6.8: The Pareto-front relationship between the cost of the receiver and the second-law efficiency
for the selected fluids and the tube materials. The cost is for a 30-year operational life, and includes

the original as well as any needed replacement receivers. All three HTFs have been examined for each
tube material.

Fig. 6.9: The details of the Pareto-front points for a sodium receiver using Alloy 740. Only the first 19
points are plotted here, as the remaining 21 points (i.e. in total there are 40 points) result in a very low

lifespan and consequently, excessively high costs. The tube wall thickness was not included in this
figure as the result showed a consistent value of 1.65 mm for all the cases. For the same reason, the

flow configuration was not included, "edge-to-centre" was indicated to be the consistent flow
configuration choice for all the cases.
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Fig. 6.10: The details of the Pareto-front points for a molten salt receiver using Alloy 740. Only the first
20 points are plotted here. The tube wall thicknesses were always shown to be 1.65 mm. The
"edge-to-edge" flow configuration was the result of the flow configuration for all the cases.

Fig. 6.11: The details of the Pareto-front points for a chloride salt receiver using Alloy 740. Only the
first 33 points are plotted here. The tube wall thicknesses were always shown to be 1.65 mm. The

"edge-to-edge" flow configuration was the result of the flow configuration for the first 11 points, while
the "centre-to-edge" flow configuration was the result for the remaining 22 points.
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Fig. 6.12: The details of the Pareto-front points for a chloride salt receiver using Alloy 617. The tube
wall thicknesses were always shown to be 1.65 mm. "centre-to-edge" was the result of the flow

configuration for all the points.

a consistent conclusion as Chapter 2. One exception spotted was when SS316 was
selected as the tube material. The results showed that molten salt could result in
slightly higher second-law efficiency than sodium. From the tube material selection
point of view, Alloy 740H improved the Pareto curve by at least 5% for all three
working fluids, subject to the current assumed costs.

The detailed results for all the studied parameters on the Pareto-front curves for
each fluid are shown in Fig. 6.9 (sodium), Fig. 6.10 (molten salt) and Fig. 6.11
(chloride salt), using Alloy 740H as an example for the material. The results show
that longer paths (i.e. more nbanks) arose in optimised receiver designs for molten
salt and chloride salt, as compared to sodium, to compensate their poorer internal
heat transfer. Fig. 6.13(a) shows that the thermal conductivities of molten salt and
chloride salt were very close and they were two orders of magnitude lower than
sodium, which results in a large temperature difference between the HTF and the
wall. Hence, boosting the mass flow rates was necessary to improve the internal
heat transfer for these two fluids. For chloride salt, even smaller tubes were required
to increase the flow velocity. The minimum available tube wall thickness (i.e. 1.65
mm) from ASME B36.10 [147] was indicated as the best choice for all the fluids in
all Pareto-front points, due to the reason that the temperature difference between
inner and outer walls was minimised with thinner tubes, and consequently resulted
in longer receiver lifespan due to lower external wall temperatures. It was also found
that the optimal temperature ranges for all three fluids, using Alloy 740H as the tube
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material, were below 550◦C, with small ∆T (less than 100◦C) between inlet and out-
let. It was subjected to the peaky Gaussian-like flux distribution, which ended up
pushing the optimal temperatures down on Alloy 740H receivers, without sacrificing
too much on spillage loss by reducing the peak flux. When it came to Alloy 617,
the optimal temperature ranges for chloride salt receivers (450◦C–700◦C) were much
higher than that of Alloy 740H (see Fig 6.12), since the optimal Gaussian spot sizes
were much larger than that of Alloy 740H, which resulted in reduced peak fluxes
but larger spillage losses, and consequently caused less efficient receivers. As a re-
sult, the trade-offs between spillage and working temperature ranges were identified
through the optimisation process for different materials and fluids.

From an efficiency point of view, the ranking for the flow configurations on a
receiver with a Gaussian-like flux distribution (i.e. peak flux in the centre of the re-
ceiver) was "edge-to-centre" (i.e. the most efficient), followed by "edge-to-edge", and
lastly was "centre-to-edge" (i.e. the least efficient), as concluded in Chapter 3 (see Fig.
3.7). However, that chapter did not consider the effects of thermal stress and material
constraints. The "edge-to-centre" flow configuration caused the highest external wall
temperatures when compared to others due to the combined effect of hot fluid and
peak flux at the centre of the receiver. The optimisation approach in this study was
to figure out the most efficient but cheapest receiver configuration. Due to the better
internal heat transfer characteristic of sodium, the "edge-to-centre" flow configura-
tion could always be chosen to achieve high second-law efficiency and low cost on
sodium receivers, as the higher external wall temperatures would not affect the ma-
terial lifespan that much. "edge-to-edge" should be applied on molten salt receivers
to moderate the external wall temperatures without reducing the second-law effi-
ciencies too much. However, it seemed that the "centre-to-edge" flow configuration
had to be considered for the chloride salt receivers to avoid excessively high external
wall temperatures, due to worst heat transfer (refer to Fig. 6.13(a)). This was one of
the reasons that chloride salt performed the worst among all three fluids.

The results in Fig. 6.8 also show that only Alloy 740H was an appropriate ma-
terial for the chloride salt receivers in this study, as Alloy 617 and SS316 resulted in
very low second-law efficiencies (below 25%). Low thermal conductivities might not
be an issue for molten salt in relation to finding a relatively suitable tube material
with reasonable performance in efficiency, as it is subjected to operating at low tem-
perature range (i.e. 290–565◦C). However, when it comes to chloride salt, which is
supposed to operate at high temperature range (i.e. 400–800◦C), even higher temper-
atures on the wall result due to low thermal conductivity. In addition, the viscosity
of chloride salt is the highest in comparison to the other two HTFs, as shown in Fig.
6.13(b), which leads to a large pressure drop and consequently, a large von Mises
stress. Fig. 6.12 shows that larger Gaussian spot size σ had to be considered, in
order to reduce the peak flux on the chloride salt receiver and to make Alloy 617
a feasible material. The detailed study on the trade-offs between σ and efficiency
ηI have been conducted in Section 3.3.1.1 and shown that larger σ resulted in lower
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first-law efficiency due to larger spillage. The optimised results in this chapter vali-
dated this conclusion as Alloy 617 resulted in very low efficiencies due to the large
σ, which resulted in large spillage loss. All these factors make Alloy 617 and SS316
inappropriate to co-operate with chloride salt due to lower stress-to-rupture values
at elevated temperatures when compared to Alloy 740H. In addition, Alloy 617 is
more expensive than SS316, which makes it least favoured to be applied on chloride
salt receivers. It is worth noting that the replacement of the full receiver was con-
sidered over 30 years (i.e. Ctot,30yrs = 30

lifemax
C), not only of the receiver panels. It

would over-estimate the total receiver cost, especially for the cheaper material such
as SS316, due to some unnecessary replacements on structural framing, stairways,
engineering management, etc. This approach would weaken the price advantages of
those cheap materials, since the panel cost would only consist of less than 20% of
the total receiver cost. Nevertheless, this study provided numerous valuable findings
on the trade-offs between different parameters through the extensive optimisation
process for different working fluids with different tube materials, including the op-
timal Gaussian flux distribution, the optimal working fluid temperature ranges, the
optimal tube size, the optimal flow configuration, receiver lifespan due to material
limits, and so on.

Fig. 6.13: Thermophysical properties of three selected HTFs as functions of temperature. (a) thermal
conductivity; (b) viscosity. Source for the chloride salt was obtained in personal communications [195],

where the date was very similar to, and consistent with other published sources [196].

The lifespan is likely to be very sensitive to the receiver design as a small change
in the receiver design may cause a big difference in lifespan, as spotted from the
second last two points in Fig. 6.9. A closer study on this finding is conducted, using
Alloy 740H as an example. In order to figure out the causes of the difference in the
resulting lifespan, first of all, the input parameters for two cases (i.e. the second last
two points in Fig. 6.9: (S) lifespan = 3.32 years; (L) lifespan = 30 years) are listed in
Table 6.3. In general, larger spot size would result in more spillage loss, as concluded
in Section 3.3.1.1. However, the trade-off between a much larger receiver and slightly
larger spot size results in less spillage loss in Case S, when compared to Case L. The
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minimum lifespan occurs on the right centre of the receiver (where the red star is
located) due to the highest flux falling on that segment, which results in the highest
external wall temperature (see Fig. 6.14). Fig. 6.15 demonstrates the detailed flux
profiles, temperature profiles, von Mises stresses and the resulting lifespan of that
particular tube segment, location of the lowest lifespan across the whole receiver for
each case. The maximum von Mises stress occurs on the crest of the tube (θ = 0◦),
which is consistent with the study by Logie et al. [72].

Table 6.3: Detailed analysis on the selected two cases that result in different lifespan (i.e. (S) lifespan =
3.32 years; (L) lifespan = 30 years) . HTF: sodium; tube material: Alloy 740H; Q̇inc = 80 MW.

Input parameters

Tin Tout ∆T do t σ nbanks Aaper flow conf.
◦C ◦C ◦C mm mm m – m2 –

S 429.34 476.28 46.94 33.4 1.65 2.66 1 135.20 edge to centre
L 356.19 471.00 114.81 42.16 1.65 2.56 3 96.40 centre to edge

Results

q̇max Q̇spil Q̇inc Q̇abs Q̇net Ẋsun Ẋspil Ẋinc Ẇnet ṁ ηI I,sys
kW/m2 MW MW MW MW MW MW MW MW kg/s %

S 1633.12 4.39 75.61 73.16 67.48 74.61 4.10 70.51 30.11 446.44 40.36
L 1797.58 8.40 71.60 69.28 65.53 74.60 7.83 66.78 28.06 1132.26 37.61

(a) Case S: lifemax =3.31 years. q̇max = 1633.12 kW/m2

(b) Case L: lifemax =30.0 years. q̇max = 1797.58 kW/m2

Fig. 6.14: The flux distribution (left), the external wall temperature on the crest (middle) and the
localised lifemax (right) for the two cases (S and L) listed in Table 6.3. Red stars indicate the location
where the lowest lifespan occurred in the receiver. The yellow-only colour bar on the bottom right

figure indicates the minimum lifespan was 30 years in this scenario.
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Fig. 6.15: The analyses of the stress and the lifespan on the particular tube segment in the
circumferential direction, where the lowest lifespan is occurred (refers to the location of red stars

labelled in Fig. 6.14).

From the tube material point of view, the results in Fig. 6.8 show that Alloy 740H
performs better than other materials, for every HTF considered. It is found that, in
this study, creep damage dominates the failure mechanism, when compared to the
fatigue damage, which has also been verified by Barua et al. [133]. A case study
has been conducted here to compare the intrinsic difference for different materials,
where Case L in Table 6.3 was selected for this study. In Case L, it was found that
Alloy 740H was capable of providing a 30-year lifespan for the receiver. By using the
same inputs as Case L in Table 6.3, except replacing Alloy 740H with Alloy 617, it
was found that Alloy 617 could only offer a receiver lifespan of 0.48 year, which was
significantly lower. Key results for the particular receiver segment which offered the
lowest lifespan, are summarised in Table 6.4 and the corresponding minimum stress-
to-rupture curves at 593.35◦C, as a function of time-to-rupture in hours are plotted
in Fig. 6.16. The values are interpolated using tables of minimum stress-to-rupture
values in Source [132] and [133] for Alloy 617 and Alloy 740H respectively. The black
dot on the red curve indicates the time to rupture of Alloy 617 when σVM = 382.12
MPa, which provides a total holding time of 1261.81 hours. For Alloy 740H, however,
the creep damage would not play a role in limiting the receiver lifespan to a value
smaller than 30 years, as the most critical stress (i.e. 424.62 MPa) was even lower than
the stress-to-rupture value (i.e. 590.68 MPa) at 30,000 hours, nor the fatigue damage
as it is the second-order effect.
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Table 6.4: Detailed results for comparing the difference between Alloy 617 and Alloy 740H. The as-
sumed holding time per year in high temperature cycling ∆T = 2624.

Text,wall σVM time to rupture lifespan
◦C MPa hours years

Alloy 617 593.35 382.12 1261.81 0.48
Alloy 740H 593.35 424.62 >30,000 30

Fig. 6.16: Expected minimum stress-to-rupture values at 593.35◦C, as a function of time-to-rupture in
hours for Alloy 617 and Alloy 740H.
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6.5 Conclusions

An extensive optimisation process has been conducted to examine the relation-
ship between the performance of the receiver and the corresponding costs for a range
of working fluids and tube materials. First of all, the approach to modelling a receiver
was to establish a 1D model to calculate the efficiencies of a tubular receiver, where
the performance of the tube has been considered axially and circumferentially. Inputs
were the flux map determined using Gaussian distribution approach, the receiver
size, the inlet and the outlet fluid temperatures, the tube diameter and thickness,
the number of banks and flow configuration. These variables were then optimised
using a genetic algorithm method to obtain a Pareto-front relationship between the
performance of the receiver and the cost, where the cost is the total amount of the
expenses over 30 years with the replacements in relation to the receiver lifespan.

Sodium performed the best due to its prominent internal heat transfer character-
istic, when compared to molten salt and chloride salt. For molten salt and chloride
salt, longer flow paths were required to improve internal heat transfer and, conse-
quently, to reduce thermal losses. The trade-offs between the operating tempera-
tures of the working fluid and the Gaussian spot sizes of the flux profile led to an
optimised receiver (from the receiver efficiency point of view) that should have rela-
tively low operating temperatures (400–600◦C), otherwise, the flux density has to be
reduced in order to lower the external wall temperature, which however would in-
crease the spillage loss and consequently, reduce the efficiency. “edge-to-edge” and
“centre-to-edge” flow configurations have to be employed on the molten salt and
chloride salt receivers respectively to avoid excessively high external wall tempera-
tures, even though they resulted in lower second-law efficiencies when compared to
the “edge-to-centre” flow pattern. This is a meaningful result as in discussions on
the optimisation of systems, they often assume certain power block or certain tem-
perature requirements. This work pointed out that perhaps a lower working fluid
temperature range, would get more out the receiver than the gain from the high tem-
perature power block.

Without considering the material damage in the elastic-plastic region or the stress
relaxation, Alloy 740H was the best material choice among the selected options (i.e.
Alloy 740H, Alloy 617 and SS316), practically to align with the Gaussian flux distri-
bution and the costs assumed in this study. The drawback of adopting Gaussian-like
flux distribution was the localised hot spot, limiting the performance of the receiver,
and more importantly, causing the failure of the tube in a short-time period. One
approach to releasing tension at the hot spots was to consider a fully realistic flux
distribution from Monte-Carlo ray-tracing and the aiming strategy. The idea of a lin-
ear ramp distribution was a good demonstration of showing the benefits of avoiding
hot spots on the receiver, even though it was not a realistic flux pattern, which has
already been discussed in Chapter 3. Another approach to extend the lifespan of the
tube is to consider using thicker tubes or different materials in the highest flux cen-
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tral region of the receiver [70]. Alloy 740H was capable of withstanding high stress
before rupturing, especially at elevated temperatures. Such a characteristic makes it
suitable for all HTFs, and more durable to be used on the tubular receivers. SS316
was cheap but very unlikely to be able to be employed under current circumstance
(e.g. Gaussian-like flux distribution ). These conclusions, however, were based on
the costs which assumed that the total receiver cost over 30 years of service was the
multiplier (i.e. 30

lifemax
) of the total receiver cost with certain lifespan. For future work,

only the necessary parts of the receiver (e.g. receiver panels) should be considered
for replacement, so that cheaper materials would be given more chance to be re-
evaluated, such as SS316. An appropriate cost model should be applied for deciding
the best working fluid and the best tube material, since the cost of the fluid, cost of
the heat exchanger and cost of the storage would all affect the final decisions.

160



Chapter 7

Exergy analysis of the impact of a
heat exchanger on performance of
an integrated sodium–salt CSP
plant1

7.1 Introduction

The conclusions in Chapter 2 and Chapter 6 all showed that sodium was the best
working fluid candidate. However, the sodium receiver has to be deployed with a
heat exchanger, since it is not an appropriate TES medium, due to its high cost and
low volumetric heat capacity, when compared to salt. Two options considered here
for reaching higher temperatures are direct heating of a high-temperature chloride
salt (46.0wt% MgCl2–38.9 wt% KCl–15.1 wt% NaCl), and indirect heating via sodium
and an associated sodium–salt heat exchanger. The aim of this chapter is to examine
the exergy performance of these two alternatives, and to identify which configura-
tion is more effective in the final supply of heat to the power block, and to gain some
insight into the reasons of why one performs better than the other in terms of ex-
ergy. The conceptual designs for the CSP tower system with sodium and salt as the
receiver working fluid are illustrated in Fig. 7.1. A sodium–salt heat exchanger is
required for the indirect case (Fig. 7.1(a)). However, high-temperature chloride salt
(500–720◦C) is suitable to be used both as the receiver working fluid and as the sen-
sible thermal energy storage (TES) medium (Fig. 7.1(b)). Finally, the sCO2 Brayton
cycle is coupled in both cases, to achieve a high thermal-to-electricity efficiency at
elevated temperature [197].

1This chapter incorporates material from: Zheng, M. Guccione, S. Fontalvo, A. Coventry, J. and Pye,
J. Exergy analysis of the impact of a heat exchanger on performance of an integrated sodium–salt CSP
plant. In Proceeding of the 26th SolarPACES Conference, Albuquerque, New Mexico, USA. 28 Sep - 2 Nov
2020.
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(a) sodium (b) chloride salt

Fig. 7.1: Conceptual designs for Gen3 tower systems with (a) sodium and (b) chloride salt as the
receiver working fluid. Sodium receiver consists of 8 flow paths, with two panels (one north-facing

and one diagonal south-facing are connected in series) in each path (i.e. in total 16 panels). Chloride
salt receiver consists of two flow paths, with 6 panels connected in series (i.e. in total 12 panels).

7.2 Receiver and pump model

The present work takes as its input the designs of the optimised sodium receiver
(designed by the Australian National University, ANU [198]) and the optimised salt
receiver (designed by the National Renewable Energy Laboratory, NREL [195]), and
an optimised sodium–salt heat exchanger design [199]. The design points for each of
the specified receivers are summarised in Table 7.1 and Fig. 7.2. To summarise, the
sodium receiver is much smaller than the salt one, but it uses larger tubes, 60.3 mm
with a thickness of 1.2 mm. The salt receiver has two inlets and two outlets, while
the sodium receiver has 8 inlets and 8 outlets and hence, the sodium receiver has a
shorter flow path than the salt one. Each bank consists of a number of parallel tubes
ntubes, as indicated in Table 7.1.

(a) sodium (b) chloride salt

Fig. 7.2: Detailed geometries of the receivers (a) sodium and (b) chloride salt.

The flux distributions on the ’unwrapped’ cylindrical sodium and salt receivers
are illustrated in Fig. 7.4. The flux that the sodium receiver can withstand, up
to 1153.7 kW/m2, is significantly higher than that for the salt receiver (up to 506.7
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Table 7.1: Input parameters of each optimised receiver.

HTF
drec hrec Tin,rec Tout,rec DNI Q̇inc

nbanks

ntubes do t

m m ◦C ◦C W/m2 MW
per

bank mm mm

Sodium 16 24 520 740 980 626 16 52 60.3 1.2
Salt 20 35 500 720 980 713 12 263 34.8 1.2

kW/m2), by approximately a factor of two, since the high thermal conductivity of
sodium increases the internal convection heat-transfer coefficient and consequently
reduces the wall-fluid temperature difference, thereby reducing the circumferential
temperature difference and allowing us to remain within allowable tube stresses (not
covered by this study, though), considering the effects of creep and fatigue [133].

The cylindrical receiver surface was formed by multiple banks of tubes, with sev-
eral parallel tubes connected in series per bank. The receiver model was solved using
the equation-based ASCEND modelling environment with up to 104 non-linear equa-
tions [152]. It is a steady-state one-dimensional thermal model with discretised flow
elements connected in parallel or in series. External radiation, external convection,
wall conduction, internal convection and flow friction were considered. Detailed ex-
ergy accounting for a receiver with pumping loss was summarised in [197] and is
also applied in this study. The flux boundary conditions are taken from Monte-Carlo
Ray Tracing calculations from other work (from ANU [198] and NREL [195]). The so-
lar field layout and the main characteristics of these two receivers are fully described
by Fontalvo et al. [200]. The detailed exergy accounting was defined in Section 3.2.

Constants used in this study were: surface emissivity ε = 0.91; external heat
convection coefficients hext,sodium,rec = 13 W/(m2·K) on tube aperture basis, and
hext,salt,rec = 10.3 W/(m2·K) and wall conductivity, kwall = 20 W/(m·K) for a typical
tube material, such as Haynes 230 [151]. The difference in external heat convection
coefficients were due to different design assumptions made by ANU [198] and NREL
[195], respectively. The internal convection correlation suggested by Skupinski [140]
was applied on the sodium receiver, while the correlation suggested by Gnielinski
[137] was applied on for salt, as explained in [197].

The pressure drop due to friction is considered using Eq. 2.27 and the Darcy fric-
tion factor fD = (0.79 ln (ReD)− 1.64)−2.0 is for the turbulent, fully developed and
smooth tube.

The momentum balance in each element of the receiver is defined as:

po,rec,i − pi,rec,i = (∆p)fric,rec,i −
(
ρo,rec,iV2

o,rec,i − ρi,rec,iV2
i,rec,i

)
(7.1)
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The energy balance of the pump (neglecting the potential energy) is reduced to:

0 = −ẆPU + ṁ
(

hi − ho +
V2

i −V2
o

2

)
(7.2)

where the pump work ηis = ṁvo(po−pi)

−ẆPU
is calculated using an assumed isentropic

pump efficiency of 80%; incompressible fluid assumptions are used in this analysis.

The temperatures of hot and cold well-insulated storage tanks are assumed to
have constant values. A system-level optimisation for a sodium-salt-sCO2 system
was conducted by Fontalvo et al. [201] to find the lowest levelised cost of energy
(LCOE).

7.3 Shell and tube heat exchanger (STHE)

A single-pass shell and tube heat exchanger (STHE) (see Fig. 7.3) was assumed
in this study, with an assumed approach temperature of 20◦C. It was deployed to
take the sodium from the receiver and to heat up the salt that would be stored. The
heat exchanger is separately optimised for lowest total annualised cost using TEMA
guidelines, in the work by Guccione [199].

Fig. 7.3: Conceptual design of a single pass STHE. Corresponding shell and tube temperatures are
labelled.

The chloride salt is designed as the working fluid on the shell side. The rate of
heat in the shell side (Q̇shell) is defined as:

Q̇shell = ṁshell (hout,shell − hin,shell) (7.3)

164



Chapter 7. Exergy analysis of the impact of a heat exchanger on performance of an
integrated sodium–salt CSP plant

The convection correlation for the shell side, hconv,shell [202] is applied as:

Nu = 0.273Re0.635Pr0.34 (7.4)

The outer diameter of the tube is assumed as 22.23 mm, with a wall thickness of
1.1 mm. The velocity of the sodium in the tubes is fixed at 1.3 m/s. The internal

convection correlation (Nu =
hint,tubedi

k
) suggested by Skupinski [140] is applied on

the sodium, following the rationale given in [197]:

Nu = 4.82 + 0.0185 (RePr)0.827 (7.5)

The rate of heat in the heat exchanger (Q̇HX) is calculated as:

Q̇HX = UAtube,totF∆Tin (7.6)

where Atube,tot = ntubesπdoL, F = 1 for single pass and the heat transfer correction
factor.

For the counter-flow heat exchanger, the log mean temperature difference is de-
fined as:

∆Tin =
∆T1 − ∆T2

ln (∆T1/∆T2)
(7.7)

where ∆T1 = Th,i − Tc,o and ∆T2 = Th,o − Tc,i.

The overall heat transfer coefficient U (assuming negligible fouling effects) is cal-
culated as:

U =
1

1
hint,tube

di
di
+ 1

hconv,shell
Jtot +

doln(do/di)
2k

(7.8)

where the heat transfer correction factor, Jtot due to the combined effect for baffle cut
and spacing, baffle leakage effects and the bundle bypass flow is 0.6 [203].

The rate of exergy destruction for STHE can be calculated from:

Ẋdest,HX = [ṁtube (φi,tube − φo,tube)− ṁshell (φo,shell − φi,shell)] (7.9)

where ṁ is the mass flow rate, in kg/s. Subscripts i and o represent inlet and
outlet states. Subscripts tube and shell represent tube stream and shell stream of the
STHE. φ denotes the flow exergy as given above and the subscript 0 represents the
reference state.
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7.4 Results

After integrating the flux map into the thermal model, the corresponding fluid
and external wall temperature are shown in Fig. 7.4. Due to the better heat transfer
for the sodium, that receiver can withstand at a much higher flux [198]. Fig. 7.5
demonstrates detailed exergy accounting for a sodium–salt system integrated with
an sCO2 Brayton Cycle. The exergetic efficiency for this simplified power block is
assumed to be 75% [85]. This Sankey diagram highlights the extra heat exchanger
and extra fluid being recirculated in this system. A large amount of exergy is moved
through the pumps and the heat exchanger, although the pumping work required is
relatively minor. In this particular case, we can obtain 277 MW of electricity output,
without considering the time-shifting effect of the storage.

(a) chloride salt

(b) sodium

Fig. 7.4: Unwrapped flux and temperature profiles for (a) chloride salt and (b) sodium receivers. The
range of the color bar for the flux distribution is 0–1200 kW/m2; while for the rest of the

temperature-related plots are 450–800◦C.

The results of the exergy analysis of an integrated sodium-salt receiver and a
salt receiver are summarised in Fig. 7.6. The denominators for all equations ap-
plied in Fig. 7.6(a) are the total exergy in absorbed energy (Ẋabs,sodium = 428.73
MW;Ẋabs,salt = 484.49 MW). Owing to the better thermophysical properties of sodium
compared to those of salt, the exergy losses in external radiation and external convec-
tion from the sodium receiver are higher per area (Fig. 7.6(b)) due to higher surface
temperature, but lower in terms of total exergy loss due to the smaller size. Fig. 7.7
allocates the absorbed energy of each receiver element into the corresponding binned
external surface temperature ranges. At elevated temperature range (e.g. 750–800◦C),
19.81% of energy is absorbed into the sodium receiver, while none is absorbed into
the salt receiver. Due to a better internal heat transfer, sodium is capable of absorbing
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Fig. 7.5: Exergy Sankey diagram for a sodium–salt system integrated with a sCO2 Brayton cycle with
75% exergetic efficiency.

more flux without causing excessively high temperatures on the tube surface. On the
contrary, the flux on a chloride salt receiver has to be limited to avoid tube damages.
As a result, sodium has lower heat loss due to higher flux and higher external wall
temperature, and lower internal resistance due to high conductivity of sodium. It is
worth noting that the exergy destruction in the heat exchanger for sodium–salt sys-
tem is only 0.54%, which is a relatively small exergy consumption when compared
to other components in the receiver. Exergy destructions in pumping due to mass
flow across the receiver and the heat exchanger are negligible. The last column in
Fig. 7.6(a) summarises that a sodium receiver deployed with a heat exchanger could
achieve a 4.37% higher exergy efficiency than a salt receiver. It demonstrates that the
system impact of the added heat-exchanger is not nearly large enough to erase the
benefits of using sodium in the receiver, when compared to the salt receiver.

7.4.1 Sensitivity to varying DNI

A sensitivity study is carried out to study the effect of varying DNI on receiver
performance, and to examine if the receivers perform consistently. As the design
point, the DNI is set to be 980 W/m2. The value of 980 W/m2 is a close value for
good clear sky approximation. In this study, various DNIs are scaled by factors of
1.0, 0.8, 0.6 and 0.4, without further ray tracing or aiming strategy adjustments. The
key findings are summarised in Table 7.2 below, with design points highlighted in
blue. Exergy loss in external radiation is listed in the table, as it is the main cause to
the exergy difference between chloride salt and liquid sodium receivers. Exergy loss
in percentage in external radiation is increased for each fluid. In order to maintain
the temperature range in the receiver, lower DNI lowers the mass flow (Q̇ = ṁcp∆T),
which results in poor heat transfer in the receiver and consequently relative high
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Fig. 7.7: Absorbed energy presented in different binned external surface temperature ranges, in %.

Fig. 7.8: Exergy loss and destruction when conducting the sensitivity study. The values in y axis are
the ratios of the total exergy losses at specific DNI to the total exergy losses at design point, where

DNI = 980 W/m2.
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external wall temperatures. The non-linear exergy loss in external radiation is due to
T4 effect, as shown in Fig. 7.8. The results in the table consistently show that sodium
operates more efficiently than salt, with the performance even higher at lower DNI.

Table 7.2: Varying DNI. Ẋ losses are in %, where the denominators are the Ẋabs,rec at specific DNI.

HTF DNI factor
DNI Q̇inc

Ẋ
abs,rec

Ẋ
loss,ext,rad,rec

Ẋ
loss+dest,rec

Ẋ
dest,HX

Ẋ
dest,PU,tot

Ẋ
loss+dest,tot

MW MW % % % % % %

Salt
1.0 980 712.50 483.23 13.62 18.20 N.A 0.13 18.33
0.8 784 570.00 368.10 16.87 21.73 N.A 0.08 21.81
0.6 588 427.50 298.40 22.39 27.84 N.A 0.04 27.88
0.4 392 285.00 193.30 33.99 40.85 N.A 0.01 40.86

Sodium
1.0 980 625.91 429.12 9.12 13.39 0.54 0.04 13.96
0.8 784 500.73 342.23 11.17 15.50 0.52 0.04 16.06
0.6 588 375.55 255.87 14.61 19.21 0.50 0.04 19.75
0.4 392 250.36 170.14 21.63 27.12 0.45 0.04 27.62

7.5 Conclusion

To conclude, the exergy analysis in this study shows that a sodium receiver with
an integrated heat exchanger is 4.37% more exergetic efficient, when compared to a
direct chloride salt receiver. The comparison provided here is made after the two
designs were optimised in other work, but provides a mechanistic explanation of the
relative performance, and a single-model comparison of the two designs. Even more
so at lower DNIs, the sodium receiver is more efficient due to its better heat inter-
nal transfer and smaller receiver aperture, and the additional exergy destruction in
the sodium-salt heat exchanger is not enough to undermine those receiver benefits.
Sodium is flammable, and reacts with water, and its safe handling and appropriate
design in CSP have been discussed in prior works [204, 205]. The techno-economic
analysis for these two receivers was further conducted by Guccione et al. [202]. From
an economy point of view, a LCOE of 68.50 USD/MWh was expected to be achieved
for the sodium system, against that of 72.7 USD/MWh for the salt system. It was ex-
pected that the higher efficiency combined with smaller size will enable sodium–salt
systems to achieve lower LCOEs and greater commercialised competitiveness.
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Chapter 8

Summary and future work

8.1 Summary

This thesis has considered the design and performance of tubular receivers with
a range of different working fluids, flux profiles, flow configurations and tube mate-
rials, using both numerical modelling and experimental measurement.

In Chapter 2, a range of heat transfer fluids have been compared, using energy
and exergy analysis, and varying the tube diameter, tube wall thickness, and tube-
bank flow configuration, with the assumption of uniform flux distribution. It was
also assumed that there was no external wall temperature variation in the tube cir-
cumferential direction. The model has optimised exergy efficiency including pump-
ing work, assuming uniform flux, and neglecting the effects of thermal stresses, cir-
cumferential tube temperature variations and cost. Suitable temperature and pres-
sure conditions have been chosen for each fluid, based on a realistic configuration
of an applicable thermal energy storage (TES) and power block (PB). The examined
heat transfer fluids are molten salt (60% NaNO3, 40% KNO3), liquid sodium, su-
percritical carbon dioxide (sCO2), air, and water/steam. Results showed that liquid
sodium at an elevated (540–740◦C) temperature range performs best, with a solar-to-
fluid exergy efficiency of 60.92%. At a low temperature range (290–565◦C), sodium
was still marginally superior to molten salt, even after allowing for some exergy de-
struction in a sodium-to-salt heat exchanger. Water/steam also performs relatively
well in the receiver, although the difficulties of integrating it with large-scale storage
make it a challenging heat transfer fluid for an integrated system. Using sCO2 as
the heat transfer fluid appears infeasible due to excessively-high pressure stresses on
the tubes. Air also appears unsuitable for simple tubular receivers, since poor heat
internal transfer results in high losses due to much hotter external surfaces.

The performance of the receiver is strongly constrained by material limits which
in turn limit the allowable flux on the receiver. Chapter 3 seeked to understand the
benefits which arise at the receiver as a result of adjusting the flux profile, comparing
a simple Gaussian ’spot’ with a linear ’ramp’ pattern, while respecting the upper
limit on the allowable peak flux of the molten salt working fluid and the peak fluid
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temperature at the wall. The ramp profile performs better, matching material limits
more closely over the receiver surface, hence permitting a smaller receiver with lower
losses. A ∼6% improvement on the receiver efficiency is shown in the linear ’ramp’
distribution, when compared to the Gaussian distribution. The concept of the ramp
profile releases a meaningful guide to what the upper bound of receiver performance
and the flux profile would be, subject to the constraints considered.

The bladed receiver concept has been evaluated in Chapter 4, together with the
performance comparison to the flat receiver. This study was involved in the project
named "Bladed Receivers with Active Airflow Control (BRAAC)". The optimal per-
formance of a conventional flat receiver was determined first, by varying the flux dis-
tributions, receiver sizes, tube diameters, wall thickness and the flow configurations.
A fixed heliostat field layout matching the ‘PS10’ plant in Andalusia was assumed.
The best-case first-law efficiency, including optical and thermal losses, is found to be
91.66% for an optimal flat molten salt receiver design. Next, a series of parametric
studies were conducted on the bladed receiver, with varying the number of blades,
the geometries of the blades, the geometries of the flat section, and the flow configu-
rations. It has been found that larger blades give higher optical efficiency due to light
trapping enhancement, but higher external convection loss due to larger area, and
consequently, lower thermal efficiency. The internal heat transfer and the pressure
drops were comprehensively examined. In addition, the trade-off between spillage
losses and thermal losses was investigated, by adjusting the size and the number of
the bladed and flat sections. With the bladed concept, the reflective and the external
radiation losses are much reduced and as the results, at least a 2.49% improvement
in efficiency is seen, when compared to the flat receiver.

Next, a novel ‘virtual experimental’ approach was utilised to test the large-scale
flat and bladed molten salt receivers on the small-scale receivers due to the facility
limitation at CSIRO, Australia. In addition, water and air are used as the substitutes
of molten salt. Water cases with high flux but low temperature were designed to test
the optical performance, while air cases with low flux but high temperature were
designed to test the thermal performance. Small-scale water and air receivers were
then built and tested at CSIRO, Australia. The experimental data have been collected
and analysed. A 0.65±0.008% efficiency gain is found from this on-sun testing. It is
acknowledged that this uncertainty is controversial. However, this low uncertainty
reflects the fact that a common set of thermocouples were used and subtracted the
different, cancelling out the systematic error. In addition, the experimental data were
the averaged values over an extended period, cancelling out the random error.

As the final study in relation to the BRAAC project, the simulation results have
been reconciled with experimental data in Chapter 4. The nominal loss coefficient
K signifying the combined effect of minor pressure losses in the pipe network, and
the internal and the external heat transfer coefficients in the models were adjusted,
so that the pressure drop and the temperature performance could be matched with

174



Chapter 8. Summary and future work

the experimental data to the greatest extent. Further detailed reconciliations were
constrained by the limited experimental data. Suggestions to the future experiments
of this type have been proposed, regarding to the need for the extra instruments and
more extensive testing. The efficiency changes in the updated models are small and
consistent with the earlier experimental results. The reliability of the model was val-
idated using experimental data and the result in the updated bladed model shows a
0.40% higher efficiency than of the flat case.

An analysis of alternative tube materials and working fluids on a thermoelastic
creep-fatigue model that considers receiver lifetime and replacement has been exam-
ined in Chapter 6. The preferred operating temperature ranges considering multiple
fluids and tubes have been found to be 400–600◦C, through an extensive optimisation
process. This study went further in the thermal direction, which was different from
assuming fixed operating temperatures in other studies. SS316, Alloy 617 and Alloy
740H were selected in this study, to examine the effects of varying the tube materials
on the receiver performance due to the difference in material characteristics. The ef-
fects of varying flux distributions, receiver sizes, inlet and outlet fluid temperatures,
tube diameters, wall thickness and flow configurations were optimised for a range
of working fluids and tube materials. The circumferential tube wall variations were
considered as well. Results show that sodium performs the best among all the fluid
candidates due to its better internal heat transfer characterises. Alloy 740H has the
ability to withstand higher stress at elevated temperatures, while SS316 is unlikely
an appropriate material being used in this study, especially under current flux limi-
tation that the Gaussian distribution has a peaky flux in the centre, which results in
high external wall temperature, so that the material has to be strong enough to avoid
the creep-fatigue failures.

High-temperature receivers are critical for third-generation (Gen3) Concentrat-
ing Solar Power (CSP) technology to achieve high system efficiencies, and play the
role of converting concentrated sunlight into heat. In Chapter 7, two CSP systems
with different working fluids in the receiver have been examined in order to achieve
identical supply of heat to the power block: a direct high-temperature chloride salt
system and an indirect high-temperature sodium receiver with an associated heat
exchanger to heat the same chloride salt. The presented numerical model indicates
that the indirect sodium–salt system has a 4.37% higher exergy efficiency than the
direct chloride salt system. The exergy destruction in the added sodium-salt heat
exchanger is only 0.54%, which does not outweigh the benefits gained due to other
phenomena in the sodium receiver, when compared to the direct salt case with no
heat exchanger requirement. Even at lower DNIs, the better heat-transfer character-
istics of the sodium are responsible for its improved performance compared to salt
in the receivers.
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8.2 Future work

Generally, it can be expected that models with more accurate flux profiles will
give more accurate estimates of the efficiencies of receivers in operation, and there-
fore, flux profiles with detailed ray-tracing and aiming strategy should be integrated
with the model. In reality, especially for air receivers, rough tubes or tubes with fins
[57] could be be considered to improve the heat transfer, as mentioned in Section
1.4.5, due to the poor conductivity of air. In the water-steam receiver, with the asso-
ciated phase change, the benefit of using more than one tube size can be evaluated.
The issue of flow velocity limits due to erosion and corrosion are the major factors in
commercial designs, and should be considered in the future.

Minor pressure losses due to bends, valves, losses in headers and/or flow split-
ters should also be considered practically. The effect of swirl generated in the out-
of-plane bends could be incorporated more carefully, as it might be possible that this
effect is a benefit, since it is capable of improving the internal heat transfer. This
effect reduces the front-to-back temperature difference in tubes and hence, reducing
thermal stress and improving receiver life. To what extent it does this, however, is
not yet known, and could be further studied. Some experimental tests or a CFD
model to simulate one out-of-plane bend, for example, should be involved, in order
to accurately examine the hydraulic performance.

Materials and their relative costs are important considerations for comparing a
range of working fluids in a more holistic analysis. Material damage in elastic-plastic
region and stress relaxation should be considered, in order to accurately examine the
lifespan. Costs over 30 years should be considered in a more thorough way, by omit-
ting any unnecessary replacement such as the design costs, the framing costs and
other equipment costs, and/or by considering even the panel ’rotation’, where pan-
els in high flux regions are ’semi-retired’ to the low-flux regions before eventually
being worn out. It remains interesting to see if cheap materials like SS316 could per-
haps find a role in CSP if they could be more strategically used. Owning to the better
stress tolerance, Alloy 740H is expensive, but performs better in the Pareto-front re-
lationship between receiver second-law efficiency and the cost. SS316 is cheap but is
not capable of withstanding high external wall temperatures. The cost-performance
trade-off is quite complex once these aspects are considered in more detail.
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Appendix B The internal heat
transfer correlation for two-phase
water/steam

For 0 < x ≤ 0.8, the Kandlikar correlation is used:

hTP/hlo = maximum of

{
[hTP/hlo]NBD

[hTP/hlo]CBD
(B.1)

where hTP refers to heat transfer coefficient during two-phase flow and hlo refers to
heat transfer coefficient with total flow as liquid. The subscripts NBD and CBD in-
dicate the nucleate boiling dominant (NBD) and Convective boiling dominant (CBD)
regions, as follow:

NBD region:

[hTP/hlo]NBD = 0.6683 (ρL/ρV)
0.1 x0.16 (1− x)0.64 + 1058.0Bo0.7 (1− x)0.8 (B.2)

CBD region:

[hTP/hlo]CBD = 1.1360 (ρL/ρV)
0.45 x0.72 (1− x)0.08 + 667.2Bo0.7 (1− x)0.8 (B.3)

where the subscripts L and V refer to liquid and vapour states. Bo refers to boiling
number (Bo= q̇

(
ρLvL

hV−hL

)
).

Therefore, for Re < 105:

Nu = (hTP/hlo)
fD
8 (ReD − 1000)Pr

1 + 12.7
(

fD
8

)0.5 (
Pr

2
3 − 1

) (B.4)

for Re≥ 105:

Nu = (hTP/hlo)
fD
8 (ReDPr)

1.07 + 12.7
(

fD
8

)0.5 (
Pr

2
3 − 1

) (B.5)

For 0.8 < x ≤ 1, the Groeneveld correlation is used:

Nu = 0.00109
[
ReD

(
x + ρV/ρL (1− x)0.989

)]
Pr1.41

V Y−1.15 (B.6)
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where Y = 1− 0.1 (ρV/ρL)
0.4 (1− x)0.4
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Appendix C The effects of
varying the external wall
temperatures in the circumferential
direction (i.e. (Text)

4 vs Text
4)

In Chapter 2, uniform temperature at the outer surface of the tubes is assumed,
which might lead to inaccuracies that could ultimately affect the results and the com-
parison of different HTFs. In order to examine this question, we have had conducted
supplementary analyses relating to this effect. We provide five analysis cases:

In the first Case C1, we have the same model and results that are provided in
Section 2.5 of Chapter 2. This is the case of a tube supplied with heat either uniformly
across its front half, and with effective absorptivity as determined using Eq. C.7. The
rear half of the tube is assumed to be adiabatic:

αeff =
α

α + 2(1−α)
π

= 0.9676 (C.7)

Surface emissivity1 is determined using Eq. C.8, with no effective emissivity
being calculated:

εi = 0.1477 loge (Text,i − 264.6K)− 5.671× 10−6 (Text,i − 264.6K)1.3078 + 0.4988 (C.8)

The incident irradiance is determined using the local optical concentration ratio
(CG) multiplied by the presented area of the tube (with external diameter do). The
absorbed energy on each tube element is then calculated using Eq. C.9, where CG =
800 kW/m2:

Q̇
′
abs,i = αeffCGdo (C.9)

The circumferential tube is equally divided into 60 sectors, with uniform flux
being applied to the front 30 sectors, while the back 30 sectors are assumed to be adi-
abatic. The thermal emission loss for the sector i on the external surface is calculated

1The emissivity value εi is given for Pyromark 2500 on cold-rolled steel at 600◦C, as a function of
external surface temperature in Kelvin, which refers to the total hemispherical emittance.
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4

as:

Q̇
′
ext,rad,i = εiσAext,i

(
T4

ext,i − T4
amb,i

)
(C.10)

where Aext,i =
πdo

nsectors
and nsectors = 60 in this analysis, and σ is the Stefan-Boltzmann

constant. Q̇
′
ext,rad,i = 0 kW/m for the sectors on the rear half of the tube.

External convection loss,Q̇
′
ext,conv,i, on the front half of the tube are calculated as:

Q̇
′
ext,conv,i = hext Aext,i (Text,i − Tamb,i) (C.11)

Q̇
′
ext,conv,i = 0 kW/m for the sectors on the rear half of the tube.

We note that, as in Chapter 2, the convection coefficient hext = 30 W/(m2·K).

In Case C2, we use the same model of Case C1, but consider effective emissivity
at the front half of the tube. If a two-surface diffuse grey-body radiation problem is
considered inside a cavity i and the surroundings s. The view factor can be calculated
by imagining a surface o covering the opening. We can say that Fo→i = 0 for the
opening, and hence by reciprocity Fo→i = Ao/Ai, and this is equal to Fi→s. The net
radiation exchange of surface Ai, with a large surrounding surface As, is given by:

qi→s =
(Ebi − Ebs)

[(1− εi)/εi Ai + 1/Ai]Fi→s]
(C.12)

and the net radiation exchange of an imaginary surface Ao having an apparent
emissivity εa, is given by:

qo→s = εa Ao(Ebi − Ebs) (C.13)

for Ao at the same temperature at the cavity surface Ai.

For the same heat transfer in both cases, we must have:

1− εi

εi Ai
=

1− εo

εo Ao
(C.14)

which, solving for εo gives

εo =
εi

εi +
Ao(1−εi)

Ao

(C.15)

Thus, in Case C2, the effective emissivity is calculated as follows:

εeff,i =
εi

εi +
2(1−εi)

π

(C.16)

where 2/π compensates the cavity behaviour on a per-aperture-area basis at the
front half of the tube (πr) to allow for the two-surface radiosity that will occur in the
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crevices (2r) between tubes.

In Case C3, we consider a non-uniform distribution of absorbed flux across its
front half according to a cosine profile (Q̇

′
abs,i = αeffCGAext,icos(θ),where the ab-

sorbed flux is symmetrical about the angular coordinate θ = 0◦, 180◦), with scaling
applied to ensure the same total absorbed energy per tube section as in Case C1.
The cosine profile is applied to estimate the reduction of the absorbed energy due to
cosine effect. The cosine profile shows a good match to the flux profile provided in
a report by Tilley et al. [153]. The effect of the circumferential variation in effective
absorptivity is not considered, which will be higher in the crevices. This is consid-
ered to be a second-order effect, due to the small increase arising due to this effect,
whereas the cosine distribution is a first-order effect, varying the absorbed flux be-
tween zero at the base of the crevice and a peak value at the crest. The emissivity
εi of the receiver surface in Case C3 is considered the same as Case C1, using Eq. C.8.

In Case C4, we consider the same absorbed flux distribution as Case C3, but we
additionally make allowances for the varying view factors arising at different circum-
ferential positions. In the crevice between adjacent tubes, the view factor from the
tube surface to the surroundings is lower than at the crest of the tube. In this case,
we made use of the basic surface emissivity (as defined in Eq. C.8). In addition, we
assume the neighbouring tubes are experiencing identical HTF flow and irradiation
conditions, such that they establish identical external surface temperature distribu-
tions as the present tube. The Hottel crossed-string rule, as shown below in Fig. C.1,
is applied in the calculation of 2D view factors. The cases shown in the calculations
below Fig. C.1 cover all possible cases. The view factor from the tube to itself is al-
ways zero. As L1 or L2 moves, the angles α1–α4 change accordingly. The view factor
between the tube and the surroundings is calculated by elimination (1−∑14

j=0 Fi→j).

In Case C5, we consider the uniform absorbed flux distribution as Case C1, but
we add view factors in this case.

If ]α1 < ]α2:

Fi→j =
(L5 + L6)− (L3 + L4)

2L1
(C.17)

else if ]α2 < ]α1 and ]α3 < ]α4:

Fi→j =

(
nL1 + L

′
3 + L6

)
− (L3 + L4)

2L1
(C.18)

else:

Fi→j = 0 (C.19)

where n = 2 in the right example of Fig. C.1, and L
′
3 is the length of the dashed
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(a) A demonstration of the front quarter-tube and its adjacent quarter-tube
and the model notation.

(b) Examples of the calculation of view factors for the space between tubes. In the right figure,
L3 =A-AA (i.e. L1) + L′3; L4 = L6 + L1; L5 = L1 + L3; L6 = C-A.

Fig. C.1: View factors
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green line.

In the radiosity analysis, we assume that in the thermal band, all emission occurs
in the >2.5 µm wavelength range, the emissivity and the absorptivity are the same
following Kirchhoff’s law and are defined as function of temperatures (as shown in
Eq. C.8). Incoming radiation, Ri, is the sum of the appropriate share of radiosity from
all j surfaces of the other tube (Ai = Aj) and from the surrounding surface, which is
calculated, using view factor reciprocity (AiFi→j = AjFj→i and AiFi→sur = AsurFsur→i),
as:

Ri =
n

∑
j=1

JjFi→j + σT4
ambFi→sur (C.20)

The outgoing radiation, Ji is the combination of the local emissive flux and the
reflected portion of the irradiance:

Ji = εiσT4
ext,i + (1− εi) Ri (C.21)

Total absorbed energy is the sum of the net radiation energy leaving the surface,
the external convection loss and the net energy to the fluid, where Q̇

′
net,leaving,rad,i =

εi Ai(σT4
ext,i−Ji)

1−εi
. The energy balance for the outer surface of the tube wall is:

Q̇
′
abs,i = Q̇

′
net,leaving,rad,i + Q̇

′
ext,conv,i + Q̇

′
int,i (C.22)

The local first law efficiency is then:

ηI =
∑n

i Q̇
′
int,i

∑n
i Q̇′

inc,i
(C.23)

Ẋ
′
sun,i indicates the total exergy in incident sunlight and is calculated using the

Petela formula [136], as follows:

Ẋ
′
sun,i = Q̇

′
inc,i

(
1− 4

3
Tref

Tsun
+

1
3

(
Tref

Tsun

)4
)

(C.24)

Ẋ
′
int,i indicates the net exergy gain with the working fluid, as follows:

Ẋ
′
int,i = Q̇

′
int,i

(
1− Tref

THTF

)
(C.25)

The local second law efficiency is then:

ηI I =
∑n

i Ẋ
′
int,i

∑n
i Ẋ′sun,i

(C.26)

We note that the above equations are coupled with the existing model as men-
tioned in Chapter 2, but Eq. C.17–C.22 are used to re-calculate Q̇

′
abs,i for Case C4,
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instead of using Eq. C.9. The internal convection coefficient is assumed uniform
circumferentially even though this may not be true in practice. Tube conduction is
assumed to be purely radial.

(a) Flux profiles (b) Temperature profiles

Fig. C.2: Molten salt is selected as the HTF in the receiver, with THTF = 565◦C. (a) flux profiles in the
circumferential direction of the tube and (b) the corresponding inner and outer wall temperature

profiles. The peak flux (q̇
′

abs) of Case C3 and Case C4 is 736.19 kW/(m2·K), and of Case C1, Case C2
and Case C5 is 492.79 kW/(m2·K) on the unfolded surface. The uniform flux is equivalent to the flux

used in Chapter 2. The outer diameter of the tube is 10.3 mm and hence, the plot area (i.e. the
circumference of a circle) is 32.36 mm (i.e. πdo) considering the tube as a 2D circle, not a 3D cylinder.

The rear half of the tube is assumed to be adiabatic.

Fig.C.2(a) shows the absorbed flux profiles of the five cases. Fig. C.2(b) shows
the external and the inner wall temperatures of the five cases. The more detailed
external wall temperatures of the quarter-tube are shown in Fig. C.3. For Case C2,
the external wall temperatures are slightly lower than they were in Case C1 due to
the consideration of the effective emissivity. The wall temperature at the crevice for
Case C4 (with the view factor effects) is slightly higher since the radiation is trapped
and hence, it is more difficult for it to leave than it was in Case C3 (see Fig. C.3).
At the crest of the tube, almost all of the radiation is emitted to the surroundings,
and therefore, the wall temperature (Text,wall,sector 14 = 689.20◦C) is as same as it was
in Case C3 (Text,wall,sector 14 = 689.20◦C). Detailed Q̇

′
ext,rad and Q̇

′
ext,conv breakdown for

Case C1, C2, C3, C4 and C5 are shown in Fig. C.3. This figure also compares the
difference between different cases.

Energy and exergy accountings for five cases with different flux profiles are
shown in Table C.2. To summarise, a cosine circumferential wall temperature pro-
file with no effect of view factors (Case C3) results in a reduction in the first- and
second-law efficiency by 0.07% and 0.06% when compared to the case of uniform
wall temperature (Case C1) with no view factor being considered. By adding view
factors, the first- and second-law efficiencies are reduced by 0.44% and 0.3% when
compare Case C5 and C4. However, if the most realistic case (Case C4) is compared
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to the case used in the Chapter 2 (Case C1), the first- and second-law efficiency, how-
ever, is increased by 1.98% and 1.38%.

Table C.2: Energy and exergy accounting for five cases with different flux profiles. HTF: molten salt.
THTF = 565◦C. do = 10.3 mm, t = 1.73 mm. CG = 800 kW/m2

Q̇
′
inc Q̇

′

refl Q̇
′

abs Q̇
′

ext,rad Q̇
′
ext,conv Q̇

′
int ηI Ẋ

′
sun Ẋ

′
int ηI,rec

kW/m kW/m kW/m kW/m kW/m kW/m % kW/m kW/m %

C1 8.240 0.267 7.973 0.575 0.304 7.094 86.09 7.68 4.613 60.07
C2 8.240 0.267 7.973 0.599 0.304 7.071 85.81 7.68 4.598 59.87
C3 8.240 0.267 7.973 0.581 0.304 7.088 86.02 7.68 4.609 60.01
C4 8.240 0.267 7.973 0.411 0.305 7.257 88.07 7.68 4.719 61.45
C5 8.240 0.267 7.973 0.376 0.305 7.293 88.51 7.68 4.742 61.74

where in Case C4, Q̇
′

ext,rad,i =
(

Ji − σT4
amb
)

Fi→sur Ai,Tamb = 293.15 K.

Another study is conducted to examine the effect of varying circumferential wall
temperature at higher wall temperature and with sodium as the heat transfer fluid, as
shown in Fig. C.4 and Fig. C.6. In this scenario, high temperature sodium is selected
and THTF is equal to 740◦C. This study (results are shown in Table C.3) shows that, at
higher wall temperatures, the effect of applying a view factor on energy efficiencies
is higher than at lower wall temperatures. The first- and second-law efficiencies in-
crease from 79.63% (Case C1) to 83.56% (Case C4) and from 60.70% to 63.71%, which
give 3.93% and 3.01% increase in efficiencies. The study shows that the effect of view
factors is more significant than the effect of varying circumferential tube wall tem-
perature, as only 0.43% and 0.33% in the first- and second-law efficiencies reduction
(compare Case C4 and C5) are shown due to the variation of the circumferential tube
wall temperature.

Fig. C.4: Liquid sodium is selected as the HTF in the receiver, with THTF = 740◦C. Left: flux profiles in
the circumferential direction of the tube. Right: the corresponding inner and outer wall temperature
profiles. The peak flux (q̇

′

abs) of Case C3 and Case C4 is 736.19 kW/(m2·K), and of the uniform flux
(Case C1, Case C2 and Case C5) is 492.79 kW/(m2·K). The outer diameter of the tube is 10.3 mm. The

rear half of the tube is assumed to be adiabatic.
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Table C.3: Energy and exergy accounting for five cases with different flux profiles. HTF: liquid sodium.
THTF = 740◦C. do = 10.3 mm, t = 1.73 mm. CG = 800 kW/m2

Q̇
′
inc Q̇

′

refl Q̇
′

abs Q̇
′

ext,rad Q̇
′
ext,conv Q̇

′
int ηI Ẋ

′
sun Ẋ

′
int ηI,rec

kW/m kW/m kW/m kW/m kW/m kW/m % kW/m kW/m %

C1 8.240 0.267 7.973 1.038 0.374 6.562 79.63 7.68 4.662 60.70
C2 8.240 0.267 7.973 1.079 0.373 6.531 79.14 7.68 4.634 60.34
C3 8.240 0.267 7.973 1.041 0.374 6.558 79.59 7.68 4.661 60.69
C4 8.240 0.267 7.973 0.713 0.375 6.885 83.56 7.68 4.893 63.71
C5 8.240 0.267 7.973 0.679 0.375 6.921 83.99 7.68 4.918 64.04

Lastly, a study on air (Fig. C.5 and Table C.4) is conducted to examine the effect of
varying circumferential wall temperature at higher temperature difference between
the front and rear walls and at larger tube diameter, as air has poor heat transfer. In
this case, the maximum circumferential ∆T is about 300◦C and the outer tube diame-
ter is 48.3 mm. The study shows larger effects on the efficiencies due to the variation
of the circumferential tube wall temperature, which results in 1.41% and 0.92% in the
first- and second-law efficiencies reduction (compare Case C4 and C5).

Fig. C.5: Air is selected as the HTF in the receiver, with THTF = 479◦C. Left: flux profiles in the
circumferential direction of the tube. Right: the corresponding inner and outer wall temperature

profiles. The peak flux (q̇
′

abs) of Case C3 and Case C4 is 588.91 kW/(m2·K), and of the uniform flux
(Case C1, Case C2 and Case C5) is 394.20 kW/(m2·K). The outer diameter of the tube is 48.3 mm.

A study by Rodríguez-Sánchez et al. [95] shows that radiation losses are higher
if the tube wall temperature variation is considered by applying view factors to the
distribution of the circumferential incident flux. The result from that study agrees
with the conclusion from the above analysis (compare Case C3 to C1 or compare
Case C4 to C5), even though a different distribution of the absorbed flux is assumed
in the above analyses, a cosine distribution. In addition, that study tells that the tube
wall temperature variation is a big concern, if the rear temperature of the tubes is

much lower than the front temperatures, as under this circumstance, (Text)
4 would be

much greater than Text
4 and it seems likely that this effect causes an under-estimation
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Table C.4: Energy and exergy accounting for five cases with different flux profiles. HTF: air. THTF =
479◦C. do = 48.3 mm, t = 3.68 mm. CG = 640 kW/m2

Q̇
′
inc Q̇

′

refl Q̇
′

abs Q̇
′

ext,rad Q̇
′
ext,conv Q̇

′
int ηI Ẋ

′
sun Ẋ

′
int ηI,rec

kW/m kW/m kW/m kW/m kW/m kW/m % kW/m kW/m %

C1 30.91 1.00 29.91 2.982 1.477 25.450 82.34 28.83 15.53 53.87
C2 30.91 1.00 29.91 3.097 1.475 25.338 81.97 28.83 15.46 53.62
C3 30.91 1.00 29.91 3.123 1.475 25.312 81.89 28.83 15.45 53.58
C4 30.91 1.00 29.91 2.404 1.487 26.010 84.15 28.83 15.87 55.06
C5 30.91 1.00 29.91 1.973 1.494 26.448 85.56 28.83 16.14 55.98

of the radiative losses. However, in this study, uniform flux is applied on the whole
receiver, which means the temperature difference between front and rear wall would
be smaller when compared to non-uniform flux. This study shows that, for the cases
in Chapter 2, the effect of considering view factors is more significant than circum-
ferential wall variation. For non-uniform flux, the temperature difference between
front and rear wall would be larger, imagining the peak flux is on the centre of the
receiver and the cold fluid goes from the centre to the outer edges of the receiver.
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