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Abstract

This thesis investigates vortex-based solar thermal particle receivers to provide new understanding
of the mechanisms controlling their performance. This new understanding is needed to optimise a
receiver on a case-by-case basis for the di�erent requirements of a range of alternative potential
applications. There is growing interest in the use of solid particles as the heat transfer medium in
concentrating solar thermal systems because particles are e�cient absorbers of direct irradiation
and have strong potential as a low-cost thermal storage medium. The vortex-based class of solar
particle receiver is under development as a device for the solar heating of both inert particles, via
sensible heat, and of reacting particles, via chemical (and sensible) heat. Such a receiver typically
consists of a cylindrical cavity receiver, through which particles are conveyed by a vortex �ow of
gas so that the particles are directly irradiated by concentrated solar radiation entering the cavity
through a circular aperture. This thesis supports the further development of the vortex-based solar
particle receiver by characterising three di�erent aspects of the performance of such a receiver.
Firstly, the in�uence of key input and geometric parameters on the receiver thermal performance is
presented. Next, fundamental insights into dimensionless parameters controlling particle residence
time distributions within such receivers are provided. Finally, the performance of a vortex-based
solar particle receiver in a common industrial thermochemical process is characterised. Key results
and �ndings of this thesis have been published in two peer-reviewed research articles in the journals,
Solar Energy and Green Chemistry, while a further two articles have been submitted to the journals
Chemical Engineering Science and Solar Energy.

A one-dimensional numerical model is developed to systematically characterise the heat and mass
transport processes within vortex-based solar particle receivers and provide key insights into the
factors a�ecting the thermal performance. The model adapts the zonal method to calculate heat
and mass transport within the enclosure of the receiver, incorporating radiative and convective heat
transfer between the particle phase, the gas phase and the receiver wall, together with re-radiative
and conductive losses. Sensitivity studies of the thermal performance reveal that a vortex-based solar
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particle receiver can be con�gured to operate as either an air-heater or a particle-heater, depending
primarily on the particle mass loading. Furthermore, assessment of the two-phase �ow direction
�nds that a counter-�ow (relative to the incident concentrated solar radiation) tends to result in a
higher thermal e�ciency than a co-�ow direction. The �rst order trends of the sensitivity of the
receiver’s thermal performance to the particle and air mass �ow rates, particle size and receiver
length are also reported, predicting overall receiver thermal e�ciencies of up to ��%. It is, however,
expected that the thermal e�ciency of the device for all operating conditions assessed will improve
with an increase in scale from the laboratory to the industrial scale. The model developed in this
thesis is thereby used to advance understanding of the dominant mechanisms controlling the thermal
performance of vortex-based solar particle receivers.

The �rst direct measurement of particle residence time distributions (RTDs) within a vortex-based
solar particle receiver is presented to provide new understanding of the physical mechanisms
controlling the two-phase �ow behaviour within the device. The tracer pulse method is extended
to directly measure the residence time of the particle phase for a systematic and independent
variation of particle size, gas volumetric �ow rate, inlet velocity and receiver tilt angle (orientation
relative to gravity). Two regimes of particle behaviour are identi�ed, characterised by both the
Stokes and the Froude numbers of the two-phase �ow. In the low Froude number regime, an
increase in the Stokes number increases particle residence time, so that large particles have a longer
residence time than the smaller particles, as is desirable for the e�cient processing of polydisperse
particles. In the high Froude number regime, the Stokes number has a weaker in�uence on the
residence time than it does in the low Froude number regime. The higher Froude numbers result in
a decrease in the particle residence time. The comparison of experimentally-measured RTDs with
those of ideal reactors �nds that the two regimes of particle behaviour can be described by a single
analytical compartment model consisting of a small plug �ow reactor followed by a series of two
interconnected continuously-stirred tank reactors (CSTRs). For the low Froude number regime,
there is a signi�cant degree of back-mixing between the two CSTRS, while, for the high Froude
number regime, there is negligible. Finally, assessment of alternative receiver tilt angles �nds that
particle recirculation is enhanced and particle residence times are longer when the two-phase �ow
proceeds in the direction opposite to gravity. This is because the vertical orientation (corresponding
to upward-facing receiver tilt angles) aligns the direction of gravity with the reverse �ow direction
generated by the central recirculation �ow zone to augment the recirculation of particles towards
the base of the cavity. However, the assessment also �nds that the in�uence of the receiver tilt
angle on the particle residence time is relatively weak for smaller particles. This implies that it is
preferable to operate tower-mounted systems (i.e. with downward facing receiver tilt angles) with
small particles. This study provides both new experimental data and understanding of the factors
in�uencing the particle RTDs within vortex-based solar particle receivers.
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Finally, a �rst-of-a-kind demonstration that alumina can be calcined with concentrated solar
radiation in a small-scale vortex-based solar particle receiver is presented. In this novel application
of the device, simulated concentrated solar radiation at radiative �uxes up to �.�MWm�� is used
to directly irradiate and calcine aluminium hydroxide particles at nominal receiver temperatures
over the range ��� – ���� �C. This yields chemical conversions of up to ��.�% with nominal
residence times of approximately � s and solar energy conversion e�ciencies of up to ��.�%. Potential
improvements in the alumina product quality (particle pore diameter and speci�c surface area) are
also identi�ed, relative to the quality of alumina produced with the conventional industrial Bayer
process. This suggests that concentrated solar thermal processing can be used to improve the quality
of alumina over existing fossil fuel based processes through a combination of a high heating rate
and avoided contamination by combustion products. Furthermore, the solar-driven process has the
potential to avoid the discharge of combustion-derived ��� kg-CO� per tonne-alumina of emissions
for the calcination stage of the conventional Bayer process, at least during those periods when the
solar resource is available.
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�Ḣ Rate of enthalpy change of a species [W].
�h̄

� Standard speci�c enthalpy of reaction [kJmol��].
h Coe�cient of heat transfer [Wm�� K��]; speci�c enthalpy [J kg��].
i(t) Inlet concentration of tracer at time, t.
J Radiosity [Wm��].
k Thermal conductivity [Wm�� K��].
L Length [m]; total length of the receiver [m].
LoI Loss on Ignition [wt.%].
m Mass of a species/sample [kg].
m1p Mass of one particle [kg].
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correction Correction for distance between true inlet/outlet and measurement location.
cyl Receiver cylindrical section.
d-b Down-beam face of an element (relative to the direction of solar radiation input).
end End wall.
f Fluid.
fr Front wall.
front The front entry con�guration.
g Gravitational.
gas Gas input to the device.
H�O Evolved water vapour.
i A given discretised element.
i� 1 The element up-beam of a given element, i.
i+ 1 The element down-beam of a given element, i.
in Inlet.
j A given discretised element.
LP Large particles.
max Maximum value along the radial axis.
measured From experimental measurements.
modelled From the present numerical model.
n At normal conditions (���K, � atm).
n Evaluated in the nth element.
new The value calculated in the current iteration.
nom From the present numerical model.
old The value calculated in the previous iteration.
out Outlet.
p Particle phase.
products Calcination reaction products.
r, receiver receiver-reactor.
r Radial component.
rad Radiative.
reactant Calcination reactant.
S Surface area.
SP Small particles.
steam Additional steam input.
TGA Reference TGA temperature.
Tr Evaluated at reactor temperature, Tr.
u-b Up-beam face of an element (relative to direction of solar radiation input).
w, wall Receiver internal wall.
X Evaluted over the temperature range for determiningX , ��� – ����K.
z Axial component.
' Tangential component.
1 Surroundings.
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�
Introduction

The present thesis is aligned with the need to develop solar thermal receiver technologies that can
achieve operating temperatures up to and above ���� �C with concentrated solar thermal (CST)
energy (Ho ����). This is a contemporary need because solar receivers in current commercially
available systems, which generally use liquids or gases as the heat transfer medium, are limited
to ⇠��� �C due to radiative �ux limitations arising from the use of indirect irradiation and the
temperature limitations of the heat transfer medium (Ho ����). Temperatures in the range ��� –
���� �C are being sought to enable the use of new advanced power cycles for higher e�ciency
concentrating solar power (CSP), such as Brayton cycles with recuperation and combined bottoming
cycles as well as supercritical-CO� cycles (Besarati & Goswami ����; Stein & Buck ����). Operating
temperatures of a similar range and even higher are also required for the application of solar
energy into high temperature thermochemical processes via process heat, such as alumina and lime
calcination (Flamant et al. ����; Steinfeld et al. ����), the gasi�cation of carbonaceous feedstock
(Z’Graggen et al. ����; Lichty et al. ����), metal reduction (Kräupl & Steinfeld ����; Lapp et al.
����) and the production of solar hydrogen (Steinfeld ����; Kodama & Gokon ����; Perkins &
Weimer ����; Sattler et al. ����). As one way to achieve these higher temperatures (Ho & Iverson
����), the present thesis considers the use of particles as the heat transfer medium in the central
receiver of a CST system. However, thermal losses increase with temperature, so that achieving
higher receiver temperatures with particles requires better understanding of the heat and mass
transport processes in solar thermal particle receivers.

Solid particles are a heat transfer medium which, due to their high surface area per unit mass
and capacity for direct irradiation, o�er the potential to achieve receiver exit temperatures up to
and above ���� �C (Tan & Chen ����; Ho & Iverson ����; Wu et al. ����; Ho ����; Ho ����).
Furthermore, direct irradiation of a cloud of particles o�ers the signi�cant potential bene�ts of
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reducing the exergetic losses associated with heat transfer through a wall and improving the rate of
heat transfer to the heat transfer medium due to the high e�ective temperature of the sun (Ho &
Iverson ����; Ho ����). On the other hand, direct irradiation requires the development of either
windowless receivers that avoid the egress of solid particles, or windowed receivers that avoid
the deposition of particles onto the window. Nevertheless, additional bene�ts of using particles
as the directly irradiated heat transfer medium within a solar receiver include the possibility of
high absorptivity of solar radiation wavelengths, as well as favourable heat capacity, corrosion
and sintering resistance properties (Ho & Iverson ����). Furthermore, the thermal storage of hot
particles is a relatively simple and low-cost process (Ho & Iverson ����; Ho ����). Solar particle
receivers of a number of con�gurations have been proposed and tested without yet the deployment
of commercial systems. Therefore, to demonstrate that solar particle receivers are a viable technology
for use in CSP systems or in industrial thermochemical processes, further research into the key
mechanisms controlling their performance is required.

Solar thermal particle technology has the potential to play an important role in reducing the carbon
intensity, not only of the electricity generation sector, but also of the industrial sector through the
direct provision of high temperature process heat. However, this application of the technology
remains relatively untapped (IEA ����). Within the industrial sector, the re�ning of minerals
accounts for ��.�% (of ���� levels) of global greenhouse gas emissions. Some of these emissions
are inherent to the mineral process, however a signi�cant proportion is also derived from the
combustion of fuels to heat and react mineral particles (McLellan et al. ����; Olivier et al. ����). The
production of cement is one of these processes that accounts for ⇠�% of man-made CO� emissions
(IEA ����a) and requires a signi�cant thermal energy input, particularly to the calcination stage.
The calcination of cement uses a predominantly limestone (CaCO�) feedstock and drives o� CO�

to produce lime/clinker (CaO) at a reaction temperature of⇠��� �C with a state of the art energy
intensity of �.� – �.�GJ/tonne-clinker (Eglinton et al. ����; IEA ����a). The potential suitability of
solar thermal particle technologies to such an industrial calcination process has been demonstrated
with small-scale particle receiver-reactor prototypes and solar simulator research facilities that
enable the required solar concentration ratios and reaction temperatures to be reached (Flamant
et al. ����; Steinfeld et al. ����; Meier et al. ����; Nikulshina et al. ����a). With a global interest in
reducing all carbon emissions while decoupling industrial production from its associated emissions,
there is a need to investigate such innovative low-carbon process routes (IEA ����). Replacing
combustion with concentrated solar energy as a source of direct process heat to reacting particles is
one potential means to reduce society’s reliance on fossil fuels.

A calcination process that is also highly energy-intensive but has not previously been demonstrated
with the application of CST is that of alumina production. Calcination is the last step of the Bayer
process for alumina production which heats the hydrated alumina from the precipitation stage
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to drive o� the water of hydration and form anhydrous alumina. This alumina is a product in its
own right, but is also the precursor to primary aluminium, the production of which has an energy
intensity of ���GJ/tonne-primary aluminium and is among the most energy intensive of all mineral
processes (Das & Green ����). Globally, some ��� million tonnes per annum of alumina is produced
by calcination at an energy intensity of⇠��.�GJ/tonne-alumina and a temperature of about ���� �C
(IAI ����). This temperature is in the mid-range of many other high temperature processes and is
readily achievable with CST technologies, which provide a potential alternative energy source to
fossil fuels. In addition, the alumina calcination process is not typically sensitive to some ingress
of air, which raises the possibility that direct irradiation of particles may be achievable without
the need for a window to completely seal a solar particle receiver-reactor. However, the technical
feasibility of undertaking alumina calcination with CST is yet to be evaluated.

�.� Background on concentrating solar thermal

Of all sources of renewable energy, solar energy is the most abundant. In one year, the maximum
extractable energy from solar radiation incident on Earth’s surface is �.�⇥ ���� J (Szargut ����;
Hermann ����), which is three orders of magnitude greater than human society’s total primary
energy demand (IEA ����). However, this solar resource is also of very low energy density and
is variable. This is a particular disadvantage compared with fossil fuels, which are concentrated
and can be used continuously. Presently some ��% of society’s energy demand is met by fossil
fuel sources, accounting for �.��⇥ ���� kg-CO� eq. of climate change inducing emissions (IEA
����b) – an economically, environmentally and socially unsustainable activity (IEA ����). The use
of concentrating solar thermal (CST) technologies to harness some of the abundant, renewable,
but dilute solar resource is an important component in the least-cost future energy production
mix that is required to limit climate change (IEA ����). The low energy density and variability
of solar energy represent challenges to harnessing the resource cost-e�ectively, but the potential
advantages of a clean CST technology with inherent energy storage capabilities also represent an
opportunity. That is, new understanding of CST technologies is required to develop systems that
e�ciently harness the solar resource and operate cost-competitively at an industrial scale.

CST systems use mirrors to concentrate solar radiation and provide a high �ux, renewable heat
input to a power cycle to produce electricity or to drive thermochemical reactions (Steinfeld &
Palumbo ����). However, electricity generation is the only use for CST that is currently operated
commercially. Together with the advantages of a high �ux renewable heat source, CST has the
inherent capacity for low-cost thermal energy storage as well as suitability to fossil-fuel back up (IEA
����), which allow for increased reliability and dispatchability of supply (Jamel et al. ����; Nathan
et al. ����b). In CSP, these advantages allow electricity generation to be decoupled from solar
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energy collection and shifted to times of peak demand, such as after sunset (IEA ����). This also
indicates that CSP can operate synergistically with solar photovoltaic technologies to provide solar
electricity over daily time periods longer than sunshine hours (IEA ����; IEA ����). From a system
perspective, the �exibility of CST technologies to incorporate thermal storage, hybridisation and
synchronous power generation provide a strong advantage over alternative solar technologies, such
as photovoltaics, which require additional systems for energy storage and do not inherently provide
all required ancillary services (IEA ����). From a national interest perspective, CST technologies
provide additional potential to heighten energy security through exploitation of a renewable resource
whose availability is import-independent (IEA ����). These potential bene�ts justify research e�ort
to develop cost-e�ective CST technologies that operate alongside a suite alternative renewable
energies.

In a CST system the receiver plays a fundamental role as the device, located at the optical focal point
of a solar concentrator, that harvests concentrated solar radiation via complex high temperature
heat transfer mechanisms. The function of the receiver is to convert concentrated solar radiation
into thermal or chemical energy by heating a heat transfer medium, or providing the process heat
to drive a chemical reaction (Tan & Chen ����). Solar concentrators concentrate radiation onto
either a line or a point, and therefore require either linear or point receivers. Examples of linear
concentrators are Parabolic troughs and Fresnel re�ectors, while the point concentrators are solar
dishes and the heliostat �eld of a solar tower (Behar et al. ����). Figure �.� presents a schematic
diagram of a solar tower CST system, in which a �eld of sun-tracking heliostats concentrates solar
radiation onto a solar receiver positioned on a central tower. It should also be noted that, as well
as conventional tower-mounted receivers with aperture directed towards the ground (as shown
in Figure �.�), beam-down receivers with aperture directed upwards are also under development
(Yogev et al. ����; Kodama et al. ����). Beam-down receivers require a secondary re�ector to be
mounted on the central tower, which in turn re�ects radiation towards the receiver located at
ground level. The advantages of central receivers relative to linear receivers include the capacity for
high concentration of the solar radiation (greater than ���� suns = �MWm��), allowing for higher
temperatures and greater overall e�ciencies (Behar et al. ����; Ho ����). Relative to dish systems,
central tower systems have lower optical e�ciency, but they also have the relative advantage of a
potential for larger scale. This is because in dish systems the receiver needs to be �xed in position
relative to the dish so that the receiver and dish move together, which imposes physical limits on the
size of the dish receiver. The capacity of central receiver systems is potentially of the order ���MW,
which is signi�cantly larger than is possible for dish systems and is potentially lower cost for a given
output (Behar et al. ����). The present thesis investigates the performance of directly irradiated
solar particle receivers that are relevant to solar tower CST systems.
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Figure �.�: Schematic diagram of a solar tower CST system, in which a �eld of sun-tracking heliostats
concentrates solar radiation onto a solar receiver located on a central tower.

�



�. Introduction

�.� Vortex-based solar particle receivers

One class of solar particle receiver technologies that has received signi�cant attention is the vortex-
based solar particle receiver-reactor, which typically consists of a cylindrical cavity receiver, through
which particles are conveyed by a vortex �ow of gas to be directly irradiated in the irradiation
zone from a solar concentrator. Vortex-based solar particle receiver-reactors – often termed solar
vortex receiver-reactors (SVRs) – have been used to experimentally demonstrate several solar
thermochemical processes at laboratory-scale with a range of alternative receiver con�gurations
(Imhof ����; Steinfeld et al. ����; Steinfeld et al. ����; Kräupl & Steinfeld ����; Hirsch & Steinfeld
����b; Z’Graggen et al. ����; Müller et al. ����). SVRs feature highly e�cient heat transfer to
the particle phase due to direct irradiation within a cavity, as demonstrated by the high extents
of chemical conversion reported in the thermochemical assessments above, for particle residence
times on the order of seconds and reported exit temperatures of over ���� �C. Figure �.� presents a
simpli�ed schematic diagram of one particular con�guration of SVR showing concentrated solar
radiation entering the cylindrical cavity through a circular aperture. The two-phase vortex �ow
of particles transported by a gas is established with two tangentially oriented inlets located at the
aperture-end of the cavity. The gas-particle vortex �ow then proceeds to the rear of the cavity,
so that the particles and gases emerge axially. This SVR con�guration (Figure �.�) has been used
to assess the solar gasi�cation of carbonaceous particle feedstock (Z’Graggen et al. ����; Müller
et al. ����). However, SVRs can be con�gured in many alternative ways, for a range of alternative
applications. Together with the con�guration shown in Figure �.�, the present thesis investigates
SVR con�gurations that introduce the two-phase vortex �ow from the rear (so that the �ow
exits at the front near to the aperture) as well as alternative receiver geometries and outlet port
orientations. This investigation builds upon previous research into vortex-based solar particle
receiver-reactors by providing new understanding of the mechanisms that control their performance.
This new understanding is required to enable the optimisation of SVRs on a case-by-case basis for
the di�erent requirements of a range of alternative potential applications within the areas of CSP
and solar thermochemistry.
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Figure �.�: Simpli�ed schematic diagram of a vortex-based particle receiver (SVR). This illustration is an
adaptation of a particular con�guration that was used for the solar gasi�cation of carbonaceous particle
feedstock (Z’Graggen et al. ����). The diagram shows concentrated solar radiation entering the cylindrical
cavity through a circular aperture, together with inlets for the two-phase gas-particle �ow at the aperture-end

of the cavity oriented tangentially and a single axially-oriented outlet at the rear.

�.� Thesis

�.�.� Thesis objective

The objective of the present thesis is to characterise the performance of vortex-based solar particle
receiver-reactors� (SVRs) with investigations into three aspects: the thermal performance; the
particle residence time performance; and the performance of the solar thermochemical process of
calcining alumina particles. Speci�cally, the present thesis aims to provide new understanding of
the in�uence of key receiver input and design parameters on these performance aspects, so that the
device may be scaled up and optimised on a case-by-case basis for various applications.

�.�.� Thesis outline

Chapter � of the present thesis provides a critical review of the literature concerning SVRs. Various
research gaps are identi�ed in this review, from which are derived the speci�c scienti�c aims of the
present thesis. These aims are addressed by examining three di�erent aspects of the performance
of vortex-based solar particle receivers. The �rst of these aspects is addressed in Chapter �, which
develops a one-dimensional heat transfer model to assess the sensitivity of the receiver thermal per-

�For brevity, throughout this thesis the term ‘receiver-reactor’ is referred to as a ‘receiver’ except where the purpose
of the device is clearly for the thermochemical reaction of particles.
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formance to various key operating parameters. Insights into the dominant mechanisms controlling
the thermal performance of SVRs are provided. Next, Chapter � provides a fundamental assessment
of particle residence time distributions (RTDs) within SVRs. First-of-a-kind direct measurements
of particle RTDs in such a device are presented. These are used to assess the in�uence of key dimen-
sionless parameters on the receiver particle residence time performance, for a range of operational
parameters including a range of receiver tilt angles. The �nal aspect of the performance addressed in
the thesis is the technical feasibility of applying the receiver to an industrial thermochemical process.
Chapter � presents a demonstration that alumina can be calcined with concentrated solar radiation
in a small-scale SVR. The parameters controlling this solar process are assessed, together with the
potentially improved quality of the alumina particles produced. Chapter � then provides a summary
of the key outcomes of the work and discusses the potential future development of SVRs.

�.�.� Thesis format

The present thesis is presented in a thesis by publication format, following guidelines of The University
of Adelaide. As such, Chapters �, � and � consist of work from four journal articles which have
either been peer-reviewed and published, or have been submitted for peer review. The contents of
the journal articles included in these chapters are identical to the original articles, published or
submitted, with the following exceptions:

• only content from the methodology, results, discussion and conclusion of each article is
presented to avoid repetition of information;

• the typesetting and referencing have been altered, so that the format throughout the thesis is
consistent;

• the positioning and numbering of the �gures, tables and equations di�er from the articles to
be consistent throughout the thesis and to improve legibility; and

• some terminology within the text has been altered to be consistent throughout the thesis,
without altering the sense of the text.

The journal articles in their published version or their submitted manuscript version are included
as appendices to the thesis.
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Numerous con�gurations of solar thermal particle receiver-reactors have been proposed and de-
veloped to varying degrees of maturity for the purpose of the solar heating of both inert particles,
via sensible heat, and of reacting particles, via chemical (and sensible) heat. Con�gurations that
allow for the direct irradiation of particles avoid the solar radiation �ux limitations associated with
current commercial tubular receivers that heat a medium indirectly through walls (Tan & Chen
����; Alonso & Romero ����; Ho ����; Kodama et al. ����a). Direct irradiation of particles allows
for higher rates of heat transfer to the particle phase and lower exergetic losses. However, directly
irradiating particles in a solar receiver requires either: windowed receivers that avoid particle depo-
sition onto the window and can withstand high temperature/pressure environments at large scale;
or windowless receivers that avoid the loss of particles (or harmful high temperature gases) through
an open aperture (Ho ����; Kodama et al. ����a). Examples of con�gurations of solar particle
receivers that employ direct irradiation include: freely-falling and obstructed-falling curtains of
particles (Evans et al. ����; Hruby et al. ����; Chen et al. ����; Siegel et al. ����; Khayyat et al.
����; Ho et al. ����; Ho et al. ����); centrifuged �lms of particles within rotating-kiln type cavity
receivers (Haueter et al. ����; Schunk et al. ����; Wu et al. ����; Wu et al. ����; Ebert et al. ����);
�uidised beds of particles (Kodama et al. ����; Gokon et al. ����; Kodama et al. ����; Bai et al.
����; Tregambi et al. ����; Wang et al. ����); and entrained (vortex) �ows of particles transported
in suspension (Steinfeld et al. ����; Steinfeld et al. ����; Hirsch & Steinfeld ����b; Z’Graggen
et al. ����). The performance of each of these con�gurations of solar particle receiver is controlled
by complex, non-linear, radiative and turbulent heat and mass transport processes that are too
complex to predict exactly. Hence new understanding of these processes is needed to advance the
development of solar particle receivers toward deployment at larger scale.
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The vortex-based class of solar particle receiver technologies – in which a vortex gas �ow transports
particles through the direct irradiation zone from a solar concentrator within a cylindrical cavity –
is an aerodynamic device, which o�ers the potential of a particle heating atmosphere that can be
controlled. Such an aerodynamic particulate device shares similarities with industrial gas suspension
�ash calciners (Jenkins & Bertrand ����; Williams & Schmidt ����) and blast furnaces (Eglinton
et al. ����), and so bene�ts from the inherent low-cost reliability of aerodynamic devices and
robust construction of the refractory-lined steel vessel. Previous experimental demonstrations of
vortex-based solar particle receivers (solar vortex receivers, SVRs) reported that energy conversion
e�ciencies are signi�cantly greater (often by a factor greater than �) when heat is recovered from
the transporting gas phase or the device is employed in a system that can make use of the transport
gas (Steinfeld et al. ����; Hirsch & Steinfeld ����b; Z’Graggen et al. ����). This is attributed to the
high rates of convective heat transfer within the cylindrical cavity due to the turbulent swirling
process (Szekely & Carr ����). In contrast, both falling curtain and centrifugal particle receiver
con�gurations seek to heat only the particles in an air atmosphere, which is desirable where the target
output is sensible heating of particles alone. However, this approach does not o�er the potential
to control the gaseous atmosphere. SVRs, together with �uidised bed con�gurations, necessarily
heat both the particle and gas phases, o�ering potential advantages for processes with reacting
particles, such as calcination processes, where the gas atmosphere in�uences the reaction. Fluidised
beds, however, are necessarily vertical. Hence direct irradiation of the particle bed requires either
transparent walls, which are susceptible to particle deposition, or a beam-down solar concentrating
system to directly irradiate the bed from the top. However, beam-down systems are yet to be
employed commercially and have a number of limitations. SVRs have the potential to be con�gured
for operation with tower-mounted orientations (as well as beam-down orientations) and are unique
in o�ering potential for direct irradiation into a particle system that can bene�t from a controlled
atmosphere, but can tolerate some small ingress. They also have potential for heating the gas
phase. However, there is a need to further investigate the parameters that control the heat and
mass transport characteristics of SVRs to provide new understanding of operation in particle or
gas heating regimes, together with thermochemical process performance in controlled gaseous
atmospheres.

�.� Vortex-based solar particle receivers (SVRs)

Previous studies of SVRs have primarily focussed on the technical demonstration of various gas-
particle solar thermochemical reactions, including: the calcination of limestone (Imhof ����; Stein-
feld et al. ����); the combined reduction of zinc and production of syngas (Steinfeld et al. ����;
Kräupl & Steinfeld ����); the decomposition of natural gas (Hirsch & Steinfeld ����b; Maag et al.

��



�.�. Vortex-based solar particle receivers (SVRs)

����b); and the gasi�cation of carbonaceous feedstock (Z’Graggen et al. ����; Z’Graggen et al. ����;
Müller et al. ����). These studies reported that an increase in both reactor temperature and particle
residence time results in an increase in the extent of chemical conversion of the respective processes.
However, despite the controlling in�uence of particle residence time on the performance of SVRs,
no direct measurements of the particle residence time have been reported. Rather, the particle
residence times are calculated as mean or nominal values from volumetric �ow rates and reactor
volumes (⌧nom = Vr/V̇gas), so that the actual particle residence time is unknown. Furthermore, in
these studies a SVR of a single con�guration was oriented either horizontally or vertically for testing
in laboratory conditions with a solar simulator or laboratory-scale solar testing facilities, so that no
general information is available of the in�uence of a range of alternative receiver geometries and
orientations on the performance of the device. Good potential for the technology has been shown
with these studies, however, there is a need for further systematic study of the in�uence of key
controlling parameters on the performance of the device – including angle of receiver orientation
and the parameters that in�uence the particle residence time.

An alternative con�guration of SVR – termed the Solar Expanding Vortex Receiver-Reactor (SEVR)
– has recently been developed, with a view to capitalising on the high energy conversion e�ciencies of
the previous SVR con�gurations whilst also addressing some of their limitations. It has been found
that SVRs typically have a particle residence time distribution that is approximately independent of
the particle size (Chinnici et al. ����), which is an ine�ciency for processing polydisperse particles,
as is common in current industrial processes. A tendency of particles to egress through the aperture
and deposit onto the sealing window or be lost to the environment has also been identi�ed for
SVRs, which requires a high auxiliary gas �ow to mitigate. Figure �.� presents a schematic diagram
of the SEVR con�guration proposed by Chinnici et al. (����), which injects the two-phase gas-
particle �ow at the opposite end of the receiver to the aperture, and introduces a conical expansion
so that the �ow expands as it proceeds to the outlet located near to the aperture plane. These
modi�cations serve to decrease the swirl intensity of the vortex at the aperture plane to such an
extent that the particle egress through the aperture is reduced by an order of magnitude (Chinnici
et al. ����; Chinnici et al. ����). Furthermore, altering the outlet so that it is oriented radially –
which di�ers from the orientation of the vortex �ow near the outlet (tangential) – is important to
inhibit the exit of large particle from the chamber due to their greater inertia, relative to smaller
particles. This enables the SEVR to aerodynamically classify the particles; larger particles are retained
within the receiver for much longer than small particles, so that e�cient heating/processing of
the particles is achieved (Chinnici et al. ����). These mechanisms have been partially validated
by an experimental investigation into the �ow �eld (Chinnici et al. ����; Chinnici et al. ����).
However, no direct assessments of particle residence times are presently available for the SEVR
(or any con�guration of SVR) and there is a need to assess the in�uence of these geometric and
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con�gurational modi�cations (for example, the direction of the two-phase gas-particle �ow) on
the performance of the device. Therefore, new data are needed to assess the validity of previous
hypotheses and to develop re�nements of various SVR con�gurations.

Figure �.�: Schematic diagram of the Solar Expanding Vortex Receiver-Reactor (SEVR), showing: tangential
inlets to the two-phase gas-particle �ow located at the opposite end of the receiver to the aperture, conical

expansion section and radially-oriented receiver outlet.

�.�.� Residence time control in solar particle receivers

Both mechanical and aerodynamic means to control particle residence time within solar receivers
are under development. Residence time control is important for achieving the required extents of
particle heating or reaction within a solar receiver and, therefore, for e�cient heating/processing
of particles. For the case of falling particle receivers, characterisation of the curtain behaviour
has found that the larger the particle size the shorter the residence time of the particle within the
receiver due to faster falling velocities (Evans et al. ����; Hruby et al. ����; Chen et al. ����; Siegel
et al. ����; Ho et al. ����). Furthermore, greater mass �ow rates of falling particles entrain greater
amounts of air in the downward direction, which serves to reduce the drag on the particles and
reduce their residence time further (Evans et al. ����; Hruby et al. ����; Chen et al. ����). To address
this adverse relationship between particle size/�ow rate and residence time, various mechanical
means of increasing residence time have been proposed. Mechanical obstructions to falling, in the
form of chevron-shaped mesh structures, have shown strong potential to reduce the velocity of
particles falling through the receiver, allowing longer residence time for heating and more e�cient
operation, together with the additional bene�t of stabilising the falling particle curtain (Ho et al.
����; Khayyat et al. ����; Lee et al. ����; Ho et al. ����). Alternatively it has demonstrated with
heat transfer modelling that increasing falling particle residence time by recycling the particles over
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multiple passes has the potential to enhance the thermal e�ciency of the falling particle receiver,
particularly in responding to variations in the solar thermal input throughout the day (Röger et al.
����). However, a technical challenge arises with the handling of particles at high temperature. For
a centrifugal (rotating-kiln) type particle receiver, particle residence time is controlled mechanically
by adjusting the tilt angle and rotational velocity of the cavity, which presents challenges associated
with the requirement of large mechanical moving parts for the rotation of the cavity (Wu et al. ����;
Wu et al. ����; Amsbeck et al. ����; Ebert et al. ����). Overcoming reliability challenges associated
with moving parts and the potential over-heating/deterioration of obstructions will potentially
allow for signi�cant improvement of residence time control in solar particle receivers and result
in improvements in the e�ciency of their operation. Therefore, there is a need to develop new
understanding of mechanisms that allow for the reliable recirculation of particles through a solar
particle receiver to control the particle residence time.

Aerodynamic means to control particle residence time within solar particle receivers o�er an
inherent reliability without the need for additional moving parts. Devices that use such aerodynamic
mechanisms generate a pressure �eld within the receiver that allows for controlled rates of particle
circulation. This has been demonstrated for circulating �uidised bed solar particle receivers, in
which the rate of circulation through an irradiation zone is controlled with pressure di�erences
within the bed (Flamant et al. ����; Flamant et al. ����; Benoit et al. ����). However, these receivers
are necessarily vertical and require indirect heat transfer to the particle bed through the walls of
the receiver. In entrained �ow solar particle receivers, mechanisms for controlling the internal
recirculation and, therefore, residence time of the gas-particle �ow are well-established in the �eld
of combustion. For example, swirling jets are often applied to �ames as an e�ective means of
controlling the mixing of reactants and of recirculating �ow (Beér & Chigier ����). For a swirling
�ow proceeding through a cylindrical cavity, at su�ciently high degrees of swirl (characteristic swirl
number, S > �.�) a central reversed �ow zone is established (Chigier & Beér ����; Beér & Chigier
����). Chinnici et al. (����) asserted that, for the SEVR con�guration, in which the swirl number
is su�ciently high, the central reversed �ow zone could serve to augment particle recirculation
and increase particle residence time within the receiver (Chinnici et al. ����). Furthermore, it was
proposed that aerodynamically inhibiting larger particles (with characteristic Stokes number, Sk�
�) from leaving the radially-oriented outlet allowed for the preferential retention of large particles
relative to small particles, as is desired for e�cient processing of polydisperse particles. Since many
current industrial processes use polydisperse particles, it is desirable that the residence time of
particles within the receiver is dependent on particle size. That is, larger particles that require
longer for heating to a desired temperature, should have longer residence times within the receiver.
Aerodynamic mechanisms for controlling residence time potentially o�er robust and reliable means
of achieving this within an entrained �ow solar particle receiver. However, new data and systematic
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assessment of the controlling parameters are required to con�rm any potential bene�ts to particle
residence time control.

�.�.� Thermal performance modelling of SVRs

Several models of the heat transfer within entrained �ow solar particle receiver-reactors have
been developed, spanning simple one-dimensional models to more complex three-dimensional
computational �uid dynamics (CFD) models. These are complementary because CFD models are
generally too computationally expensive to be used to assess a large number of receiver con�gurations
and operating cases. In contrast, a one-dimensional model of the particle receiver operation can
provide powerful insights into the dominant mechanisms in�uencing the thermal performance,
before narrowing down to a limited number of con�gurations that justify the use of more detailed
and computationally-expensive CFD models. Previous examples of �rst order models include the
assessment by van Eyk et al. (����) of an entrained �ow solar reactor for the gasi�cation of coal.
They adapted a long furnace model (Kasule et al. ����) to incorporate high-�ux solar radiation in a
reactor with a one-dimensional axial �ow of gas and coal particles. Such lower dimension models
(Kasule et al. ����; van Eyk et al. ����) have proven useful for sensitivity studies of a large number
of con�gurations but are not well suited to assess the in�uence of geometry on heat transfer in
a relatively short reactor. In contrast, the zonal method has been used to assess relatively short
devices in which radiative heat transfer is important. The method has been used to predict gas and
refractory wall temperature pro�les in a furnace (Hottel & Cohen ����) a rotating-kiln (Jenkins &
Moles ����) and, in a modi�ed form, to investigate radiation exchange associated with the solid
particle phase in the furnace of a coal boiler (Cañadas et al. ����). In each of these cases, radiation is
treated as non-directional, as is typical of combustion. Solar concentrators, however, provide highly
directional concentrated solar radiation to the receiver-reactor. Therefore, to model the heat transfer
within a solar receiver for a systematic assessment of a wide range of operating conditions, the
zonal method of analysis needs to be modi�ed to incorporate high-�ux directional solar radiation
as the heat input to the enclosure, so that its in�uence on the two-phase gas-particle �ow within
the receiver and the receiver’s enclosure walls can be assessed.

The directionality of concentrated solar radiation can alternatively be modelled with the use of
advanced Monte Carlo and �nite volume modelling techniques, as has been developed for the
steam gasi�cation reaction of carbonaceous particles in a SVR (Z’Graggen & Steinfeld ����a;
Z’Graggen & Steinfeld ����b; Z’Graggen & Steinfeld ����). These models have been validated at
� kW laboratory-scale and have been used to conduct extensive sensitivity analyses of molar extent
of reaction and thermal e�ciency to key input parameters, such as solar thermal input, feedstock
feed rates and particle size. Despite signi�cant modelling e�orts characterising the solar steam-
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gasi�cation thermochemical reaction in a SVR, there is a need for less computationally-intensive
models of SVRs for application to the sensible heating of particles with a range of sizes, together
with a range of receiver geometries and �ow con�gurations. Therefore, there is a need to develop
simpli�ed models of the operation of SVRs for the sensible heating of inert particles.

The SVR can be con�gured in a wide range of alternative ways for the heating and thermochemical
reaction of particles with CST. Also, the optimal con�guration of a solar thermal particle receiver
cannot be determined in isolation from other components of the CST system, but must be calculated
together with that of the pneumatic conveying system, thermal storage system and hybridisation
system, for example (Nathan et al. ����a; Nathan et al. ����b). In addition, little is known of the
thermal performance of SVRs during transient operation over long periods. Hence, determining the
transient performance of the SVR within a system of complex components requires a model that is:
su�ciently simple to be solved for half-hour time-steps for multiple years (Saw et al. ����) without
excessive computational expense; and su�ciently accurate to account for the dominant physical
processes within them. However, no �rst order model of a SVR is presently available.

�.� Key dimensionless parameters

Dimensionless parameters are used to provide reliable understanding of the heat and mass transport
processes of an industrial-scale SVR device from experimental data gathered at a smaller scale.
This is because experimental investigation and model development/validation are undertaken
predominantly at smaller scale than the practical large scale system, so that experimental data needs
to be obtained with dimensionless parameters at a comparable scale to those of the larger scale
system. Without this, the heat and mass transport processes occurring at signi�cantly di�erent
scales (e.g. laboratory and industrial scales) can exhibit signi�cantly di�erent behaviour (Nathan
et al. ����). Hence, experiments should be designed so that the dimensionless parameters with the
greatest in�uence on the performance of the device are analogous to real conditions.

The performance of each physical system is usually only characterised by a few key dimensionless
parameters. Furthermore, each dimensionless parameter scales in di�erent ways and is typically
asymptotic. For example, for operation entirely in the fully turbulent regime, changes in Reynolds
number will not have a large in�uence on the heat and mass transport processes. Therefore, to
gain new understanding of the device and its potential operation at larger scale, it is necessary to
identify the most important dimensionless parameters in a given situation and determine their
controlling in�uence. This section presents the key dimensionless parameters that have previously
been identi�ed as important to understanding the operation of SVRs.
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The Reynolds number is de�ned as the ratio of inertial to viscous forces within a �uid and charac-
terises whether the �uid �ow is laminar or turbulent. The Reynolds number is evaluated as:

Re =
⇢fUfDf

µf
, (�.�)

where Uf andDf are characteristic velocity and length scales of the �uid, respectively, ⇢f is the �uid
density and µf is the �uid dynamic viscosity. This can be evaluated for given �ow regions within
a SVR. Industrial-scale particulate processing devices, such as �ash calciners, operate with fully
turbulent �ow conditions, e.g. with inlet Reynolds number, Rein = ⇢fUinDin/µf > 8000 (Jenkins &
Bertrand ����; Mikulcic et al. ����). This implies that experimental investigation of SVRs should
be conducted in fully turbulent regimes, to ensure relevance of experimental �ndings to scaled up
operation.

The Stokes number is de�ned as the ratio of the characteristic time-scale of a particle to the
characteristic time-scale of a �uid eddy. In the case of a SVR, the Stokes number characterises
how closely a particle will follow the gas streamlines through the receiver. The Stokes number is
evaluated as:

Sk =
⇢pd

2
pUf

18µfDf
, (�.�)

where Uf and Df are characteristic velocity and length scales of the �uid, respectively, ⇢p is the
particle density, dp is the particle diameter and µf is the �uid dynamic viscosity. For Sk ⌧ � the
particle motion closely follows the transport �uid streamlines within a receiver, while for Sk� �
the particle motion is inertia dominated and weakly in�uenced by the �uid motion. Chinnici et al.
(����) proposed that, for the SEVR, a radially-oriented outlet results in large particles having large
Sk > �, as evaluated at the outlet. This implies that large particles with greater inertia will be less
likely to follow the �ow gradient at the outlet, but will be preferentially retained within the vortex
�ow of the receiver and have relatively longer residence time than smaller particles. This is the
primary mechanism, by which it has been proposed that the SEVR is able to increase the residence
time of large particles relative to small particles (Chinnici et al. ����).

The Froude number, for a �uid or particle within a vortex �ow, is de�ned as the ratio of the
centrifugal inertial force acting on the �uid/particle due to their circular (vortex) motion, to that of
the external gravitational �eld. The Froude number is evaluated as:

Fr =
U

2
'

gR
, (�.�)

where U' is the characteristic tangential velocity of the �uid/particle, R is the characteristic radius
of circular motion and g is the standard acceleration due to gravity. This de�nition of Fr is analogous
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to the de�nition of the separation factor of a particle cyclone separator. The primary purpose of
cyclone separators is to centrifuge particles to the wall of the cyclone, so that the design Fr for
cyclones is typically greater than �, for large low velocity cyclones, and often greater than ����, for
small high pressure cyclones (Cortés & Gil ����; Ho�mann & Stein ����). In contrast, SVRs do not
seek to centrifuge particles to the walls of the receiver, so that the in�uence of the Froude number
on particle trajectories within SVRs needs to be assessed.

The swirl number of a �ow is de�ned as the axial �ux of angular momentum to the axial �ux of
linear momentum (Beér & Chigier ����; Gupta et al. ����) and characterises the vortex intensity of
a �ow. The swirl number at a given cross-sectional plane within a cylindrical chamber is evaluated
as:

S =

R R

0 uzu'r
2
dr

R
R R

0 u2
zrdr

, (�.�)

where, uz and u' are the axial and tangential components of �uid velocity at a given radius within
the cross-sectional plane, r, and R is the radius of the cylindrical chamber. For a swirl burner, the
swirl number characterises whether or not the swirl is su�ciently intense to establish a recirculation
�ow zone (Beér & Chigier ����). Typically, values of S > �.� are characterised as strongly swirling
�ows that generate recirculation (Beér & Chigier ����). Similarly, in a SVR the swirl number
characterises whether or not a central reversed �ow recirculation zone will be established. When
evaluated at the aperture plane of a SVR, Chinnici et al. (����) found that S is the primary indicator
of the propensity for particles to exit the receiver through the aperture; the bigger the value of S the
greater the mass �ux of particles through the aperture.

The Biot number, as evaluated for a directly irradiated particle, characterises the relative signi�cance
of internal heat transfer resistance within the particle, to the external heat transfer resistance at the
particle surface. For the case of an opaque particle with temperature, Tp, suspended in a gas �ow
with temperature, Tg < Tp, surrounded by cold walls and irradiated by an external �ux, q̇rad, the
Biot number can be evaluated, following Maag et al. (����a), as:

Bi =
dp

n
"p

h
q̇rad

Tp�Tg
� �(Tp + Tg)(T 2

p + T
2
g )
i
� hconv

o

kp
, (�.�)

where dp is the particle diameter, "p is the particle emissivity, � is the Stefan-Boltzmann constant,
hconv is the external convective heat transfer coe�cient and kp is the thermal conductivity of the
particle. In this formulation of Bi the external irradiation term is incorporated with positive sign,
while the external radiative and convective heat transfer terms have negative sign. This is because as
the external irradiation increases, the internal particle temperature gradient will be greater and
so Bi increases. Conversely, as the rates of radiative and convective heat transfer from the particle
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to the external �uid increase, the internal particle temperature gradient will decrease, and so Bi
decreases. For a particle directly irradiated within a SVR with Bi⌧ �, the particle can be assumed
to have negligible internal temperature gradient. That is, the particle is isothermal (Maag et al.
����a).

The apparent absorptivity of a solar cavity receiver is de�ned as the fraction of radiation incident on
the aperture that is absorbed by the internal cavity walls (Holman ����). The apparent absorptivity
is evaluated as:

↵cavity =
"wAw

Aap + "w(Aw � Aap)
, (�.�)

where Aap is the aperture area, Aw is the internal cavity wall surface area and "w is the emissivity of
the cavity walls. This formulation of ↵cavity assumes that the internal walls of the cavity are di�usely
radiating grey surfaces with uniform temperature and emissive properties. It can be seen that as
Aap/Aw ! � and "w ! �, ↵cavity ! �, so that the aperture to internal wall area ratio should be
minimised and wall emissivity should be maximised for a solar cavity receiver to approach a black
body absorber. For a SVR, the calculation of ↵cavity does not account for internal heat transfer to the
two-phase gas-particle �ow and is subject to limitations of the above-mentioned assumptions for
the internal wall properties. However, ↵cavity provides a useful indicator of the radiation absorption
performance of the SVR cavity geometry.

�.� Particle residence time distributions (RTDs)

The residence time distribution (RTD) of particles is widely used to characterise the performance
of thermochemical particle reactors. The particle RTD describes the probability distribution of
residence times a particles spends within a vessel for a given set of operating conditions, which
is di�cult to predict a priori without experimental data due to the complexity of two-phase gas-
particle �ows. This is particularly the case in strongly recirculating �ows such as those in swirling
turbulent systems, owing to their non-linear behaviour (Lede et al. ����; Allal et al. ����; Li et al.
����). Knowledge of the particle RTD within a vessel is needed because most particulate vessels do
not conform well to the classical idealisation of either a well-stirred reactor, with uniform properties
through the vessel, or a plug-�ow reactor, in which all �uid and particles have the same residence
time (Danckwerts ����; Nauman ����). Furthermore, the behaviour of particles is likely to be
di�erent from that of the transporting gas (Lede et al. ����), particularly for cases where the Stokes
number of the gas-particle �ow is greater than unity (Chinnici et al. ����). The SVR is one swirling
particulate device, of which the residence time behaviour is imperfectly understood. Therefore, to
support the development of SVRs, new experimental data together with new understanding of the
particle RTD within them are required.
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�.�.� Particle residence time in SVRs

No previous direct measurements of particle residence time within SVRs have been reported. In the
absence of measured data, previous assessments have relied on the nominal particle residence time,
based on the ratio of receiver internal volume to gas volumetric �ow rate (⌧nom = Vr/V̇gas). This value
can be corrected for the dependence of gas density on temperature, and for the in�uence of chemical
reactions on temperature and species. However, both the gas and particle phase residence times in a
vortex �ow con�guration can di�er signi�cantly from this nominal residence time. Shilapuram
et al. (����) found that, for a solar cyclone reactor, the mean residence times of both particle and
gas phases is signi�cantly greater than the nominal value. Moreover, the particles exhibit a wide
distribution of residence times that depend on the operating conditions. In characterising this
distribution, the normalised variance, �p2 = �p,t

2
/⌧̄p, of the distribution has been recommended

by Bu�ham & Mason (����) to be the single best measure of the extent of spreading of the RTD
and has been adopted elsewhere (Gao et al. ����). Various thresholds have also been adopted to
characterise the particle RTD, such as the time required for a given fraction of particles (e.g. ��%
of the inlet stream) to exit the vessel. Therefore, new understanding of the in�uence of input and
geometric operating parameters on the particle residence time within SVRs is required, together
with characterisation not only of the mean residence time value, ⌧̄p, but also the full function of the
RTD.

The alternative vortex-based solar particle receiver-reactor con�guration – the SEVR – has been
proposed to generate a RTD that increases with the particle size for particles larger than a critical
value, characterised by the Stokes number (Chinnici et al. ����). The SEVR has a conical inlet
section at the opposite end of the cylindrical cavity to the aperture and a radial outlet at the aperture
end of the cavity (Chinnici et al. ����), so that the di�erent orientation of the outlet to that of the
vortex �ow (tangential) inhibits the exit of larger particles from the chamber due to their greater
inertia. These proposed mechanisms have been partially validated by an experimental investigation
into the �ow �eld (Chinnici et al. ����), but no direct assessments of particle RTD are available
for the SEVR con�guration (or indeed any con�guration of SVR). Hence, investigation into the
in�uence of the controlling parameters of particle size, gas �ow rate and inlet velocity on the particle
RTD within the SEVR is required.

�.�.� In�uence of receiver tilt angle

Understanding the in�uence of the tilt angle on the performance of solar cavity receivers is a
necessary component in the development of optimal concentrating solar thermal (CST) systems.
This is because the receiver tilt angle relative to gravity has a bearing, not only on the heat and mass
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transport within the receiver itself, but also on the layout of the heliostat �eld and the height of
the tower on which the receiver is mounted. That is, the angle at which a solar cavity receiver is
mounted on the tower of a CST system has a direct in�uence on the thermal performance of the
receiver, the optical performance of the concentrator and the techno-economics of the system (Behar
et al. ����; Ho & Iverson ����; Kodama et al. ����b). Solar cavity receivers generally require polar
heliostat �elds, so that the receiver is either north or south facing, depending on the hemisphere
(Li et al. ����). As a result, the tower is required to be taller, and therefore more expensive, than
for surround �elds for a given solar power input (Kodama et al. ����b). Signi�cant research e�ort
has been directed towards the optimisation of the optical design of solar cavity receivers with polar
heliostat �elds (Schmitz et al. ����; Behar et al. ����). However, to fully optimise the CST system,
information is also required as to the in�uence of receiver tilt angle on the heat and mass transport
within the receiver and, therefore, on the thermal performance of the receiver. Furthermore, the
design of the �eld, tower and receiver tilt angle will be dependent on geographic location of the
CST system, which further implies that information is required as to how a receiver performs with
various tilt angles. As an alternative to the tower-mounted systems, beam-down receivers are also
under development (Yogev et al. ����; Kodama et al. ����), for which the receiver will be oriented
upwards, together with many variations between the two extremes of beam-up and beam-down.
There is therefore a need to characterise the heat and mass transport performance of solar cavity
receivers with a wide range of receiver tilt angles.

While many investigations of the in�uence of receiver tilt angle on the thermal performance have
been performed for single-phase cavity receivers, particularly with respect to their convective losses
(Clausing ����; Leibfried & Ortjohann ����; Wu et al. ����), this is not true for two phase devices
that employ a gas-particle suspensions �ow within the cavity. Convection heat loss from the cavity of
a single phase device is particularly dependent on the Richardson number (Lee et al. ����), with the
natural convective losses being associated with the relative signi�cance of stagnant and convective
zones of gas �ow, which is strongly correlated with internal cavity geometry and receiver tilt angle.
For a simple cubical cavity it was found that natural convective heat loss (i.e. without any signi�cant
wind) is greatest for receiver tilt angles approximately ��° to ��° above the horizontal, without
considering the presence of wind (Leibfried & Ortjohann ����; Lee et al. ����). Wu et al. (����)
presents a review of research investigating convective heat loss from cavity receivers. However, the
in�uence of the receiver tilt angle on the performance of two-phase solar particle receivers, in which
the particle mass transport has potential to be strongly in�uenced by the direction of gravity, has
not previously been assessed. One measure of this particle mass transport performance of a solar
particle receiver is the particle RTD within the receiver (Danckwerts ����; Levenspiel ����; Fogler
����). However, no data is presently available as to the in�uence of the tilt angle of the cavity of a
solar particle receiver on its particle RTD.
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For a SVR, the alignment of gravity relative to the direction of particle mass transport is potentially
important. However, all previous thermochemical assessments of SVRs have been performed with
the cylindrical cavity oriented horizontally or vertically so that gravity acts normal to the central
axis (Steinfeld et al. ����; Steinfeld et al. ����; Kräupl & Steinfeld ����; Hirsch & Steinfeld ����b;
Z’Graggen et al. ����; Müller et al. ����). This introduces some potential di�erences to tower-
mounted cavities in which the axis of the receiver is likely to be directed with a downward tilt to align
it with the heliostat �eld. In addition, Chinnici et al. (����) identi�ed some potential advantages of
a vertical orientation of the alternative SEVR con�guration in augmenting the retention of large
particles within the receiver to increase their residence time relative to small particles. However,
no experimental measurements of the in�uence of the orientation on residence time have been
reported previously for any con�guration of SVR. Hence there is a need to investigate the e�ect of
tilt angle (alignment relative to gravity) on particle RTD in SVRs.

�.�.� Measurement of the particle residence time distribution

Methods with which to measure particle residence time within a vessel have advanced from those
measuring only a mean value (Szekely & Carr ����; Lede et al. ����; Li et al. ����) to those
measuring the full distribution of residence times in micro-detail and their sensitivity to a wide
range of operating conditions. Particle RTDs are typically measured by detecting the concentration
with time of tracer particles using techniques such as phosphorescence (Harris et al. ����), colour
(Kieviet & Kerkhof ����), ferromagnetism (Guío-Pérez et al. ����), chemically-doping (Kang et al.
����), di�erence in electrical permittivity (Cai et al. ����) and size (Mitsutani et al. ����). For some
methods of tracer detection, the o�ine detection of tracer particles is required. Examples of this
include the measurement of potassium chloride coated tracer particles in samples taken periodically
from the exit �ow of a cyclone separator (Kang et al. ����), the counting of specially marked
particles exiting a circulating �uidised bed system (Kehlenbeck et al. ����), and the concentration
measurement of coloured particles in samples collected every two seconds from a spray drier (Kieviet
& Kerkhof ����). Additionally, to assess the particle RTD of di�erent sized particles, a pulse of
particles with a wide size distribution can be used and the system response determined by calculating
the size fractions of samples collected at regular time intervals, as was done for a continuous liquid-
solid classi�er (Mitsutani et al. ����). These methods of o�ine detection of tracer particles have
temporal resolution on the orders of ���� – ��� Hz, which is insu�cient for a device such as the
SVR, whose residence time is on the order of seconds (at laboratory-scale). Therefore, there is a
need for experimental methods that characterise the speci�c detail of an RTD with high temporal
resolution.
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Optical measurement of particles o�ers a fast response, inline and non-intrusive method of tracer
detection that can be based on light emission, scattering or extinction (Amaral et al. ����). To
measure the particle RTD in the riser of a circulating �uidised bed, Harris et al. (����) used
phosphorescent pigment coated particles as a tracer located within the bulk particle phase. The
tracer particles were activated at the inlet of the riser with a high intensity pulse of light, rather
than a physical pulse injection of tracer, and were then detected with a photomultiplier at the riser
exit. This fast-response method avoids measurement bias associated with a physical pulse injection
to the steady-state internal �ow, but requires correction for the time-decay of phosphorescence.
Lede et al. (����) and Allal et al. (����) used a combination of a light source and a photoelectric
sensor to measure the outlet pulse-response of particles injected into a cyclone reactor and a
vertical tube reactor, respectively, by measuring the extinction of light due to particles passing an
illuminated zone at the reactor outlet. Such a method is suitable for operation in dilute particle
volume fraction regimes so that the injection of particles has negligible impact on the steady-state
gas �ow (Elghobashi ����). The assessment by Lede et al. (����) measured single particles and thus
only reported mean residence times, while Allal et al. (����) measured particle RTDs with particles
whose properties were not monodisperse, making it impossible to isolate the e�ect of particle
diameter from that of turbulence on the RTD. However, specialised particles with monodisperse
properties are now available (Lau &Nathan ����), which o�ers the possibility of developing the light
extinction method to isolate the in�uence of particle size on the particle RTD within a vessel. To
measure particle RTDs in a SVR at laboratory-scale a technique is required with fast response time,
due to residence times on the order of seconds and the importance of capturing micro-scale detail
of the distributions. Methods of particle concentration measurement with a well-characterised
light source and a fast-response optical sensor together with the use of specialised monodisperse
particles are now su�ciently advanced to provide this new particle RTD information (particularly
the in�uence of particle size). Therefore, the optical method of measuring the RTD of monodisperse
particles was chosen in the present thesis.

�.�.� The compartment modelling approach

The compartment modelling approach seeks to decompose the residence time behaviour of real
reactors into a combination of idealised classes of reactors, which is useful for understanding
the real reactors and allowing analysis to be performed with little computational e�ort. These
analytical models typically consist of plug �ow reactors (PFRs) that assume a uniform residence
time or continuously-stirred tank reactors (CSTRs) that assume perfect mixing of the �ow. This
analytical approach advances understanding of the �ow mixing behaviour within the device and
provides a useful design tool to incorporate residence time phenomena into component or system
performance models (Gao et al. ����). In addition to �tting ideal �ow reactors to measured
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RTDs, compartment models are important in diagnosing pathological �ow phenomena, including
stagnancy and bypassing (Nauman ����). Stagnancy is associated with a region of the �ow with a
much longer residence time than average and can be identi�ed by a long tail in the measured RTD,
while bypassing is associated with a region of much shorter residence time and can be identi�ed
by a sharp peak much shorter than the mean (Levenspiel ����; Nauman ����). As examples of the
application of the compartment modelling approach to describe particle phase residence times,
Kehlenbeck et al. (����) and Guío-Pérez et al. (����) used the well-known model of a PFR in series
with a CSTR to describe the residence time behaviour of circulating �uidised beds (Levenspiel
����). This model was used to predict mean particle residence time within the �uidised bed as a
function of dimensionless mass turnover, as well as to characterise the extent of particle mixing.
For the case of a liquid-solid classi�er, Mitsutani et al. (����) applied the tanks-in-series model to
describe the particle residence time (Levenspiel ����; Fogler ����). It was found that the number
of tanks-in-series required to model the measured particle residence times was in the range � – �,
implying an intermediate mixing behaviour between well-stirred and plug �ow. The compartment
modelling approach to describing the particle residence time behaviour of SVRs has not previously
been assessed. This is an aim of the present thesis.

�.� Solar calcination of alumina

Solar thermochemistry makes use of concentrated solar radiation as the source of high-temperature
heat to drive energy-intensive processes towards the production of fuels and material commodities
(Steinfeld & Palumbo ����; Alonso & Romero ����; Kodama et al. ����a). Advantages of solar
particle receivers in thermochemical applications include the possibility of higher operating tem-
peratures that favour faster reaction rates and the removal of the need for combustion to provide
process heat, which in turn reduces emission of greenhouse gases and avoids the contamination
of the reaction products (Alonso & Romero ����). The thermochemical process of interest to the
present investigation is the calcination of alumina, which is an energy-intensive process that shares
similarities with the calcination of limestone and is potentially well-suited to SVRs.

�.�.� The industrial alumina calcination process

Alumina is an intermediate product in the production of aluminium and is also a product in its own
right. Alumina re�ning accounts for approximately ��% of the primary energy used in aluminium
production, over ��% of which is provided by the combustion of fossil fuels (Kermeli et al. ����).
Calcination is the last step of the Bayer process, which heats the hydrated alumina (aluminium
hydroxide or gibbsite, Al(OH)�) from the precipitation stage, to drive o� the water of hydration
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and form anhydrous alumina (aluminium oxide, Al�O�). It is an energy-intensive process, which has
historically been conducted with the use of fossil fuels and a rotary-kiln (Williams & Schmidt ����).
However, since the oil crisis of the ����s and the consequential increase in the cost of fuels, stationary
calciners (circulating �uidised bed, gas suspension and �uid-�ash calciners) have been favoured over
rotary-kilns due to their signi�cantly reduced fuel consumption (Perander et al. ����; Raahauge
����). The process heat requirements of modern industrial calciners and estimated resulting CO�

emissions (calculated from the combustion of methane) are now approximately �GJ/tonne-alumina
and ��� kg-CO�/tonne-alumina product, respectively, for which the predominant fuel is natural
gas (Jenkins & Bertrand ����; Lovegrove et al. ����). Today, the increasing cost of fuels continues
to be a driver for technological development of more fuel e�cient alumina calciner technology
(Klett & Perander ����). With the price of natural gas forecast to increase in some locations such as
Australia (Lovegrove et al. ����), and with the global need to reduce greenhouse gas emissions, there
is strong incentive to seek alternative energy sources such as CST for process heat (Eglinton et al.
����).

Calcination reactions are thermal decomposition reactions that require the application of high
temperature process heat to a solid reactant, resulting in the chemical change of the solid and the
evolution of a gaseous product. The calcination of alumina proceeds endothermically according to
the following reaction:

�Al(OH)� �! ↵-Al�O� + �H�O, �h̄
�
calcination = +���.� kJmol��. (�.�)

Modern plants typically process alumina (generally in the gibbsite form) within �ash calciners using
particles of⇠��� µm in diameter transported in a gas suspension through the reactor with residence
times on the order of a few seconds. The SVR is a solar reactor that has been used to process powders
of similar size to a �ash calciner. Furthermore, the temperature at which alumina calcination takes
place in the Bayer process, ���� – ����K, is readily achievable in current commercially available
solar tower concentrators (Eglinton et al. ����) and is signi�cantly less than the ����K that has been
achieved previously in a laboratory-scale SVR used for solar gasi�cation (Z’Graggen et al. ����).
The potential for alumina to be calcined with CST has been assessed with a packed bed of boehmite
(an aluminium oxyhydroxide) in a crucible positioned at the focal plane of a Fresnel concentrator by
Padilla et al. (����). They reported ��% conversion after �� minutes of exposure to solar radiation
concentrated to ���� suns and full conversion with exposure time of ��minutes (Padilla et al. ����).
However to date, no assessments have been reported for the calcination of gibbsite in a practical
reactor such as the SVR under conditions relevant to �ash calcination.

The industrial gibbsite calcination process shares similarities with the calcination of limestone
(CaCO� ! CaO+ CO�, part of the cement production process), which takes place at⇠����K and
has previously been demonstrated with the application of CST. Various con�gurations of continuous
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solar particle reactor have been used for this process, including the modi�ed cyclone gas-particle
separator (Imhof ����; Steinfeld et al. ����), �uidised beds (Flamant et al. ����) and continuously
fed rotary kilns (Meier et al. ����; Meier et al. ����). In each of these laboratory-scale solar particle
reactors, the direct irradiation of calcium carbonate particles resulted in chemical conversions to
calcium oxide of over ��%, with the important observation that ���% conversion could be achieved
with su�cient particle residence time. This not only provides a potential pathway to decarbonise
the lime production industry, but also suggests that similar reactors may be suitable for alumina
calcination. It is also noteworthy that the alumina calcination process is sensitive to the gas-phase
composition, which is one reason that natural gas is a preferred fuel for alumina production (Wefers
& Misra ����; Wang et al. ����). The application of CST to the calcination process has the potential
to further improve product quality by eliminating the possibility of contamination with combustion
products and by reducing the signi�cance of back-reactions from the presence of H�O, which is a
product of combustion. While this indicates that the alumina calcination process has good potential
for solar processing, its technical feasibility cannot be predicted by implication. Due to the complex,
coupled nature of the process, there is a need to experimentally demonstrate – not only that the
calcination process can be carried out under solar simulated conditions – but also the extent to
which alumina can be calcined, which has not previously been reported.

�.�.� Details of the alumina calcination chemistry

When gibbsite (the most commonly re�ned form of aluminium hydroxide) is calcined, the solid
reactant evolves through various intermediate materials, including the monohydrated aluminium
oxyhydroxide and several transition phases of alumina before the �nal, thermodynamically stable ↵-
alumina is formed at temperatures in the range ���� – ����K (Wefers & Misra ����; Whittington
& Ilievski ����). Both the type of intermediate transition aluminas that are formed and their
relative presence in the alumina product depend particularly on the heating rate, particle size and
the presence of water vapour in the reaction atmosphere (Gan et al. ����). Studies have previously
proposed the gibbsite reaction pathways according to these parameters (Wefers & Misra ����;
Ingram-Jones et al. ����; Whittington & Ilievski ����), the consensus of which is as follows:

(a) �ne gibbsite particles (< �� µm) decompose via �-Al�O�, an amorphous alumina, followed
by -Al�O� before reaching the �nal ↵-Al�O� phase;

(b) coarse gibbsite particles (> ��� µm) decompose via the intermediate aluminium oxyhydroxide,
boehmite (AlO(OH)). Upon further heating this progressively decomposes to �-, �-, and
✓-Al�O�, before reaching the ↵-Al�O� phase; and
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(c) gibbsite which undergoes the high heating rates of �ash calcination (���� – �� ���K s��)
thermally decomposes initially to the amorphous �-Al�O� as in pathway (a) before crossing
over to pathway (b) and progressively forming �-, �-, and ✓-Al�O�, and �nally the ↵-Al�O�

phase.

The formation of the intermediate species, boehmite, occurs in the range ��� – ���K and is
favoured by rapid heating of coarse gibbsite particles, such that there is a high local water vapour
pressure within the large gibbsite particles (Wefers & Misra ����). For the case where the gibbsite
particles are small enough for the water of hydration to be released without the increase of internal
pressure, boehmite does not evolve (Wefers & Misra ����). Its formation is also favoured by high
water vapour pressures in the transport air, as is typical of combustion gases in alumina re�nery
calciners (Rouquerol et al. ����; Whittington & Ilievski ����). On the basis that the use of CST
will avoid the presence of H�O as a combustion product, it can be deduced that the substitution of
combustion with CST will inhibit the formation of boehmite. This would be bene�cial because
boehmite contains structural hydroxyls that degrade product quality for alumina smelting. The
transition aluminas are characterised by their large internal porosity and resulting large surface
area. They are thus useful for smelting and as catalysts. In contrast, the highly ordered and stable
crystalline structure of the ↵-alumina phase makes it suitable for use in abrasives, refractories and
ceramics (Ingram-Jones et al. ����). The present thesis focusses on the re�ning of alumina for the
purpose of smelting to produce primary aluminium. A study conducted by Whittington & Ilievski
(����) suggests that the majority of re�nery-prepared smelter grade alumina (SGA) reacts via
�-Al�O� (pathway c) to feature large proportions of the �-Al�O� phase. The phase composition of
numerous SGAs has previously been determined with quantitative X-ray di�raction (XRD) analysis
to reveal that the product from stationary calciners comprises �� – ��% �-Al�O� content while that
from rotary-kiln calciners comprises �� – ��% �-Al�O� content (Whittington & Ilievski ����). This
was corroborated by Wind & Raahauge (����), who reported that in an industrial gas suspension
calcination system only � – �% boehmite content was found in the pre-calcination stages, and by
(Perander et al. ����) who found that re�nery-produced SGA was dominated by the �-Al�O� phase.
On this basis, it can be anticipated that the high heating rates inherent with solar processing will
favour reaction pathway (c) to form predominantly �-Al�O�. However, there is a need to assess the
validity of this deduction by experiment.

The fraction of residual water in the alumina product is another important measure of product
quality. This is because residual water has the propensity to drive the adverse formation of hydrogen
�uoride gas during the downstream aluminium smelting process (Sommerseth et al. ����). It is
important that alumina is calcined to a su�cient extent for the residual water content to be in
the range �.�� – �.�� wt.% (Wind et al. ����). Alumina water content can be present in both a
chemically-bound state (as in the case of aluminium hydroxides, Al(OH)� and AlO(OH)) and in a
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physically-adsorbed state. It has been found that both types of moisture in alumina contribute to
hydrogen �uoride formation in the downstream smelting process although the physically-adsorbed
moisture is more easily removed from alumina at low temperatures below ���K, while chemically-
bound moisture requires higher temperatures. The present investigation at laboratory-scale features
a single pass of gibbsite particles through the solar reactor. There is thus a need to determine the
maximum extent of conversion (minimum moisture content) that can be achieved with a single
pass. There is also a further need to assess the partitioning of any residual water within the alumina
product into these two types.

Two crucial measures of alumina product quality are its mean pore size and speci�c surface area
(SSA). This is because, for the subsequent smelting process, the alumina serves not only as the
feedstock but also as the material with which hydrogen �uoride (and other �uorine compounds)
from smelter gases are removed (via a dry-scrubbing process) (Wind & Raahauge ����). The SSA
and mean pore size are the primary indicators of the adsorption capacity of alumina, so that product
quality is enhanced both by a larger SSA and a larger mean pore size (Perander ����). Speci�cally,
the subsequent process of aluminium smelting requires that the characteristic pore diameter of the
alumina be an order of magnitude larger than the hydrogen �uoride molecule, which has a van
der Waals diameter of �.�� nm (Perander ����). This is to ensure high adsorption of the hydrogen
�uoride in the dry-scrubbing process used in aluminium production. Previous investigations have
determined that, during the calcination of gibbsite through the transition alumina, the SSA of
the material increases rapidly to a maximum (> ���m� g��) at about ���K, due to its microporous
structure (average pore size < � nm). With higher temperatures, the extent of calcination increases,
causing the average pore size to increase and the SSA to decrease and generate amesoporous structure.
Hence the �nal ↵-alumina has the lowest SSA of the various alumina phases (Wefers & Misra ����;
Metson et al. ����; Perander et al. ����; Raahauge ����) and there is a trade-o� between the desire
to obtain both a low residual water content and a high SSA (Perander et al. ����; Perander et al.
����). It has been proposed, however, that under rapid heating, such as tends to occur with �ash
calcination, the structural rearrangement of the gibbsite calcination sequence can be decoupled from
the water removal (Metson et al. ����). The high heating rates possible with directly irradiated CST
therefore o�er the potential to produce alumina with both favourable residual moisture content and
favourable microstructural properties. There is thus a need to con�rm whether or not this potential
bene�t can be realised in practice through testing with a small scale solar reactor.
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�.� Gaps in the literature

The performance of SVRs is controlled by non-linear radiative and turbulent heat andmass transport
processes that are too complex to predict a priori. Hence, experimental data of their performance
is needed to better understand the processes and allow the development of validated simpli�ed
models. The speci�c gaps in the understanding of SVR performance that are addressed in the
present investigation can be summarised as follows.

• No previous systematic assessment of how di�erent input and geometric parameters in�uence
the performance of SVRs is available, even though numerous important technical demonstra-
tions of solar thermochemical processes with SVRs have been performed. Although these
previous assessments have demonstrated good potential for the technology, they have been
undertaken with a single con�guration, so that these are not optimised. There is therefore
a need for a systematic study of the performance of SVRs, for a wide range of input and
geometric parameters.

• Simpli�ed heat transfer models are required to enable systematic comparison of the thermal
performance of many di�erent cases without excessive computational expense. Furthermore,
the thermal performance of a receiver can not be determined in isolation from other compo-
nents in the CST system. There is therefore a need for simpli�ed receiver models accounting
for the dominant heat transfer mechanisms with su�cient numerical simplicity to allow a
model to be solved for half-hour time-steps and multiple years within CST system models.
No �rst order heat transfer model of the thermal performance of SVRs is presently available.

• No systematic study of the parameters that control the particle residence time within SVRs is
presently available. In the absence of measured data, previous assessments have relied either
on the nominal particle residence time, based on the ratio of receiver internal volume to gas
volumetric �ow rate (⌧nom = Vr/V̇gas). However, both the gas and particle phase residence
times in a vortex �ow con�guration can di�er signi�cantly from this nominal residence time
as well as di�er from each other. New experimental data and understanding of the in�uence of
key operational parameters on the particle residence time within SVRs is therefore required.

• No experimental measurements of the in�uence of receiver tilt angle (orientation relative
to the gravity) on particle residence time are available for any con�guration of SVR. There
is thus a need to characterise the residence time performance of vortex-based solar particle
receivers with a wide range of receiver tilt angles.

• The mechanisms by which the SEVR con�guration is able to achieve a residence time dis-
tribution that increases with particle size have been proposed and partially validated by an
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experimental investigation into the �ow �eld (Chinnici et al. ����), but no direct assessments
of particle RTD are available for the SEVR (or indeed any SVR).

• Previous studies that measure the particle RTD within particulate devices have used particles
whose properties were not monodisperse, making it impossible to isolate the e�ect of particle
diameter from that of turbulence on the RTD. Specialised particles with monodisperse
properties are now available (Lau & Nathan ����), which o�ers the possibility of developing
fast response inline optical methods of RTDmeasurement that isolate the in�uence of particle
size on the RTD.

• The technical feasibility of calcining alumina with concentrated solar radiation cannot be
determined by implication, despite the process being highly endothermic and proceeding
at ⇠����K, which is readily achievable with solar tower technology. Due to the complex,
coupled nature of the process, it is necessary to assess this experimentally with a prototype
solar reactor.

• There is a need to con�rm the potential bene�ts of the solar calcination process to the alumina
product quality (as compared to conventional industrial processing with the combustion of
natural gas). This is because the in�uence of the high heating rates inherent to CST energy
and the e�ect of removing combustion products from the solar thermochemical reaction site
have not been assessed.

�.� Objective & scienti�c aims

The objective of the present thesis is to characterise the performance of vortex-based solar particle
receiver-reactors with investigations into three aspects: the thermal performance; the particle
residence time performance; and the performance of the solar thermochemical process of calcining
alumina particles. Speci�cally, the present thesis aims to provide new understanding of the in�uence
of key receiver input and design parameters on these performance aspects, so that the device may be
scaled up and optimised on a case-by-case basis for various applications.

Three groups of speci�c scienti�c aims within the three performance aspects are derived from the
gaps in the literature that were identi�ed above. The investigation into thermal performance of
SVRs (Chapter �) aims:

• to further develop simpli�ed modelling tools that allow the systematic assessment of a wide
range of input variables with su�cient accuracy to account for the dominant physical processes
within the receiver and su�cient numerical simplicity to allow for a timely comparison of
many di�erent cases without excessive computational expense; and
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• to characterise with �rst order accuracy the in�uence of the particle/gas �ow rates, particle
loading and size, receiver geometry and �ow direction on the overall thermal e�ciency of the
receiver, together with the partitioning of solar energy absorption between the particle and
air phases, and the air and particle temperature rise through the receiver.

The investigation into particle residence time characteristics of SVRs (Chapter �) aims:

• to develop a fast-response, non-intrusive, inline optical method ofmeasuring particle residence
time distribution within a particulate vessel that captures the micro-scale detail and allows
for the isolation of particle size e�ects;

• to determine the in�uence of key dimensionless parameters on the particle behaviour within
a SVR and the resulting in�uence on measured particle residence time, with a systematic and
independent variation of particle size, inlet velocity and gas volumetric �ow rate;

• to experimentally characterise the in�uence of receiver tilt angle (i.e. alignment relative to
gravity) on the particle residence time distributions within a SVR; and

• to develop a model describing the measured particle residence time behaviour of a SVR using
ideal reactor theory (i.e. a compartment model consisting of ideal �ow reactors, PFRs and
CSTRs).

The investigation into the solar calcination of alumina particles within an SVR (Chapter �)
aims:

• to obtain detailed understanding of the in�uence of key experimental parameters (particle
residence time and reactor temperature) on the extent to which alumina may be calcined
with concentrated solar radiation in a laboratory-scale vortex-based solar particle reactor;

• to develop a preliminary understanding of the viability of the solar-driven calcination process
at a much larger scale, by relating the performance of the laboratory scale reactor to an
industrial scale device; and

• to assess the impact of processing alumina in the SVR with direct solar radiation on the
alumina moisture content and the alumina microstructure (mean pore size and speci�c surface
area), which are primary measures of product quality, and to deduce the transition alumina
reaction pathway.
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The thermal performance of vortex-based solar particle receivers is the �rst performance aspect
considered in the present thesis. In this chapter, a one-dimensional numerical model is developed
to calculate the heat and mass transport processes within the enclosure of a vortex-based solar
particle receiver. The model adapts the zonal method and incorporates radiative and convective heat
transfer between the particle phase, the gas phase and the receiver wall, together with re-radiative
and conductive loss from the receiver.

This simpli�ed one-dimensional model is then used for a �rst-order assessment of the sensitivity of
receiver thermal performance to the following key operating parameters:

• the particle and air mass �ow rates;

• the axial direction of the two-phase �ow;

• the particle size; and

• the receiver length.

The reference case geometry that is assessed in this chapter consists of a cylindrical cavity with
conical section, corresponding to the SVR developed by Z’Graggen et al. (����), for which data
for model validation was collected. To ensure relevance to both this con�guration of SVR and the
SEVR con�guration the analysis that follows provides assessment of the in�uence of the direction
of the two-phase. That is, a front entry from the aperture end of the cavity is relevant to the
SVR con�guration, while a back entry from the base end of the receiver is relevant to the SEVR.
In summary, the systematic assessment with �rst order accuracy of the in�uence of key input
parameters is used here to advance understanding of the dominant mechanisms controlling thermal
performance of SVRs.
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The material in this chapter has been published in the journal article:

Davis, D, Jafarian, M, Chinnici, A, Saw, WL & Nathan, GJ ����, ‘Thermal performance of vortex-
based solar particle receivers for sensible heating’, Solar Energy, vol. ���, pp. ���–���.

The article in its published format is available at: https://doi.org/��.����/j.solener.����.��.���
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�.�. Numerical heat transfer model development

�.� Numerical heat transfer model development

�.�.� Model description & assumptions

The one-dimensional heat transfer model presented here adapts the zonal method of Hottel &
Cohen (����) and Hottel & Saro�m (����) for application to SVRs. This method requires that a
simple one-dimensional �ow pattern and particle distribution within the receiver cavity be known
or assumed. The enclosure is then discretised into a number of volume zones (containing gas and
particle phases) and surface zones that are small enough to be considered isothermal. A consideration
of the energy balance for each of the zones (or elements) results in a set of simultaneous equations
that can be solved to determine a one-dimensional distribution of particle, gas and wall temperatures
within the receiver.

Figure �.�a presents a simpli�ed schematic representation of the SVR employed for the solar
gasi�cation of carbonaceous feedstock (Z’Graggen et al. ����). This shows that concentrated solar
radiation enters the cylindrical receiver cavity through a circular aperture. The two-phase vortex
�ow of particles and air is established with two tangentially-oriented inlets located at the front of
the receiver and the vortex �ow proceeds to the rear, axially-oriented exit.

Figure �.�b presents the simpli�ed SVR internal geometry and the discretisation regime for the
present numerical model, considering only the internal volume of the cylindrical cavity. The receiver
internal volume is discretised into n elements along the axial coordinate of the receiver, z, where each
element, i, comprises a cylindrical or conical disk of air and particles in a two-phase combination.
Each disk element, i, is bounded by a cylindrical or conical wall element. For an element, i, the
width of the volume and surface zones is equal to L/n, while their diameter is equal toDc for those
in the cylindrical section of the receiver and 2(L� z) tan↵ +Dend in the conical section of the
receiver. Within an element i, the particle phase is of a uniform temperature, Tp,i, as shown in
Figure �.�b. Similarly, the air phase is Tair,i and the wall is treated as isothermal at temperature Tw,i.
The additional aperture, front and end surfaces are treated also as isothermal surfaces and included
in the energy balance equations. While the receiver pictured in Figure �.�a has two tangential inlets,
the one dimensional discretisation of the receiver (Figure �.�b) does not take into account the inlet
conditions or distinguish between the two inlets. That is, the mass �owrate of particles and gas into
the �rst discretised element (i = 1) models the total mass �ow rate from the two tangential inlets
of the practical receiver.

To incorporate the in�uence of the three-dimensional receiver geometry on the one-dimensional
axial distribution of radiative heat transfer within the receiver, the present model calculates the
radiative shape factors for the internal walls of the SVR as a function of the receiver geometry –Dap,
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Figure �.�: Schematic diagrams of (a) the solar vortex receiver (SVR) showing concentrated solar radiation
entering the receiver through the aperture, together with two tangential inlets for air and particles; and
(b) the simpli�ed model, showing the discretisation regime used in the present numerical model. The n
cylindrical and conical volume elements are enclosed by n cylindrical and conical wall surface elements as
well as by the additional surfaces of the aperture and the front wall. The temperature of the particle and air

phases as well as the wall temperature of a given element, i, are also shown.

Dc, L, ↵ andDend shown in Figure �.�b. In addition to the n discretised cylindrical or conical wall
surface elements, three additional surfaces are required to enclose the receiver cavity: the aperture
surface (a disk), the front wall (an annulus surrounding the aperture disk) and the end wall (a disk).
The shape factors between all discretised receiver walls, wi, and the aperture, front and end walls
are then calculated assuming di�use radiation and using the reciprocity relation, to be:

F =

2

6666666664

Fw1�w1 Fw1�w2 · · · Fw1�ap Fw1�fr Fw1�end

Fw2�w1 Fw2�w2 · · · Fw2�ap Fw2�fr Fw2�end
...

... . . . ...
...

...
Fap�w1 Fap�w2 · · · Fap�ap Fap�fr Fap�end

Ffr�w1 Ffr�w2 · · · Ffr�ap Ffr�fr Ffr�end

Fend�w1 Fend�w2 · · · Fend�ap Fend�fr Fend�end

3

7777777775

, (�.�)

where,
Pn

j Fi�j = 1 for all i. For i = w1, . . .wn, fr, end, the radiation shape factors Fi�j were
calculated according to analytical equations for the equivalent geometry (Buschman & Pittman
����; Feingold ����; Hamilton & Morgan ����; Leuenberger & Person ����; Sparrow & Jonsson
����). Details of these calculations are provided in the supplementary material (Appendix B).

The model is based on the following assumptions:
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�. The gas-particle �ow proceeds in one direction only, along paths parallel to the receiver’s
central axis (z-axis) with constant mass �ow rates (plug �ow). The residence time of particles,
⌧p, in the receiver is therefore considered to be equal to the nominal air residence time, i.e.
⌧p = ⌧nom = Vr/V̇air (where Vr is the total internal volume of the receiver and V̇air is the
volumetric �ow rate of air corrected for temperature). The number of particles within the
receiver at a given instant,Np, is then calculated as follows:

Np = Ṅp⌧p =
ṁp

m1p
⌧p, (�.�)

where Ṅp is the number �ow rate of particles into the receiver, ṁp is the mass �ow rate of
the particle phase andm1p is the mass of a single particle. Since the actual �ow within the
SVR is swirling, an alternative interpretation of this assumption is that the residence time
is controlled by the axial component of the �ow, or that the in�uence of the characteristic
recirculation zone (Chinnici et al. ����) is small. This assumption is expected to be reasonable
for con�gurations with relatively low Swirl number, but the model will under-estimate both
the residence time and the number density of particles within the receiver at larger Swirl
numbers and will also assume the wrong axial �ow direction within sub-volumes (such as
along the axis), although the bulk �ow direction remains correct. This limitation could be
addressed in future versions of the model by adjusting the residence time and number density
based on other input parameters, such as geometry and Stokes number. To modify the �ow
in the axial direction due to the recirculation zone would require a recirculation model to be
developed. However, any of these additional improvements would also require additional
data that is not yet available, so that they are not incorporated here.

�. The particles assessed here are limited to dp < ��� µm, which is small enough to be trans-
ported in suspension and to follow closely the gas streamlines within the SVR. That is, the
characteristic Stokes number of the two-phase �ow is less than unity and the particles ap-
proach being �ow tracers, providing justi�cation to the assumption that ⌧p = ⌧nom. Such
particle sizes are typical of suspension �ow devices such as entrained �ow gasi�ers and �ash
calciners in the cement and alumina industry for which particles are conveyed pneumatically
(Jenkins & Bertrand ����; Kasule et al. ����). It can therefore additionally be assumed that
the role of particle deposition onto the walls of the receiver is small. The particles are assumed
to be spherical with a monodisperse size distribution for any given case.

�. Particles are assumed to be uniformly distributed within each discretised volume element.
Each volume element has an equal number of particles, such thatNp,i = Np/n, whereNp,i is
the number of particles in a given element, i, and n is the number of volume elements into
which the receiver internal volume is discretised. This one-dimensional simpli�cation equates
to an assumption that the dominant gradient in energy �ux is axial, which is consistent with

��



�. Thermal Performance

knowledge that the radiation is absorbed by the particles as it penetrates axially into the
device. This could readily be extended in the future to account for radial gradients, but would
require additional data that are not yet available. This assumption of a one-dimensional
distribution of particles is expected to be reasonable for cases in which the two-phase �ow is
maintained in one- and two-way coupling regimes (Elghobashi ����), which corresponds to a
particle to gas mass ratio, ṁp/ṁair < 2 for the present conditions. To make this distinction,
the boundaries between the regimes is shown on the �gures, where data in the four-way
coupling regime is shown in dashed lines to provide insight into likely trends in this regime.

�. The aperture was modelled as an opaque �ctive surface of known radiosity, Jap, that is equal
in �ux magnitude and direction to the incident concentrated solar radiative �ux, following
the modelling method of Tescari et al. (����). The directional distribution of radiosity
from the �ctive aperture surface was weighted according to available experimental data for
concentrated solar radiation entering a cylindrical cavity through a circular aperture, based
on a � lamp solar simulator focussed at the aperture plane of the SVR. That is, for each
geometrical receiver con�guration assessed in this investigation, Fap�j was calculated with
the use of a Monte Carlo ray tracer, CUtrace, which is freely available online at MATLAB
Central (Rowe et al. ����). It is further assumed that no mass transfer occurs through the
aperture (no convective heat loss through the aperture) and that any thermal e�ects of the
secondary concentrator are negligible. The method of treating the aperture as a �ctive surface
is justi�ed by Tescari et al. (����), who found no signi�cant di�erence in the predicted
temperature distributions of a laboratory-scale solar rotary kiln compared with those from
a more computationally-intensive discrete ordinates method of radiation modelling. Note
that the di�erence between the assumption of directional radiation from the �ctive aperture
surface and di�use radiation (as with the internal discretised surface elements) is presented in
Figure �.� for the model validation. The assumption of directional radiation provides better
validation of the model.

�. Concentrated solar radiation emitted by the �ctive aperture surface is absorbed either by the
particles in suspension or by the receiver walls. The linear radiation extinction coe�cient ,
is also used to model the rate at which the concentrated solar radiation intensity decreases
along the axial coordinate of the receiver due to this absorption by the particle phase and the
receiver walls. This is calculated as follows:

 =
⇡

4
d
2
p"p

Np

Vr
. (�.�)

where, dp is the particle size, and "p is the emissivity of the particle. The linear radiation
extinction coe�cient is used, due to the one-dimensional discretisation of the receiver volume,
so that the di�erence in solar radiative intensity between two axial locations is equal to the
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solar radiation absorbed by the particles and wall surface between the two locations, following
van Eyk et al. (����).

�. Thermal radiation interchange between particles both within a given discretised volume
and between volumes is assumed to be small relative to the incident concentrated solar
radiation (Haugen & Mitchell ����). This is because for the present conditions the two-way
coupling regime applies, that is, the SVR operates with particle mass loadings of ṁp/ṁair

< 2, corresponding to particle-to-air volumetric loadings of V̇p/V̇air < �⇥ ����, according to
ṁp/ṁair = (V̇p/V̇air)(⇢p/⇢air). Further support for this assumption can be found in the study
by Jafarian et al. (����) who found that convective cooling dominates over radiation heat
transfer with a wall for individual particles of dp < ��� µm within conditions relevant to the
SVR. For these reasons and for the purpose of a simpli�ed heat transfer model, inter-particle
radiation is neglected in the present model, as was similarly assumed in the development of a
one-dimensional model of an entrained-�ow solar reactor for the gasi�cation of coal (van
Eyk et al. ����).

�. Thermal radiation heat transfer between the wall elements is calculated in one dimension
using the radiosity method. The three-dimensional shape factors calculated for a given
receiver geometry are used to determine the radiative heat transfer between the internal
wall surfaces of the receiver using the radiosity method, which is then implemented into the
one-dimensional heat and mass transfer model with a one-dimensional receiver discretisation.
The �ctive aperture surface is considered as a black body absorber, whose radiosity matches
the concentrated solar radiation input into the receiver. Its incident radiation from all other
cavity wall elements is equal to the re-radiation losses of the receiver. The particle phase is
assumed not to participate in the thermal radiation heat transfer between the internal walls
because of the low values of mass loading ṁp/ṁair < � (corresponding to volumetric loading,
V̇p/V̇air < �⇥ ����) in the two-way coupling regime and because the intensity of thermal
radiation from the walls is much lower than that entering through the aperture.

�. Particle-to-wall radiative heat transfer is limited to within each element. The surface area of
this emission is equal to the total surface area of particles within the element and all of this
emission is intercepted by the wall surface of the element. This is an overestimate of the rate
of radiative heat transfer between the particles and the wall of the element.

�. Radiation emission and absorption by the particle phase, the receiver wall and the aperture
are considered to be equal over all radiation wavelengths. Furthermore, both the particles
and receiver walls are treated as grey bodies, for which Kirchho�’s identity holds, i.e. " = ↵.
Their emissivities and absorptivities are here assumed to be constant and independent of
temperature.
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��. The gas phase is transparent, so that it does not participate in radiative heat transfer, as has
similarly been assumed in alternative heat transfer models of solar receivers (Klein et al. ����;
Jafarian et al. ����; Tescari et al. ����; van Eyk et al. ����).

��. Each particle has a uniform temperature (i.e. there is no temperature gradient within any
particle) as justi�ed by the calculation of the Biot number for the particles directly irradiated
by a concentrated source of thermal radiation following previous work (Jafarian et al. ����;
Maag et al. ����a). This calculation was made for the case of largest particle size and greatest
radiative intensity of the present investigation.

��. Although the simple �ow �eld proceeding in one direction only does not consider the inlet
conditions of a practical SVR, it is assumed that the SVR operates in a fully-turbulent regime,
as was the case for the validation experiments (Z’Graggen et al. ����). Reynolds number will
increase further with scale up.

It should be noted that these assumptions allow for the development of a simpli�ed one-dimensional
heat transfer model of the SVR for the identi�cation of �rst order trends of mass and energy balance.
Nevertheless, limitations to these assumptions exist particularly those of uniform distribution of
particles and the neglect of inter-particle radiation, for cases of large volumetric loading. For
this reason, modelling results presented for cases of mass loading, ṁp/ṁair � 2 (approximately
corresponding to volumetric loading � � �⇥ ����), are shown with dashed lines, indicating a higher
degree of uncertainty. The trends presented nevertheless provide a valuable insight into the thermal
performance of the SVR.

�.�.� Energy conservation equations

The energy conservation equation for the receiver cavity walls is formulated using the radiosity
method, in which the net radiant energy absorbed by the wall of an element i, is balanced by heat
lost to the air through convection and to the surroundings by conduction through the receiver walls.
This equation can be written as follows:

Q̇ap�w,i + Q̇w�w,i + Q̇p�w,i + Q̇w�air,i � Q̇w�1,i = 0 (�.�)

The energy conservation equations for the air and particle phases are formulated by accounting
for the enthalpy change of mass transported across an element, i, due to various heat transfer
mechanisms within the element, i. For the particle and air phases respectively, the energy balance
can be written as follows:

�Ḣp,i = Q̇ap�p,i + Q̇p�p,i � Q̇p�air,i � Q̇p�w,i, and (�.�)
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�Ḣair,i = Q̇p�air,i + Q̇w�air,i. (�.�)

Figure �.�a presents the �ow con�guration for the case in which the two-phase air-particle �ow
proceeds from the front to the rear of the receiver (front entry). For this case, the enthalpy change
across element i (with datum state, h = 0, at ambient temperature, T1) is quanti�ed for the particle
phase as follows:

�Ḣp,i = Ḣp,i � Ḣp,i�1

= ṁpcp,p,i(Tp,i � T1)� ṁpcp,p,i�1(Tp,i�1 � T1),
(�.�)

and for the air phase as follows:

�Ḣair,i = Ḣair,i � Ḣair,i�1

= ṁaircp,air,i(Tair,i � T1)� ṁaircp,air,i�1(Tair,i�1 � T1).
(�.�)

Figure �.�b presents the alternative case for which the two-phase air-particle �ow proceeds from
the rear to the front of the receiver (back entry). The enthalpy change across element i in this case
is the di�erence in enthalpies from i+ 1 to i.

Figure �.�: Schematic diagram of the two one-dimensional �ow con�gurations assessed with the present
model, with (a) a front entry, in which the �ow proceeds from the front to the rear of the receiver (elements �
to n); and (b) a back entry con�guration, in which the �ow proceeds from the rear to the front of the receiver

(elements n to �).

The speci�c formulation of the heat transfer terms in Equations (�.�), (�.�) and (�.�) can be explained
as follows. The equation

Q̇ap�w,i = AapFap�wiJape
�izi (�.�)
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accounts for the solar radiative power emitted from the �ctive aperture surface (which in reality
enters through the aperture from the optical concentrator) that reaches the wall surface of element
i. The imposed radiosity of the aperture surface, Jap, is equivalent in �ux magnitude and direction
to concentrated solar radiation, such that Q̇s = AapJap where, Q̇s is the input solar energy to be
modelled andAap is the receiver aperture area. The shape factor, Fap�wi , incorporates the directivity
of the radiosity from the aperture along the one-dimensional discretisation of surface and volume
elements (following assumption �), while the exponential term accounts for the reduction in solar
radiation intensity due to absorption up-beam of element i along the one-dimensional discretisation
of the receiver. The radial component of the radiation path length in the exponential term of
Equation (�.�) was considered in the development of the model, however, it was found to have
negligible impact on the temperature distributions calculated through the receiver, and therefore
negligible impact on the trends presented here. To maintain the one-dimensionality of the present
heat transfer model, the radial component is not included here.

The equation

Q̇w�w,i =

2

4
nX

j 6=i,ap

AwiFi�jJj � AwiJi(1� Fi�i)

3

5 (�.��)

accounts for the net thermal radiation exchange between all wall elements, j, and the wall surface
of element i, including the wall element itself and the end and front surfaces of the cavity, but not
including the aperture radiosity (which is de�ned in Equation (�.�)). Following assumption � the
re-radiation losses of the receiver are calculated as Q̇w�ap =

Pn
i AwiFwi�apJi.

The equation

Q̇p�w,i = Np,i⇡dp
2
hp�w,i

�
Tp,i � Tw,i

�
(�.��)

accounts for the thermal radiation interaction between the particles in element i and the wall
surface of element i, following assumption �, where the radiative heat transfer coe�cient is de�ned
as hp�w,i = �"p(Tp,i

2 + Tw,i
2)(Tp,i + Tw,i).

The equation

Q̇w�air,i = hw�airAw,i(Tw,i � Tair,i) (�.��)

describes the heat lost from the cavity walls by forced convection to the vortex �ow of air, where
the convective heat transfer coe�cient is calculated using the heat transfer correlation for cyclones:
NuDin = 0.042ReDin

0.8 (Szekely & Carr ����). Such a correlation was similarly used by Hirsch &
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Steinfeld (����a) in their radiative transfer model of a vortex �ow of methane in a cylindrical cavity
and applies for vortex �ow in the fully turbulent regime. Although the receiver inlet conditions
are not directly considered in the model, the dimensions of the inlet are accounted for through
the Nusselt and Reynolds numbers in the heat transfer correlations. These are calculated with an
e�ective diameter, Din, that gives an inlet velocity, Uin = ��m s��, from each of two circular jets
according to the explicit relationship: Din = [(2/⇡)⇥ (V̇air,in/Uin)]1/2.

The equation

Q̇w�1,i = hw�1Aw,i(Tw,i � T1) (�.��)

accounts for the heat lost from the cavity walls by conduction through the wall to the surroundings.
The overall heat transfer coe�cient for heat lost to the surroundings is assumed to be uniform along
the receiver, hw�1 = ��Wm�� K��. While this is reasonable for the small-scale laboratory receiver
chosen for validation, the conduction heat losses can be minimised by su�cient insulation and by
upscaling toward commercial devices. Furthermore, conductive heat losses will not be uniform over
the receiver, as surface sections near the focal plane of the concentrated solar radiation such as a
secondary concentrator may require active cooling. It is expected that lower values of hw�1 could be
achieved with larger scale of SVR, resulting in relatively higher overall e�ciency of the device. The
sensitivity of thermal performance to the value of hw�1 is provided in the supplementary material
(Appendix B).

The equation

Q̇ap�p,i = AapFap�iu-bJape
�iziu-b � AapFap�id-bJape

�izid-b

� AapFap�wiJape
�izi

(�.��)

describes the amount of solar radiation absorbed by the particles in element, i. This is equal to
the amount of radiation entering the up-beam face of the element, iu-b, less the radiation absorbed
by the wall of the element i and the radiation exiting the down-beam face of the element, id-b, as
shown in Figure �.�. Radiation intensity from the aperture decreases along the axial direction of the
receiver at a rate determined by the extinction coe�cient, , which is a function of the number of
particles in the elements up-beam of a given element and the total volume of the elements up-beam
of a given element, i. Following the assumption that each element has an equal number of particles,
Np,i = Np/n, the radiation intensity at any axial location, zi, in the discretised receiver can be
determined. This is used in Equations (�.�) and (�.��) to determine the rate of solar energy absorption
by the receiver wall and the particle phase, and the spatial distribution of this absorption.
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Figure �.�: Schematic representation of concentrated solar radiation emitted from the �ctive aperture surface
and either absorbed by the particles or the wall of a given element, i, or passing through to down-beam

elements. Shown are the boundaries for the up-beam (iu-b) and down-beam (id-b) faces of element i.

The equation

Q̇p�air,i = Np,i⇡dp
2
hp�air,i(Tp,i � Tair,i) (�.��)

accounts for the heat transferred to the air phase in each element by convection from the particle
phase. It is assumed that convection heat transfer between particles and air occurs as forced
convection over a sphere, where hp�air,i = (Nu⇥ kair,i)/dp, and Nu = 2 according to the empirical
relation for no-slip velocity between the particle and the air (Jafarian et al. ����). The area, over
which the convective heat transfer occurs is equal to the sum of the particle surface area of the total
number of particles in the element, i.

It should be noted that the heat transfer term for inter-particle radiation, Q̇p�p,i in Equation (�.�),
is ignored here, following assumption �.

�.�.� Particle and air properties

The particles assessed in the present investigation are assumed to have similar properties to CARBO-
HSP, a high temperature ceramic material that has been used previously in investigations of solar
particle receivers (Siegel et al. ����; Siegel et al. ����). The particle density and emissivity, ⇢p =
���� kgm�� and "p = �.��, are based on those of CARBO-HSP (Siegel et al. ����). The temperature-
dependent relation for the speci�c heat capacity, cp,p, used here is based on that of aluminium
oxide due to the wider range of temperatures for which cp,p data are available (Chase ����). These
values of cp,p are nevertheless close to those of CARBO-HSP for the data that are available (Ho et al.
����; Siegel et al. ����). Following the assumption that the particle sizes investigated here are small
enough to closely follow gas streamlines and thus ⌧p = ⌧nom, the particle sizes under consideration are
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limited to under ��� µm (Z’Graggen & Steinfeld ����b). For the present study, air was used as the
transport gas conveying particles in suspension through the receiver. All thermophysical properties
of the air phase and their temperature dependencies were provided by Hilsenrath (����).

�.�.� Solution technique

Figure �.� presents a �ow chart describing the solution algorithm used in the present numerical
model to attain a steady-state solution to a given set of input parameters. The energy conservation
Equations (�.�), (�.�) and (�.�) were rearranged to obtain explicit equations for Ji, Tp,i and Tair,i, for
all discretised elements, i = 1 . . . n (as well as for Jap, Jfr, Jend). The resulting equations were then
solved iteratively for each element and all cavity wall surfaces using a Gauss-Seidel technique with
the use of MATLAB. With each iteration new values for Tp,i and Tair,i were calculated as well as
new Tw,i from Ji according to:

Ebi = Ji +
1� "w

"wAw,i

⇣
Q̇p�w,i � Q̇w�air,i � Q̇w�1,i

⌘
and (�.��)

Tw,i =
4

r
Ebi

�
. (�.��)

To ensure adequate convergence, iterations were terminated when the maximum absolute di�erence
between two consecutive temperature values, "max, was< 10�6. It was found that the solution of the
energy balance equations and resulting temperature distributions was independent of the number of
axial elements for n = 500 discretisations. This number was used for each case assessed here.
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Input geometry & 
operating conditions

Calculate F

Initial guess:
Tp,old(i), Tair,old(i), Tw,old(i)

Stop

Update temperature dependent 
thermophysical properties, cp,air(i), 
kair(i), !air(i), ρair(i), cp,p(i)

Update temperature dependent heat 
transfer parameters, hp-w(i), hp-air(i), 

hw-air(i)

Calculate new values for particle, air and 
wall temperatures from explicit 

equations for Ji, Tp,i and Tair,i as a 
function of old temperature values.

Check for convergence: 
max( |Tp,old − Tp,new| ) < εmax,

max( |Tair,old − Tair,new| ) < εmax,
max( |Tw,old − Tw,new| ) < εmax.

Display converged result:
Tp(i) = Tp,new(i)
Tair(i) = Tair,new(i)
Tw(i) = Tw,new(i)

Reiterate:
Tp,old(i) = Tp,new(i)
Tair,old(i) = Tair,new(i)
Tw,old(i) = Tw,new(i)

For i = 1,2,…, n

Yes

Update residence times τp = τnom and 
particle number density, Np,i, κi

No

Figure �.�: Solution algorithm �ow chart for the present numerical heat transfer model.
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�.�.� Performance parameters

The thermal performance indicators of the SVR are the overall thermal e�ciency, ⌘th, the energy
absorption ratio, �air-p, and the particle and air phase outlet temperatures, Tp,out and Tair,out. These
performance parameters are de�ned as follows:

• The overall thermal e�ciency of the receiver accounts for the heat absorbed by both the
particle and the air phase, which are both considered to be useful. The e�ciency of down-
stream components of the system would need to be incorporated in a system model, which
lies outside the scope of the present investigation. Hence the e�ciency of the receiver only is
de�ned as follows:

⌘th =
�Ḣp +�Ḣair

Q̇s
=

ṁp
R
cp,pdT + ṁair

R
cp,airdT

Q̇s
. (�.��)

• The energy absorption ratio is the ratio of heat absorbed in the air phase through the receiver
to the heat absorbed by the particle phase, de�ned as:

�air�p =
�Ḣair

�Ḣp
. (�.��)

• The particle and air outlet temperatures are de�ned as the steady state particle and air phase
temperatures resulting from the steady-state solution in the last discretised receiver element
(i = n), which is:

Tp,out = Tp,n, (�.��)

Tair,out = Tair,n. (�.��)

Note that for the case of the back entry �ow direction (Figure �.�b) the outlet temperatures
are the steady state solution temperature in the �rst receiver element (i = 1).
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�.� Model validation & reference case

The accuracy of the model was validated by comparison with experimental measurements for ��
separate cases of the solar sensible heating of air in the SVR. Table �.� lists the geometric and
operational conditions of the experimental measurements, which were used as the input parameters
to the present heat transfer model. The overall conduction heat loss coe�cient for the SVR used in
the present validation cases, hw�1, was previously reported to be variable along the receiver axial
direction (Z’Graggen ����). Table �.� also presents the reference case geometric and operational
conditions for the following sensitivity study, together with the range over which these values were
varied from those of the reference case.

Table �.�: Geometric and operational input parameters to the present model, for the �� validation cases,
the reference case of the present sensitivity study, and the variation of these parameters in the following

sensitivity study.

Input parameter Validation case values Reference case values Sensitivity study variation

Geometric
Dap [m] �.��� �.��� -
Dap /Dc [-] �.��� �.��� -
L/Dc [-] �.��� �.�� �.�� – �.��
↵ [°] �� �� -
Operational
Flow direction Front entry Front entry Front/back entry
q̇s [kWm��] ���� – ���� ���� -
ṁair [kg s��] �.�� – �.��⇥ ���� �.��⇥ ���� �.�� – ��.��⇥ ����

ṁp/ṁair [-] - � �.��� – �.��� (and �.��� – �.��� )
dp [µm] - �� �� – ��
Tin [K] ��� ��� -
hw�1 [Wm�� K��] �� – ��� �� -
"w [-] �.� �.� -

The model results for the validation cases are compared with temperature measurements taken in �
locations: two air measurements with Al�O�-shielded thermocouples ��mm inside (towards the
central axis) from the inner wall of the SVR at axial locations z = ��mm and ���mm, and � wall
measurements at axial locations z = ��mm, ���mm (with three angular locations) and ���mm
(with two angular locations). For the comparison, the wall temperature measurement at each axial
location, z, was calculated as the average of all wall thermocouple readings at that axial location
and corrected for the temperature gradient through the Inconel wall, such that the measurements
represented internal wall temperatures. It should also be noted that the internal thermocouples
were shielded from direct irradiation but open at one end to the vortex �ow, so that the temperature
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measurement can be assumed to closely match the temperature of vortex gas �ow at the speci�c
axial location.

Figure �.� compares measurements taken with the SVR for one experimental validation case and the
prediction of the present numerical model with the two di�erent assumptions of directional and
di�use radiation emitted by the �ctive aperture surface (as outlined in assumption � in section §�.�.�).
The model calculations with these two di�erent assumptions are provided here as justi�cation
for choosing the directional radiation assumption to model input solar radiation from the �ctive
aperture surface. It can be seen that the model with directional radiation assumption predicts a
wall temperature over the range ��� – ����K with maximum temperature at z = ��mm. It can
also be seen that the model overestimates the measured wall temperature at measurement locations,
z = ���mm, and ���mm, however the hottest part of the predicted wall temperature distribution
is located near the middle of the receiver, as was similarly measured with the wall thermocouple
measurements. Good agreement between air temperature measurements and those predicted with
the directional radiation assumption can also be seen at z = ��mm and ���mm. In this validation
case (and each other validation case) the rear air thermocouple measurement was higher than the
front measurement, which provides justi�cation for the use of the directional radiation assumption.
On the other hand, it can be seen for the di�use radiation assumption that the model predicts the
air to be of lower temperature at the rear measurement location compared with the front. Similarly,
the hottest part of the wall temperature distribution is predicted to occur at the front of the receiver,
which is not borne out in the temperature measurements made for each validation case.

A summary of the mean absolute relative error in the present model compared to �� cases of
experimental measurement of the solar sensible heating of air in the SVR is listed in Table �.�.
It can be seen that the standard deviation of the absolute relative errors between the model and
experimental measurement varies over the range �.� – ��.�% for the data that are available. This is
deemed to be su�cient for the present purposes. It should be noted that the mean errors presented
in Table �.� are lower than those resulting from the model with the assumption of di�use radiation
from the aperture. No experimental measurements of particle temperatures within the SVR are
available for the present validation.
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Figure �.�: A typical comparison between the measurements taken with the SVR and the numerical model
calculated with the assumption of either directional or di�use radiation from the �ctive aperture surface. For
this case, the solar radiative power input, Q̇s = ����.� kW, and mass �ow rate of air, ṁair = �.��⇥ ���� kg s��.

Errors from all cases are shown in Table �.�.

Table �.�: Model comparison with experimental measurements of the �� validation cases for the solar sensible
heating of air in the SVR.

Measurement Tw,z=50mm Tw,z=115mm Tw,z=190mm Tair,z=52mm Tair,z=162mm

Mean absolute relative errora �.�% ��.�% ��.�% ��.�% �.�%
Minimum absolute relative errora �.�% ��.�% �.�% �.�% �.�%
Maximum absolute relative errora ��.�% ��.�% ��.�% ��.�% ��.�%
Standard deviation of absolute relative
errorsa

�.�% �.�% �.�% ��.�% �.�%

a Absolute relative error is de�ned as: |Tmodelled � Tmeasured| /Tmeasured.
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�.� Results & discussion

�.�.� Reference case con�guration performance

Figure �.� presents the calculated dependence of the thermal performance of the SVR on the
mass �ow rate of air for a series of values of particle mass loading, as obtained from the present
numerical model. Here, the reference case geometry is assessed (Dap = �.���m,Dap/Dc = �.���,
L/Dc = �.��, ↵ = ��°) with front entry �ow direction and a constant solar thermal input q̇s
= ���� kWm�� (Q̇s = �.��� kW), particle size dp = �� µm, and inlet temperature Tin = ���K.
Figure �.�a presents the dependence of ⌘th on ṁair for nine di�erent values of particle mass loading,
ṁp/ṁair. For each value of ṁair assessed here in the range �.��� – ��.��⇥ ���� kg s��, ṁp is varied
to assess the particle mass loading, ṁp/ṁair, in the range �.��� – �.��� (together with ṁp/ṁair =

�.��� – �.��� presented with dashed lines to represent a higher level of uncertainty as discussed
in assumption � in section §�.�.�). Lines of constant thermal input to total heat capacity of the
two-phase �ow, Q̇s/

�
ṁpcp,p + ṁaircp,air

�
, are also plotted on Figure �.�a. It can be seen that a

decrease in this ratio, Q̇s/
�
ṁpcp,p + ṁaircp,air

�
, has the e�ect of increasing ⌘th, which is consistent

with expectation because increasing mass �ow rates at a constant energy input will decrease the
temperature rise of the two-phase �ow by an energy balance. This in turn results in lower thermal
losses and a higher e�ciency. Furthermore, for a given Q̇s/

�
ṁpcp,p + ṁaircp,air

�
, there is a negligible

change in ⌘th, for the range of mass loading values considered here. This indicates that, although the
particle and air phases undergo heating by di�erent mechanisms at di�erent rates, heat transfer to
and between the particle and air phases is fast enough for the performance of the SVR to be most
strongly correlated with the total heat capacity of the particle and air throughput rather than the
relative mass of each stream. It can also be seen that ⌘th increases both with ṁp/ṁair for all values of
ṁair and with ṁair for all values of ṁp/ṁair. This is because in both cases the input heat is absorbed
by a greater mass �ow rate of either particles or air, resulting in lower temperatures through the
receiver and, in turn, lower thermal losses. It should also be noted that the modest values of thermal
e�ciency reported here are consistent with the small thermal scale of the device (Z’Graggen et al.
����) and that an increase in this e�ciency is expected with an increase in thermal scale.

Figure �.�b presents the dependence of �air-p on ṁair for nine di�erent values of ṁp/ṁair. Lines of
constant thermal input to total heat capacity of the two-phase �ow, Q̇s/

�
ṁpcp,p + ṁaircp,air

�
, are

also plotted. It can be seen that the dominant variable in�uencing �air-p is the particle mass loading,
with the fraction of absorbed solar energy that is partitioned with the particle phase increasing
with ṁp/ṁair for constant Q̇s/

�
ṁpcp,p + ṁaircp,air

�
. It is signi�cant that for a mass loading of

ṁp/ṁair = �, �air-p is approximately equal to � for the cases considered here. This means that the
incident solar energy is transferred in approximately equal proportions to the two phases. That is,

��



�. Thermal Performance

for ṁp/ṁair  �, the receiver acts as an air heater, while for ṁp/ṁair > �, it acts as a particle heater.
In addition, to achieve e�cient operation, the recovery of energy from both streams needs to be
considered.
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Figure �.�: Assessment of the operation of the SVR with reference case geometry (Dap = �.���m,Dap/Dc =

�.���, L/Dc = �.��, ↵= ��°), and for a constant solar thermal input, q̇s = ���� kWm�� (Q̇s = �.��� kW), dp
= �� µm, Tin = ���K, for varying mass �ow rates of the particle and air phases. Presented are (a) the receiver
thermal e�ciency, ⌘th, with lines of constant ratio of thermal input to total heat capacity of the two-phase
�ow, Q̇s/

�
ṁpcp,p + ṁaircp,air

�
; and (b) the energy absorption ratio, �air-p, also with lines of constant ratio

of thermal input to total heat capacity of the two-phase �ow; as a function of mass �ow rate of air, ṁair, for
nine di�erent values of mass loading, ṁp/ṁair. The trends for ṁp/ṁair � �, are presented with dashed lines

due to higher levels of uncertainty as noted in assumption �.
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Further insight into the trends presented above can be gained by assessing the temperature dis-
tributions within the SVR for certain cases. Figure �.� presents the calculated axial temperature
distributions of the receiver wall, Tw, the particle phase, Tp, and the air phase, Tair, for a constant
solar thermal input, q̇s = ���� kWm�� (Q̇s = �.��� kW), a mass loading ṁp/ṁair = �, and three dif-
ferent ratios of thermal input to total heat capacity of the two-phase �ow, Q̇s/

�
ṁpcp,p + ṁaircp,air

�
.

These three values of Q̇s/
�
ṁpcp,p + ṁaircp,air

�
= ��.�, �.�� and �.��⇥ ��� K, correspond to particle

and air mass �ow rates of ṁp = ṁair = �.���, �.��� and ��.��⇥ ���� kg s��, respectively. It can be
seen that the temperatures within the receiver decrease at each axial location with a decrease in
Q̇s/

�
ṁpcp,p + ṁaircp,air

�
, consistent with the trend presented in Figure �.�a of increasing ⌘th with a

reduction in temperature. The model predicts nominal residence time for these cases of ⌧nom = �.��,
�.�� and �.�� s, respectively (calculated as ⌧nom = Vr/V̇air, where V̇air is evaluated at mean air phase
temperature). The reduction in ⌧nom with an increase in ṁair corresponds to a decrease in the temper-
atures of the particles, air and walls. It can be seen for the highest case of Q̇s/

�
ṁpcp,p + ṁaircp,air

�

both the particle and air phases undergo the majority of their temperature rise within the front
��mm of the receiver. The two phases reach maximum temperatures of Tp = ����K and Tair =

����K at axial coordinate z = ��mm and ��mm, respectively, and then cool with further distance
to reach Tp,out = ����K and Tair,out = ����K. The cooling is attributed to heat loss through the walls.
In contrast, the rate of heating is lower for the cases of lower Q̇s/

�
ṁpcp,p + ṁaircp,air

�
, so that the

peak temperatures occur further toward the rear of the receiver. It is also evident that for each case,
the particle phase is heated at a faster rate than the air phase in the front sections of the receiver
and also reaches a higher peak temperature. This indicates that heat is absorbed by the particle
phase and then transferred to the air phase. However, in the rear section of the receiver the particle
and air phases approach equilibrium, tending towards the same temperature. The overall thermal
e�ciency for the conditions presented in Figure �.� with Q̇s/

�
ṁpcp,p + ṁaircp,air

�
= ��.�, �.�� and

�.��⇥ ��� K are ⌘th = ��.�%, ��.�% and ��.�%, respectively. This trend is consistent with that of
the wall temperature. A lower wall temperature reduces both the re-radiation losses from the wall
through the aperture and the rate of conduction heat loss through the receiver wall. It should be
noted, that the small rise in temperature at z > ���mm for each of the temperature distributions
is caused by the change in shape of the receiver. The conical section receives a larger proportion
of radiation from the aperture than the adjacent cylindrical section due to the directional nature
of the radiation and the comparatively larger radiative shape factors. In addition, the calculated
particle number density increases in the conical section due to the smaller cross-sectional area. This
results in a relatively greater proportion of solar radiation absorption in the conical section, leading
to a higher particle temperature.
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�.�. Results & discussion

Figure �.�: Calculated axial temperature distributions of the receiver wall, Tw, the particle phase, Tp, and
the air phase, Tair, for a constant solar thermal input, q̇s = ���� kWm�� (Q̇s = �.��� kW), a mass loading
ṁp/ṁair = �, and three di�erent ratios of thermal input to total heat capacity of the two-phase �ow,
Q̇s/

�
ṁpcp,p + ṁaircp,air

�
. Geometry and operational conditions of the reference case were used: front entry

con�guration withDap = �.���m,Dap/Dc = �.���,L/Dc = �.��, ↵= ��°, dp = �� µm, Tin = ���K. These
distributions are generated from the solution of the energy balance equations for each of the ��� discretised

elements along the receiver’s axial coordinate, z.
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�.�.� In�uence of �ow direction

Figure �.�a presents the calculated axial distributions of the temperatures of the receiver wall,
the particle phase and the air phase for the front entry and back entry �ow directions (shown
in Figure �.�) with the reference conditions (Table �.�). For the front entry �ow direction, the
two-phase �ow enters at z = �mm and exits at z = ���mm; and vice versa for the back entry �ow
direction. It can be seen that, for the front entry �ow direction, the particle phase undergoes rapid
heating to a maximum temperature, Tp = ����K at z = ��mm, which then decreases slightly to an
exit value of Tp,out = ����K. The air phase undergoes less rapid heating than the particle phase to
reach a maximum temperature, Tair = ����K at z = ���mm, which then also decreases slightly to
an exit value of Tair,out = ����K. The di�erence in temperature between the air and particle phases
in the front half of the chamber, z = � – ���mm, is due to the greater rate of radiative heating to
the particle phase, than that of cooling by convection to the air phase. However, for z > ���mm,
the temperatures of both phases approach that of the wall, indicating low rates of heat transfer due
to near equilibrium.

It can be also seen from Figure �.�a that, in contrast to the front entry case, for the back entry
�ow direction, the particle and air phases are heated at similar rates from z = ��� – ���m. The
particle phase reaches a maximum temperature, Tp = ����K at z = ��mm and exits with Tp,out =

����K, while the air phase reaches a maximum temperature, Tair = ����K at z = ��mm and exits
with Tair,out = ����K. While the peak temperatures of the respective phases are similar for the two
con�gurations, the exit temperatures are higher for the back entry than the front entry. In addition,
the two phases are not in equilibrium at the exit for the rear entry case, while they are for the front
entry case. The ⌘th for the front and back entry �ow con�gurations are ��.�% and ��.�%, respectively.
This increase in e�ciency for the back entry �ow con�guration can be attributed to the higher
particle exit temperature because the particle phase undergoes greater heating in the front sections
of the receiver than the air phase, and thus has higher temperature at the exit. It should be noted that
while the back entry �ow case may have favourable e�ciency, it can also be seen that the particle
phase has a shorter residence time at elevated temperature (above ����K, say). For the back entry
case, the particle phase has temperature greater than ����K only at axial locations z = � – ���mm,
whereas, for the front entry case the particle phase has temperature greater than ����K at axial
locations z = �� – ���mm. The greater residence time at a given elevated temperature for the
front entry con�guration may be bene�cial for the application of the SVR to reacting particles,
which require minimum residence time at a given temperature for adequate chemical conversion.
However, it is not an advantage for the heating of inert particles.

Figure �.�b presents the calculated axial distributions of the thermal losses via conduction through
the wall, q̇w�1, and re-radiation through the aperture, q̇w�ap, for the front entry and back entry �ow
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directions. It can be seen that the biggest component of heat loss for both the front and back entry
con�gurations is by conduction through the receiver wall. The calculated values for conduction heat
loss integrated over the internal surface area of the receiver are ��% and ��% of the solar thermal
input for the front and back entry con�gurations, respectively. The distributions of these heat losses
in Figure �.�b show that conduction heat loss is greater at the back of the receiver for the front entry
con�guration, while it is greater at the front of the receiver for the back entry �ow con�guration,
as is expected from the axial distributions of receiver wall temperature presented in Figure �.�a. It
can also be seen that the majority of re-radiation losses from the receiver wall through the aperture
originate from the front sections of the receiver wall, due to the radiative shape factors, while most
of the re-radiation from the back sections of the receiver wall intersect with the internal surface
of the receiver rather than the aperture. As a consequence, it can be seen that re-radiation losses
calculated with the present model are controlled by wall temperatures in the front section of the
receiver. Here, the front entry con�guration has reduced re-radiation losses compared with the
back entry con�guration, calculated to be ��% and ��% of the solar thermal input, respectively. The
extent of thermal loss by re-radiation is signi�cantly lower than that by conduction for the present
case, which is consistent with the small size of the reactor. However, the present model assumes a
constant, conservative conduction heat loss coe�cient value (hw�1 = ��Wm�� K��), which could
be minimised with the application of su�cient insulation and also with an increase in thermal scale,
in which case re-radiation heat loss would become relatively more important.

Figure �.�: Calculated axial distributions of (a) the temperatures of the receiver wall, Tw, the particle
phase, Tp, and the air phase, Tair; and (b) the thermal losses via conduction through the wall, q̇w�1, and
re-radiation through the aperture, q̇w�ap; for the front entry and back entry �ow con�gurations with reference
case geometry and operational conditions: Dap = �.���m, Dap/Dc = �.���, L/Dc = �.��, ↵ = ��°, q̇s =
���� kWm�� (Q̇s = �.��� kW), ṁp/ṁair = �, ṁp = ṁair = �.���⇥ ���� kg s��, dp = �� µm, Tin = ���K.
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Figure �.� presents the dependence on particle and air phase mass �ow rates of thermal e�ciency of
the SVR with the back entry �ow con�guration as calculated with the present numerical model.
Here, the reference case geometry is assessed (Dap = �.���m, Dap/Dc = �.���, L/Dc = �.��,
↵ = ��°) with a constant solar thermal input q̇s = ���� kWm�� (Q̇s = �.��� kW), particle size
dp = �� µm, and inlet temperature Tin = ���K. It can be seen that, as for the front entry �ow
con�guration (Figure �.�a), ⌘th increases asymptotically with increasing ṁair, for all values of
ṁp/ṁair (noting that trends for ṁp/ṁair � � are presented with dashed lines due to the higher
level of uncertainty as discussed in assumption � in section §�.�.�). The thermal e�ciency tends
towards a maximum of ��% for the highest particle loading considered here, ṁp/ṁair = �.���. In
addition, the e�ciency increases with ṁp/ṁair, so that the device is most e�cient with high particle
loadings. It can also be seen that, similar to the front entry �ow con�guration, a decrease in the
ratio Q̇s/

�
ṁpcp,p + ṁaircp,air

�
has the e�ect of increasing ⌘th. However, Figure �.�a shows here that

at constant Q̇s/
�
ṁpcp,p + ṁaircp,air

�
it is bene�cial to the thermal e�ciency for the SVR to be

operated with higher particle loading. This implies that e�ciency is dominated by the heat transfer
between the incoming concentrated solar radiation and the particles, which directly absorb the
radiation before leaving from the front section of the receiver where the concentrated solar radiation
is most intense.

Figure �.�� presents the ratio of the receiver thermal e�ciency for the back entry con�guration
relative to the front entry case, ⌘th,back/⌘th,front, as a function of ṁair for nine di�erent values of
ṁp/ṁair (noting that trends for ṁp/ṁair � � are presented with dashed lines due to the higher
level of uncertainty). It can be seen that the back entry �ow con�guration has a higher thermal
e�ciency for the majority of cases, although it has a lower thermal e�ciency for the cases with
su�ciently low particle loading ṁp/ṁair = �.��� and ṁair  �.���⇥ ���� kg s��, and for ṁp/ṁair =

�.��� and ṁair  �.���⇥ ���� kg s��. This is consistent with general understanding of the di�erence
between co-�ow and counter-�ow heat exchangers. The counter-�ow arrangement achieves a
higher outlet temperature, resulting in a greater thermal e�ciency, despite the trade-o� between
an increase in radiation losses through the aperture. In contrast, for the low mass loading cases,
the heat exchange is dominated by heat transfer from the walls to the air, so that the front entry
con�guration results in a counter-�ow arrangement relative to the high temperature rear section of
the chamber (Figure �.�). It can be seen that, for the cases of ṁair  �.���⇥ ���� kg s�� considered
here, ⌘th,back/⌘th,front increases with particle loading, such that a maximum value of ⌘th,back/⌘th,front
= �.�� occurs for ṁp/ṁair = �.���, with ṁair = �.���⇥ ���� kg s��. However, for higher ṁair it
can be seen that there is a critical mass loading, above which ⌘th,back/⌘th,front decreases. For ṁair

= �.���⇥ ���� kg s�� this value is ṁp/ṁair = �.���, and for ṁair = �.���⇥ ���� kg s�� this value is
ṁp/ṁair = �.���.
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Figure �.�: The thermal e�ciency of the SVR with back entry �ow con�guration, ⌘th,back, with lines of
constant ratio of thermal input to total heat capacity of the two-phase �ow, Q̇s/

�
ṁpcp,p + ṁaircp,air

�
, as a

function of mass �ow rate of air, ṁair, for nine di�erent values of mass loading, ṁp/ṁair. Assessments are
made for the reference case geometry and operational conditions (Table �.�), for varying mass �ow rates of
the particle and air phases. The trends for ṁp/ṁair � �, are presented with dashed lines due to higher levels

of uncertainty as noted in assumption �.

Figure �.��: The ratio of the thermal e�ciency of the SVR with back entry con�guration relative to the front
entry con�guration, ⌘th,back/⌘th,front, as a function of mass �ow rate of air, ṁair, for nine di�erent values
of mass loading, ṁp/ṁair. Assessments are made for the reference case geometry and operating conditions
(Table �.�), for varying mass �ow rates of the particle and air phases. The trends for ṁp/ṁair � �, are

presented with dashed lines due to higher levels of uncertainty as noted in assumption �.
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�.�.� In�uence of particle size

Figure �.�� presents the calculated axial distributions of the temperatures of the receiver wall, the
particle phase and the air phase for two particle sizes, dp = �� and �� µm, with reference case
geometry, front entry con�guration and ṁp = ṁair = �.���⇥ ���� kg s��. It can be seen that a
decrease in the particle size increases the rate at which the particle phase absorbs concentrated solar
radiation in the front section of the receiver, as expected. For example, within the �rst ��mm of the
receiver the �� µm sized particle phase heats to ����K, while the �� µm size particle phase heats
to ����K. This is consistent with the proportionality relationship between radiation extinction
coe�cient and particle size for a given mass of particles, which can be described as:  / dp

�1.
The greater attenuation of concentrated solar radiation in the front part of the receiver by the
smaller particles results in higher temperature and resulting higher wall temperature. However, the
in�uence is small as the two-phase �ow proceeds to the rear of the receiver, where the temperature
of the particle and air phases approach equilibrium. For z > ���mm the particle phase (and the air
to a lesser extent) undergoes heating for both dp = �� and �� µm. This is due to relatively larger
radiation shape factors from the aperture to the conical section of the receiver as well as increased
concentration of particles. In addition, the �� µm particles undergo greater heating and thus leave
with higher temperature than the �� µm particles. This is because the solar radiation penetrates
further into the receiver for the larger particles, such that its intensity is greater in the conical
section of the receiver than for the smaller particle size. However, the net e�ect of increasing the
particle size is to translate the temperature distribution toward the back of the cavity, which will
lower radiative losses through the aperture.

Figure �.�� presents the in�uence of particle sizes in the range �� to �� µm on the thermal per-
formance of the front entry con�guration of the SVR, for the reference geometry and operating
conditions (Table �.�). Figure �.��a presents the dependence of ⌘th on dp for four di�erent values of
ṁp/ṁair spanning �.��� to �.��� (noting that trends for ṁp/ṁair � � are presented with dashed
lines due to the higher level of uncertainty). It can be seen that increasing the particle size causes
a signi�cant increase in the overall thermal e�ciency of the process. Speci�cally, for ṁp/ṁair =

�.��� an increase in particle size from �� µm to �� µm results in a ��.�% improvement in thermal
e�ciency from ��.�% to ��.�%. This is consistent with the temperature distributions presented in
Figure �.��, which imply a lower radiation loss through the aperture for the larger particles, whose
temperatures peak further from the aperture.

Figure �.��b presents the dependence of the relative thermal losses by conduction, Q̇w�1/Q̇s, and
re-radiation, Q̇w�ap/Q̇s, on dp for four di�erent values of ṁp/ṁair. It can be seen that, for the four
particle mass loadings considered here, the particle size has the most signi�cant in�uence on the
re-radiation loss, Q̇w�ap/Q̇s, which reduces with increasing dp as identi�ed previously. This is due
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to the slower initial temperature rise as larger particles are introduced into the receiver and the
resulting shift of the temperature pro�les downstream to the rear of the receiver, where the receiver
wall has smaller radiation shape factor with the aperture. It can also be seen that particle size has
less of an in�uence on Q̇w�1/Q̇s.

Figure �.��: Calculated axial temperature distributions of the receiver wall, Tw, the particle phase, Tp, and
the air phase, Tair, for the SVR with front entry �ow con�guration and two di�erent values of particle size,
dp = �� and �� µm. Geometry and operational conditions of the reference case were used: Dap = �.���m,
Dap/Dc = �.���, L/Dc = �.��, ↵ = ��°, q̇s = ���� kWm�� (Q̇s = �.��� kW), ṁp/ṁair = �, ṁp = ṁair =

�.���⇥ ���� kg s��, Tin = ���K.

Figure �.��: The dependence on particle diameter, dp, of the performance of the SVR with reference case
geometry (Dap = �.���m,Dap/Dc = �.���, L/Dc = �.��, ↵ = ��°), for a constant solar thermal input, q̇s
= ���� kWm�� (Q̇s = �.��� kW), ṁair = �.���⇥ ���� kg s�� and for four di�erent values of mass loading,
ṁp/ṁair, with Tin = ���K. Presented are (a) the receiver thermal e�ciency, ⌘th; and (b) the relative thermal
losses, Q̇w�1/Q̇s and Q̇w�ap/Q̇s. The trends for ṁp/ṁair � �, are presented with dashed lines due to higher

levels of uncertainty as noted in assumption �.
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�.�.� In�uence of receiver length

Figure �.�� presents the axial distributions of temperature of the particle and air phases, together
with that of the receiver wall for three receivers of varying length, L/Dc = �.�, �.� and �.� (where the
front entry �ow con�guration is used and other geometries are those of the reference case). It can
be seen that, for each case, the particle phase is heated rapidly in the front sections of the receiver
where the incident concentrated solar radiation is most intense. This, in turn, causes the air phase
to also heat rapidly. The rate of heating reduces with axial distance. For the case of shortest length,
L/Dc = �.�, it can be seen that the particle and air phases reach maximum temperatures towards
the rear of the receiver; Tp,max = ����K at z/L = �.�� and Tair,max = ����K at z/L = �.��. Further
down-beam (relative to the direction of the concentrated solar radiation input) their temperatures
decrease only slightly before exiting with temperatures, Tp,out = ����K and Tair,out = ����K. The
corresponding thermal e�ciency is, ⌘th = ��.�%. In comparison, the position of peak temperature
is relatively further upstream for receivers with a greater length, L/Dc = �.� and �.�, providing
more distance for cooling to a progressively lower exit temperature (Tp,max = ����K at z/L = �.��
for L/Dc = �.� and Tp,max = ����K at z/L = �.�� for L/Dc = �.�). This means that increasing
the cavity length above an optimal has a net e�ect of increasing heat losses. It can also be observed
that, for both L/Dc = �.� and �.�, the particle and air phase tend towards equilibrium with the
wall in the rear half of the cavity, which is a source of heat loss via conduction and re-radiation.
The extent of this heat loss increases with length of the receiver. This is borne out by the values of
overall thermal e�ciency for the processes: ⌘th = ��.�% and ��.�% for the receivers with L/Dc = �.�
and �.�, respectively. However, it should be noted that the residence time of the two-phase �ow at
elevated temperature increases with the length of the SVR. The model therefore provides a means to
optimise residence time and conduction heat losses to suit the process. Additional assessments (in
the supplementary information, Appendix B) con�rm that Tp,out and Tair,out decrease with increasing
receiver length for all values of ṁp/ṁair considered here. This has the e�ect of a concurrent decrease
in ⌘th with increasing receiver length.

��



�.�. Results & discussion

Figure �.��: Calculated axial temperature distributions of the receiver wall, Tw, the particle phase, Tp, and the
air phase, Tair, in the SVR with front entry con�guration and three di�erent values of length to diameter ratio,
L/Dc. Other geometry and operational conditions of the reference case were used: Dap = �.���m,Dap/Dc

= �.���, ↵ = ��°, q̇s = ���� kWm�� (Q̇s = �.��� kW), ṁp/ṁair = �, ṁp = ṁair = �.���⇥ ���� kg s��, dp
= �� µm, Tin = ���K.
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�.� Key �ndings

The �rst order numerical model developed here to assess the fundamental aspects of heat transfer
within a vortex-based solar particle receiver has been found to yield good qualitative and reasonable
quantitative agreement with the available experimental data of operation of the device at laboratory-
scale under solar simulated conditions. The �rst order assessment of the sensitivity of thermal
performance of the SVR to key geometric and operational parameters revealed the following:

• The particle mass loading of the two-phase �ow was found to be important in de�ning
whether the receiver acts primarily as an air-heater or a particle heater. For the case analysed
here in which there is no particle recirculation, a critical value of ṁp/ṁair ⇠ � was found to
de�ne the boundary, above which the device acts as a particle heater, and below which it acts
as an air heater. However, the critical value may increase for con�gurations with signi�cant
�ow recirculation. To maximise the overall e�ciency of a system, it will be necessary to
consider the recovery of enthalpy from both the particle and air streams.

• The direction of the �ow of particles relative to that of the concentrated solar radiation was
found to have an important in�uence on the e�ciency. A counter-�ow direction tends to
increase the e�ciency relative to the co-�ow direction for high mass loadings, consistent
with known trends in other counter-�ow heat exchangers. This con�guration leads to higher
exit temperature, primarily due to reduced conduction losses and particle heating directly
before leaving from the front section of the receiver, where the concentrated solar radiation
is most intense.

• The ratio of receiver thermal input to heat capacity of the two-phase �ow controls the thermal
e�ciency of the SVR with front entry con�guration. This is because the incident solar energy
is absorbed by greater mass �ow rates, resulting in lower temperatures and reduced thermal
losses. However, for the back entry �ow con�guration and a given ratio of thermal input
to total heat capacity of the two-phase �ow, e�ciency increases with the mass loadings
because e�ciency is dominated by the heat transfer between the incoming concentrated solar
radiation and the particles in the counter-�ow arrangement.

• The distribution of temperatures of the particles and walls within the device was found to
have an important secondary in�uence on the radiation losses. A translation of the peak wall
temperature toward the back was found to reduce radiation losses through the aperture and so,
increase thermal e�ciency. This explains why operation with larger particles, which absorb
radiation less e�ciently and allow the incident concentrated solar radiation to penetrate
further into the receiver, thereby shifting peak temperatures towards the rear of the receiver,
results in higher e�ciency.
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• The optimal cavity length is controlled by the balance between increased solar energy ab-
sorption and increased conductive losses through the wall. Hence, modelling is needed to
optimise the con�guration on a case-by-case basis.
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Particle Residence Time Performance

Typically, analyses of the performance of solar particle receivers assume ideal �ow patterns, such as
well-stirred or plug �ow conditions. Indeed the model developed in the previous chapter of this
thesis assumes plug �ow, so that the particle residence time is equal to the nominal gas residence
time. This is because detailed knowledge of particle residence times within solar particle receivers
is unavailable. Therefore, the next performance aspect of vortex-based solar particle receivers
presented in detail in this chapter is that of the residence time distributions (RTDs) of particles
within such a receiver.

Firstly, this chapter outlines a method that has been developed to measure particle RTDs within an
isothermal, laboratory-scale vortex-based solar particle receiver. Also outlined are the details of
additional methods, by which the particle RTD is assessed.

Next a joint experimental, numerical and theoretical study of particle residence times in a vortex-
based particulate vessel of SEVR con�guration is presented. The operating parameters of particle
size, gas volumetric �ow rate and inlet velocity are systematically varied to assess their in�uence on
the particle RTD and to determine the mechanisms controlling the behaviour of the two-phase �ow
in the SEVR. This fundamental study is performed with the SEVR oriented with a single receiver
tilt angle relevant to beam-down solar concentrating optics.

The material in this study has been submitted to a journal as the following research article:

Davis, D, Troiano, M, Chinnici, A, Saw, WL, Lau, T, Solimene, R, Salatino, P & Nathan, GJ ����,
‘Particle residence time distributions in a vortex-based solar particle receiver-reactor: an experi-
mental, numerical and theoretical study’, submitted to Chemical Engineering Science.
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The next part of this chapter presents a systematic assessment of the in�uence of the receiver tilt
angle on the particle RTD within a SEVR of the same con�guration. Receiver tilt angles spanning
vertically-upward facing to vertically-downward facing are assessed, with two particle sizes and two
receiver inlet velocities. This systematic variation enables the identi�cation of the key parameters
controlling the particle RTD within the receiver for various receiver tilt angles.

The material in this study has been submitted to a journal as the following research article:

Davis, D, Troiano, M, Chinnici, A, Saw, WL, Lau, T, Solimene, R, Salatino, P & Nathan, GJ ����,
‘Particle residence time distributions in a vortex-based solar particle receiver-reactor: the in�u-
ence of receiver tilt angle’, submitted to Solar Energy.
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�.�. Residence time distribution measurement

�.� Residence time distribution measurement

The particle residence time distribution within the vortex-based solar particle receiver – of Solar
Expanding Vortex Receiver (SEVR) con�guration – was measured by injecting a short pulse of
particles, the concentration of which was directly measured at the inlet to and outlet from the SEVR
cavity following the well-established tracer pulse response method described by Levenspiel (����)
and Fogler (����). Here, the particle phase acts both as the tracer and the medium being traced, as
the pulse of particles is injected into an empty vessel. This is considered valid because the SEVR
operates with a very small particle inventory inside the vessel. That is, the particle-to-air volume
fraction is < 10�4, so that the particle phase has negligible e�ect on the �ow �eld of the gas phase,
as has been the case in previous assessments of vortex-based solar particle receiver operation. The
recorded concentration of the pulse of particles can therefore be considered to be representative
of the particle behaviour for steady state operation of the SEVR with small particle hold-up and
limited two-way coupling between particle and gas phases (Elghobashi ����).

The inlet and outlet concentration of particles was measured with time-resolved laser extinction
measurements. This is a non-disruptive tracer measurement technique, based on the attenuation of a
monochromatic electromagnetic wave transmitted through the particulate medium and is applicable
to the measurement of dilute phase gas-solid �ows (Yong ����). Furthermore, the SEVR cavity had
well-de�ned, closed boundary conditions, as the �ow in the inlet and outlet tubes was fast compared
to mean �ow velocities within the chamber and could therefore be assumed to be plug �ow.

For a particulate system operating at steady state, the outlet concentration of particles is said to
be the convolution of the inlet concentration with the residence time distribution (RTD). The
convolution integral introduced by Danckwerts (����) is:

o(t) = i(t) ⇤ E(t) =

Z t

0

i(t� t
0)E(t0)dt0, (�.�)

where i(t) and o(t) are the inlet and outlet particle concentration measurements with time, and
E(t) is the residence time distribution of particles within the receiver, or the exit age distribution,
following Danckwerts (����). For the case in which the injection pulse approaches a perfect Dirac
delta function, the recorded outlet concentration of particles is a direct measure of the particle
RTD, E(t). However, since the injection pulse is rarely a true delta function, it is necessary to
deconvolve Equation (�.�) to determineE(t) (Gao et al. ����), as has been done previously (Trachsel
et al. ����; Essadki et al. ����). For the present investigation, this was accomplished by converting
the recorded signals to the Fourier domain with a fast Fourier transform (Viitanen ����), and using
a regularisation factor to solve the ill-posed problem in the frequency domain (Mills & Dudukovi�
����). The present analysis of RTD ignores any in�uence of particle deposition onto the walls of

��



�. Particle Residence Time Performance

the vessel. This was justi�ed on the basis of observations that any deposition onto the walls was
small.

Due to the stochastic distribution of particles as a discrete phase within the two-phase gas-particle
�ow, the extinction signal �uctuates with time. These �uctuations were reduced by averaging
the E(t) calculated from �� repeated measurements, each normalised by the area bounded by the
distribution, giving

R1
0 E(t)dt = 1. This number was found to result in a pro�le that converged

closely to that from �� repeated measurements, particularly for the measurement of mean particle
residence time, which was found to be independent of the number of averaged repetitions for
�� or more repetitions. In calculating the statistical particle residence time parameters (mean,
��th percentile and normalised variance) from the RTDs averaged from an increasing number of
repetitions between �� and ��, it was found that the values deviated from the average by a maximum
of �.�%. It can therefore be said that the statistical parameters characterising the particle RTDs
presented here have an approximate relative error of �.�%.

These experiments were conducted with isothermal �ow conditions and with particles and gas at
room temperature.

�.�.� Experimental arrangement

Figure �.� presents the experimental arrangement used to determine the particle RTD within the
SEVR cavity.

The particle feeding subsystem consisted of two air lines connected in parallel. Prior to each
measurement, �.� g of particles was loaded into the particle basket connected to the secondary
feeder air line with the valve closed. Steady state vortex �ow conditions within the cavity were
then established by introducing equal amounts of compressed air (with �ow rate controlled by
electronic mass �ow controllers) to the two tangential inlets, through the primary feeder air line
and the second tangential inlet. To inject a pulse of particles, the valve connected to the particle
basket was opened such that air �owed through both feeder air lines without disrupting the total
amount of air injected into the receiver cavity. The increase in total inlet mass �ow rate due to the
injection of a pulse of particles is estimated to be a maximum of ��% for the maximum duration of
�.� s. It can therefore be assumed that the vortex �ow closely approximates a steady state condition
for the duration of measurement (�� s).

Extinction measurements were carried out with the use of a �.�mW, ��� nm collimated laser diode
(Thorlabs CPS���S) and a photodetector (Thorlabs DET��A/M). The laser and photodetector were
mounted perpendicular to the centre axis of the inlet and outlet tubes, as shown in Figure �.�, so that
the translation of particles through the beam causes an attenuation in the signal. Laser light levels
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were recorded with the photodetector with a sampling frequency of �� kHz and for a total time of
�� seconds for each measurement repetition. The inlet/outlet concentration measurements were
corrected for the �ow time, tcorrection, between the true inlet/outlet and the measurement position,
Lcorrection, by assuming plug �ow (tcorrection = LcorrectionAin/out/V̇air).

For the experiments reported in Section §�.�, the receiver cavity of SEVR con�guration was oriented
vertically, as shown in Figure �.�, with the inlet and conical section at the bottom, such that the axis
of the cavity is aligned with gravity. This corresponds to the simplest �ow con�guration, since it
avoids a gravity bias that may cause particles to settle on the wall, whilst also being relevant to the
‘beam down’ con�guration. Other orientations are considered in Section §�.�.

Figure �.�: Experimental arrangement used to determine the residence time distribution of particles within a
vortex-based solar particle receiver vessel. Shown are the particle feeding and detection subsystems, as well as
the receiver cavity which features two tangentially-oriented inlets and a single radially-oriented outlet.
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Figure �.�, together with Table �.�a, presents the geometry of the receiver, which was fabricated
from acrylic and ABS plastics. This con�guration maintains geometric similarity with that used
in previous investigations of the SEVR (Chinnici et al. ����; Chinnici et al. ����). The following
analysis refers to a cylindrical coordinate system as shown in Figure �.� with an origin at the centre
of the base disc so that gravity acts in the negative z direction. Also shown are the zones in the
receiver, at which key dimensionless parameters are evaluated.

Table �.�b presents the range of operational parameters that were varied in the present work, namely
the air volumetric �ow rate, air inlet velocity and particle size. To isolate the in�uence of particle
size on the RTD, spherical polymer particles (⇢p = ���� kg/m�) with a narrow size distribution
were used, following Lau & Nathan (����). Figure �.� presents the particle size distributions, whose
mean values are d̄p = ��, �� and �� µm. Although these polymer particles are not suitable for use
in on-sun operation of a solar receiver, the measured residence time characteristics of the present
particles can be related to those of particles that are commonly used in solar receivers (e.g. ceramic
particles of alternative sizes) by matching the relevant dimensionless parameters.
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Figure �.�: Schematic diagram of the SEVR showing the cylindrical coordinate system (r,',z) with origin at
the centre of the base disc, together with key geometric dimensions, two inlets and one outlet. Also shown

are the zones in the receiver, at which key dimensionless parameters are evaluated.

��
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Table �.�: (a) Values of the key dimensions of the SEVR; and (b) the range of input parameters systematically
varied in the experiments reported in Section §�.�

(a) (b)

Dc ���mm dp ��, ��, �� µm
L ���.�mm V̇air �� – ��� slpm
Dbase ��.�mm Uin ��.� – ��.�m s��

Dcone ��.� – ���mm
↵ ��°
Din �, � and �.�mm
Dout ��mm

Figure �.�: Particle size distributions of the spherical polymer particles used to measure the particle RTD in
the SEVR.
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�.�.� Characterisation of the residence time distribution

The particle RTDs measured here, E(t), are reported in terms of probability density functions,
which can be characterised by the mean particle residence time, ⌧̄p, the ��th percentile particle
residence time, ⌧p,90, and the normalised variance, �p2 = �p,t

2
/⌧̄p

2. These parameters are calculated
as follows:

⌧̄p =

Z 1

0

tE(t)dt, (�.�)

Z ⌧p,90

0

E(t)dt = 0.90, (�.�)

�p,t
2 =

Z 1

0

�
t� ⌧̄p

�2
E(t)dt. (�.�)

The statistical parameters in Equations (�.�), (�.�) and (�.�) were calculated from curves �tted to the
experimental E(t) curves, with coe�cient of determination values, R2

> �.��, following Bu�ham
& Mason (����), to mitigate the e�ect of measurement noise at large t.

To compare experimental RTD curves with theoretical models, it is useful to derive the normalised
expression of E(t) as:

E(✓) = ⌧̄pE(t), (�.�)

where ✓ = t/⌧̄p is the dimensionless time term. These dimensionless terms are used in the application
of generalised ideal reactor compartment models (PFRs and CSTRs) to the experimentally measured
RTDs of the present investigation.
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�.�.� CFD modelling of the vortex-based solar particle receiver operation

To complement the analysis of the experimental measurements of particle RTDs in the SEVR a
three-dimensional computational �uid dynamics (CFD) model was used to calculate numerical
estimates of key velocity and length scales of the two-phase vortex �ow within the SEVR. The model
builds on previous work in which the model was validated against measurements of the gas �ow
�eld and particle deposition onto a window through the aperture (Chinnici et al. ����; Chinnici
et al. ����). Further validation of the CFD model is provided here because of slight di�erences to
the geometric con�guration and in�ow conditions of the present investigation.

The commercial CFD code ANSYS/FLUENT ��.� was again used to simulate the turbulent �uid
�ows and to track the particles in the SEVR, using the Reynolds-Averaged Navier-Stokes (RANS)
approach. The operating conditions, working �uid and receiver geometry were the same as those of
the experimental procedure. The �-D geometry was built in Gambit and a non-uniform unstructured
(tetrahedral) grid was generated with ANSYS/Meshing ��.�. A total of ⇠�.� million cells were
employed for all con�gurations tested. The mesh independence was checked on a coarser mesh (�
million cells) and a �ner mesh (� million cells). The mesh quality was checked to ensure suitability
based on aspect ratio, orthogonality, skewness, and expansion factor, according to Tian et al.
(����).

The RNG k-" model (with swirl factor) was selected as the turbulence closure model, this being a
validated model for the prediction of the vortex structure within SEVR con�gurations similar to
those investigated here (Chinnici et al. ����; Chinnici et al. ����; Chinnici et al. ����), while also
being a preferred closure model for the �ows within a vortex device (Syred ����). The Discrete
Phase Model (DPM) was implemented to calculate the �uid �ow �elds, particle trajectories and
residence time distributions, following previous work (Shilapuram et al. ����; Chinnici et al. ����;
Chinnici et al. ����).

For each operational case being simulated, the surface injection option in Fluent was used to inject
monodisperse spherical particles with diameters dp = ��, �� or �� µm into the modelled domain
with a constant volume fraction of �⇥ ���� corresponding to an inlet particle mass loading of �.���.
The circular tangential inlet was used as the injection surface that has a constant mesh density,
which lead to a constant number of particle parcel injection points. The dispersion of the particles
due to turbulence in the continuous gas phase was calculated using a stochastic tracking model with
a discrete random walk that includes the e�ects of instantaneous turbulent velocity �uctuations on
particle trajectories. Each injected particle parcel was tracked by the solver �� times. The values of
the Integral Time Scale parameter of the particle dispersion model used here, which is proportional
to the particle dispersion rate (Marchioli et al. ����), were calculated based on the average calculated
values of k and " within the receiver (ANSYS Inc. ����). The e�ect of gravity (acting in the negative
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z-direction) was included in the simulations. All the simulations were performed with �� cores
on the Phoenix supercomputer facilities of the University of Adelaide. The CPU-time required to
achieve the desired convergence (when all the residuals reached �⇥ ����) was ⇠��� CPU-hr.

The model was validated previously against measurements of the gas �ow �eld for similar con�g-
urations (Chinnici et al. ����; Chinnici et al. ����), while additional validation from the present
measurements is reported below. Table �.� presents a comparison between the experimentally-
measured and numerically-predicted particle RTDs in terms of the mean and ��th percentile particle
residence times, ⌧̄p and ⌧p,90, for four validation cases. The operational details of these validation
cases include air volumetric �ow rates V̇air = ��� and ��� slpm and two particle sizes dp = ��
and �� µm. These values of V̇air generate inlet velocities Uin = ��.� and ��.�m s�� and nominal
residence times ⌧nom = Vr /V̇air = �.� and �.� s (with constant inlet diameter, Din = �mm). The
model yields an average error of ��% for ⌧̄p and ��% for ⌧p,90, when compared with the equivalent
experimental measurements. This validation of the particle residence time characteristics of the
CFD model, together with previous validation of the gas �ow �eld predictions of the CFD model,
imply that it is reasonable for the CFD model to be used in the present investigation to estimate
key length and velocity scales used in calculating the Stokes and Froude numbers. Although there
are limitations in the accuracy of the CFD model and the dimensionless parameter estimations
(in Section §�.�.�) based on the �ow �eld predictions, the residence time trends presented in this
chapter as a function of the key dimensionless parameters are expected to be reliable. Additionally,
the validation of the CFD model is reasonable enough for it to be used for qualitative assessments
of particle trajectories within the SEVR, to complement analysis of the experimental results and
compartment modelling.

Figure �.� presents the axial, uz , tangential, u', and radial, ur, components of the calculated mean
air velocity pro�les, normalised by the inlet velocity, Uin, at four axial cross-sections through the
receiver for a value of V̇air = ��� slpm andDin = �mm, as calculated with the CFD model. It can
be seen that the SEVR generates a well-de�ned vortex structure, as has been reported for the SEVR
device previously (Chinnici et al. ����; Chinnici et al. ����). Key features of the vortex �ow are
that the vortex intensity is inversely proportional to the distance from the inlet. That is, there is
a high swirl intensity in the conical section of the receiver, which transitions to a relatively low
swirl intensity in the upper cylindrical part of the receiver. Furthermore, it should be noted that
a reversed �ow is generated in the core region of the vortex. Further details of the gas �ow �eld
generated within the SEVR can be found in previous publications (Chinnici et al. ����; Chinnici
et al. ����; Chinnici et al. ����).
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Table �.�: Comparison of the experimentally measured and numerically simulated values of ⌧̄p and ⌧p,90, for
four di�erent operational cases and for a �xed inlet jet diameter (Din = �mm).

Validation case
Operational details Experimental result Numerical result Relative di�erencea

⌧nom [s] dp [µm] ⌧̄p [s] ⌧p,90 [s] ⌧̄p [s] ⌧p,90 [s] ⌧̄p [s] ⌧p,90 [s]

� �.� �� �.�� �.�� �.�� �.�� �.�% ��.�%
� �.� �� �.�� ��.�� �.�� ��.�� ��.�% ��.�%
� �.� �� �.�� �.�� �.�� �.�� ��.�% ��.�%
� �.� �� �.�� �.�� �.�� �.�� �.�% �.�%

a Calculated as the absolute relative di�erence:
��⌧p,numerical � ⌧p,experimental

�� /⌧p,experimental.

Figure �.�: Mean air velocity pro�les, as calculated with CFD, of the (a) axial, uz , (b) tangential, u�, and (c)
radial, ur , components, normalised by the inlet velocity, Uin, at four axial cross-sections through the receiver

for a value of V̇air = ��� slpm andDin = �mm.
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�.�.� Key dimensionless parameters

The key dimensionless parameters in�uencing the isothermal multi-phase �ow within the SVR are
the Reynolds number, Re, the Stokes number, Sk, and the Froude number, Fr. The air �ow rates have
been chosen to ensure that the inlet jet (with constant inlet jet diameter) is always in the turbulent
regime (Rein = ⇢airUinDin/µair > ����). This ensures relevance to industrial scale operation of the
device. However, the Stokes and Froude numbers are systematically varied.

The Stokes number, which characterises how closely a particle will follow the gas streamlines through
the receiver, is calculated for a given particle size at a given zone in the chamber as follows:

Sk =
⇢pd

2
pUf

18µairDf
, (�.�)

where ⇢p is the particle density, dp is the particle diameter, µair is the air dynamic viscosity, Uf

is the characteristic �uid velocity scale of the �ow at a given zone in the chamber and Df, is the
characteristic �uid length scale of the �ow at a given zone in the chamber. These zones (shown in
Figure �.�) are the inlet �ow, the conical and the cylindrical sections of the receiver, the corner at
the cone-cylinder intersection, and the outlet �ow, of which the corresponding Uf andDf , values
are presented in Table �.�. The characteristic velocities within the receiver are taken to be the
maximum tangential velocity of the air �ow �eld, u',max in the z/L plane, as calculated with CFD
(and shown in Figure �.�), while the characteristic length scales are taken to be the receiver diameter
at the relevant z/L plane. For the Stokes number evaluated at the receiver outlet, the nominal
outlet velocity was used, while the characteristic length scale was taken to be two times the outlet
diameter. The outlet �ow, at which point the vortex �ow contracts to exit the receiver, features a
range of velocity and length scales. However, for simplicity an average length scale of �Dout is used
to evaluate the Stokes number at the outlet, based on estimates of the gas �ow �eld with the CFD
model. Likewise, the �ow tends towards the nominal outlet velocity, Uout = V̇air /Aout, so this is
the single value used to evaluate Skout. Although the exact calculated values of Skout will di�er from
those of the actual �ow, the residence time trends presented as a function of Skout are expected to
be reliable.

The Froude number characterises the relative importance of the inertial centrifugal force (Fcent =

mpU
2
'/R) acting on a particle due to the circular motion of the two-phase vortex �ow compared

with that of the external gravitational �eld (Fg = mpg). The Froude number is calculated at a given
zone in the chamber as the ratio of these two forces, according to:

Fr =
U

2
'

gR
(�.�)

where g is the standard acceleration due to gravity, U' is the characteristic tangential velocity of
the �ow at a given zone in the chamber and R is the characteristic radius of the circular motion of
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the two-phase �ow at a given zone in the chamber. The zones (shown in Figure �.�), for which the
Froude number is evaluated, are the conical and the cylindrical sections of the receiver, together
with the corner at the cone-cylinder intersection. The values of U' and R used in each of these
zones are presented in Table �.�. For simplicity, the Froude numbers presented here are considered
to be independent of particle size. This is because U' is estimated from the air �ow �eld only
without accounting for the slip between the particles and the air phase. This implies that the Froude
numbers overestimate slightly the in�uence of inertial forces because the tangential velocity of the
particles will be less than that of the air phase. This overestimate is greatest for larger particles, due
to their greater amount of slip, and is estimated from CFD to be approximately up,' ⇠ 0.8u'. That
is, Fr is over-estimated by up to ��% by ignoring the slip velocity in Equation (�.�). Nevertheless,
the relative trends in Fr are expected to be reliable.

Table �.�: The characteristic velocity and length scales used to evaluate the Stokes and Froude numbers in
various zones of the receiver in the present study. The location of these zones within the receiver are shown

in Figure �.�.

Zone
Sk Fr

Velocity, Uf Length,Df Velocity, U' Length, R

Inlet
Uin = V̇air /2Ain Dbase - -

(z/L = � – �.�� )

Cone u',max in z/L plane
Dcone

u',max in z/L plane
Dcone /2(z/L = �.�� – �.�� ) (estimated with CFD) (estimated with CFD)

Cone-cylinder corner u',max in z/L plane
Dc

u',max in z/L plane
Dc /2(z/L = �.��) (estimated with CFD) (estimated with CFD)

Cylinder u',max in z/L plane
Dc

u',max in z/L plane
Dc /2(z/L = �.�� – � ) (estimated with CFD) (estimated with CFD)

Outlet
Uout = V̇air /Aout 2Dout - -

(z/L = �.��)
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�.� Fundamental study of SEVR in beam-down orientation

�.�.� Measurements of the particle RTD

Figure �.� presents four measured particle RTDs within the SEVR for particle diameter dp = �� µm
and inlet velocities in the range Uin = ��.� – ��.�m s�� with constant inlet diameter,Din = �mm,
so that Uin = V̇air/

⇥
2⇥ (⇡/4)⇥Din

2
⇤
. The corresponding nominal air residence times are in the

range ⌧nom = Vr /V̇air = �.� – �.� s. The distributions have been smoothed for clarity with a moving
point average spanning �.��� s of measured data. Each RTD curve can be described qualitatively to
rise quickly to a maximum within � seconds of residence time and then to decrease more slowly.
For each case also, a signi�cant proportion of particles have a residence time much longer than
the peak value. That is, the distributions are positively skewed. The slope of the initial increase
to a maximum E(t) value increases with Uin (and lower ⌧nom), while the length of the tail of the
distribution increases with lower Uin (and higher ⌧nom), suggesting signi�cant particle recirculation
within the SEVR, particularly for lower �ow rates and inlet velocities. It can additionally be noted
that the Uin has a similar in�uence on the particle RTD in the SEVR to that of the super�cial gas
velocity in the riser of a square cross-section �uidised bed, whose particle RTDs bear a resemblance
to those of the SEVR (Harris et al. ����).

Figure �.�: Measured particle RTDs in the SEVR for particle diameter dp = �� µm and inlet veloc-
ities in the range Uin = ��.� – ��.�m s�� with constant inlet diameter, Din = �mm, so that Uin =

V̇air/
⇥
2⇥ (⇡/4)⇥Din

2
⇤
. The corresponding nominal air residence times are in the range ⌧nom = Vr /V̇air

= �.� – �.� s. The distributions have been smoothed for clarity with a moving point average spanning �.��� s
of measured data.
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Figure �.� presents the measured particle RTDs in the SEVR for three values of outlet Stokes number,
Skout, and two values of inlet velocity Uin = ��.� and ��.�m s��, each for the case of a constant inlet
diameter,Din = �mm. It can be seen that, for a given inlet velocity, the values of Skout scale with
dp

2 (here, dp = ��, �� and �� µm), while, for a given particle size, Skout scales with Uin, according
to Equation (�.�) and Table �.�. For Uin = ��.�m s�� (Figure �.�a) it can be seen that an increase in
Skout causes both a shift in the RTD to longer residence times and a broadening of the distribution.
Quantitatively, the increase in Skout from �.�� to ��.�� results in an increase in ⌧̄p from �.�� to �.�� s
and an increase in ⌧p,90 from �.�� to ��.�� s.

Figure �.�b presents the case with higher inlet velocity (Uin = ��.�m s��). It can be seen that the
particle residence times are, on average, shorter than the lower velocity case (Figure �.�a) and also
that Skout has a weaker e�ect on the RTD. That is, the RTDs measured with the three values of dp are
more similar to each other for Uin = ��.�m s�� than is the case for Uin = ��.�m s��. More speci�cally,
an increase in Skout from �.�� to ��.�� only increases ⌧̄p from �.�� to �.�� s and ⌧p,90 from �.�� to
�.�� s.

Table �.� presents the Stokes and Froude numbers of the two-phase �ow within the SEVR, as
calculated with the length and velocity scales presented in Table �.�, for three particle diameters, dp
= ��, �� and �� µm, and the two values of inlet velocity presented in Figure �.�, Uin = ��.� and
��.�m s��. These are all evaluated in the �ve zones of the receiver: the inlet, the cone, the corner at
the cone-cylinder intersection, the cylinder section and the receiver outlet (shown in Figure �.�).
It can be seen for Uin = ��.�m s�� (Table �.�a), that the Stokes numbers for dp = �� µm are < �
through the conical and cylindrical sections of the receiver, indicating that the particles approach
being �ow-tracers. In contrast, for dp = �� µm, Skcone > � in the lower regions of the cone but Skcyl
< � in the cylindrical section. This implies that the larger particles will be preferentially distributed
toward the wall in the cone but will become more uniformly distributed in the cylindrical section.
At the receiver outlet, the larger particles have Skout � � so that they tend not to follow the �uid
through the strong gradients associated with the radial exit, but rather to be preferentially retained
within the receiver. In contrast, the small particles with lower Skout will be more likely to leave with
the �uid. This highlights the importance of the outlet Stokes number in controlling the particle
residence time, as is shown in Figure �.�a and has previously been hypothesised by Chinnici et al.
(����).

It can also be seen, for the case of Uin = ��.�m s�� (Table �.�a), that the Froude number of the vortex
�ow decreases from Frcone = ���.� in the conical section of the receiver to Frcorner = �.� and Frcyl = �.�
at the cone-cylinder corner and in the cylindrical section of the receiver, respectively. This indicates
that the �ow transitions from being highly dominated by the inertial centrifugal force as the vortex
is introduced at the bottom of the cone to a �ow regime in which the external gravitational �eld
plays a more signi�cant role as the �ow undergoes an expansion through the cone. This expansion
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�. Particle Residence Time Performance

causes the air tangential velocity at the cone-cylinder corner and in the cylindrical section to be
relatively low (⇠�m s��) and implies that the SEVR operates with relatively low swirl compared
with other swirl devices such as a cyclone particle separator (Ho�mann & Stein ����).

Table �.�b shows that, for Uin = ��.�m s��, particles exhibit higher Stokes numbers than those of the
lower velocity case. However, despite the increase in Stokes numbers through the receiver for each
of the particle sizes, the increase in Uin from ��.� to ��.�m s�� causes each of the RTDs presented in
Figure �.�b to be shifted to shorter residence times, as compared with those presented in Figure �.�a.
Furthermore, for constant Uin = ��.�m s��, the increase in Skout from �.�� to ��.�� – an increase by
the same factor as that shown in Figure �.�a – has a signi�cantly weaker in�uence on the residence
time than that of the lower velocity case. This case of higher inlet velocity corresponds to increased
Froude numbers at the cone-cylinder corner and in the cylinder, Frcorner = �.� and Frcyl = �.�. The
increase by a factor of �.� relative to the lower velocity case indicates a signi�cantly increased
importance of the centrifugal inertial force in the cylindrical section of the receiver relative to that
of external gravitational �eld. These results show that residence time depends in a complex way
not only on Stokes number, which scales non-linearly with dp2, but also on Froude number, which
scales non-linearly with Uin

2.
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�.�. Fundamental study of SEVR in beam-down orientation

Figure �.�: Measured particle RTDs in the SEVR for three values of Skout (three particle diameters, dp =
��, �� and �� µm), with constant inlet diameter,Din = �mm, and two values of inlet velocity and Froude
number: (a) Uin = ��.�m s��, Frcyl = �.�; and (b) Uin = ��.�m s��, Frcyl = �.�. The values of Skout and Frcyl
scale with Uin and Uin

2, respectively, according to Equations (�.�) and (�.�) and Table �.�. The distributions
have been smoothed for clarity with a moving point average spanning �.��� s of measured data.

Table �.�: The Stokes and Froude numbers of the two-phase �ow evaluated at various zones within the SEVR
for three particle diameters, dp = ��, �� and �� µm and two values of inlet velocity: (a) Uin = ��.�m s��; and

(b) Uin = ��.�m s��.

Zone
Sk

Fr
dp = �� µm dp = �� µm dp = �� µm

(a) Uin = ��.�m s��

Inlet (at z/L = 0.02) �.�� �.�� ��.�� -
Cone (at z/L = 0.06) �.�� �.�� �.�� ���.�
Corner (at z/L = 0.29) �.�� �.�� �.�� �.�
Cylinder (at z/L = 0.69) �.�� �.�� �.�� �.�
Outlet (at z/L = 0.85) �.�� �.�� ��.�� -

(b) Uin = ��.�m s��

Inlet (at z/L = 0.02) �.�� �.�� ��.�� -
Cone (at z/L = 0.06) �.�� �.�� �.�� ���.�
Corner (at z/L = 0.29) �.�� �.�� �.�� �.�
Cylinder (at z/L = 0.69) �.�� �.�� �.�� �.�
Outlet (at z/L = 0.85) �.�� �.�� ��.�� -
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Figure �.� presents three statistical measures of the particle RTDs for each of the conditions shown
in Table �.�b with a constant inlet diameter,Din = �mm. It can be seen from Figure �.�a, which
presents ⌧̄p as a function of Frcyl and Uin, that increasing Frcyl causes a monotonic decrease in ⌧̄p
for all dp. For Uin  ��.�m s��, it can be seen that the �� µm sized particles have mean residence
time signi�cantly longer than that of the �� µm sized particles, ⌧̄p,80µm/⌧̄p,40µm ⇠ 2. However,
as Frcyl increases, the values of ⌧̄p for all dp converge to a value ⌧̄p ⇠ � s with Frcyl = �.� and Uin

= ��.�m s��. This shows that there are two regimes of two-phase �ow present in the SEVR, as
mentioned previously. In one regime, the particle residence time of larger particles is signi�cantly
longer than that of smaller particles, while in the other, particle size has less of an in�uence on
particle residence time.

More insight into the explanation of the two regimes of operation can be found from Figure �.�b,
which presents ⌧̄p as a function of Skout, with lines of constant Frcyl. It can be seen that, for Frcyl < �,
an increase in Skout causes an increase in ⌧̄p. This e�ect has been discussed previously and is attributed
to the greater inertia of large particles with high Skout having a greater likelihood of being retained
within the chamber and not exiting through the radially-oriented outlet. However, an additional
mechanism is apparent here, such that, as the Froude number of the vortex �ow increases, the
in�uence of Skout on ⌧̄p becomes weaker. This highlights the importance of the external gravitational
�eld in in�uencing the particle residence time for the selected orientation.

In the low Froude number regime (Frcyl < �), the signi�cantly longer ⌧̄p of larger particles (high Skout)
can be explained by the expansion of the vortex �ow through the cone of the SEVR, which results
in the particles losing a signi�cant fraction of their kinetic energy as they reach the cone-cylinder
corner and the cylindrical section of the receiver. The relatively low Froude number of the �ow also
implies that particles are not entirely distributed close to the wall of the receiver, but that they can
also be entrained into the central reversed �ow zone and recirculated to the bottom of the cone.
That is, for the receiver orientation considered here, gravity serves to recirculate larger particles
into the most intense part of the vortex �ow. This recirculation mechanism augments the trend for
larger particles to be preferentially retained within the receiver and have longer residence time than
smaller particles, which follow gas streamlines more closely. This is termed here the Froude-Stokes
regime of SEVR operation, characterised by low Froude numbers and a strong in�uence of Skout on
particle residence time.

As Frcyl increases, it is apparent from Figure �.�b that the in�uence of Skout in increasing ⌧̄p becomes
weaker. This can be explained by the increasing importance of the inertial centrifugal force (both
at the cone-cylinder corner and in the cylindrical section) acting to maintain particles in vortex
suspension �ow preferentially distributed near to the walls of the cylindrical chamber. In this case,
Frcyl scales with Uin

2, such that an increase in Uin from ��.� to ��.�m s�� causes an increase in the
strength of the centrifugal inertial force relative to that of gravity by a factor of �.�. Therefore,
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although the larger particles are less likely to exit the radial outlet than the smaller particles due
to their higher Skout, they are also less likely to enter the central reversed �ow zone. This serves
to decrease the mean residence time of all particle sizes within the receiver as a relatively smaller
amount of particle recirculation is observed, with particles (of all sizes considered here) being
retained near to the walls, and thus near to the SEVR outlet. This regime of SEVR operation,
characterised by high Froude numbers and a weak in�uence of Skout on particle residence time,
is termed here the cyclonic regime because particles tend to be centrifuged near to the wall of the
receiver, as is the case in particle cyclones.

Figure �.�c presents ⌧p,90 as a function of Frcyl and Uin, from which it can be seen that ⌧p,90 follows a
similar trend to that of ⌧̄p. It can be seen that, in the Froude-Stokes regime with Frcyl < �, ⌧p,90 is
greater for larger particle sizes, with a maximum of ⌧p,90 = ��.� s (compared with ⌧̄p = �.� s) for
dp = �� µm and Frcyl = �.�. That ��% of particles have residence more than twice as long as the
mean residence time highlights the signi�cant recirculation of large particles in this low Froude
number regime of operation. With increasing Frcyl, the values of ⌧p,90 for each dp converge to ⇠� s,
corroborating the �nding that in the cyclonic regime of operation, Skout has a weaker in�uence on
the behaviour of particles within the SEVR.

Figure �.�d presents the dependence of �p2 on Frcyl and Uin. For dp = �� µm, the �p2 values are
relatively consistent in the range �.�� – �.�� . These values indicate that the mixing pattern of
larger particles within the SEVR is intermediate between those of an ideal continuously-stirred
tank reactor (CSTR), for which �p2 = �, and an ideal plug �ow reactor (PFR), for which �p2 = �
(Levenspiel ����; Fogler ����). In addition, over the range of values of Frcyl presented, there is a
slight decrease in �p2 with increasing Frcyl, which can be described as a slight trend towards more
uniform plug �ow with increasing Frcyl. The larger values of �p2 in the range �.�� – �.�� , for dp =
�� µm and �.� Frcyl  �.�, can be attributed to the longer tails of the measured RTD for these cases
(relatively longer ⌧p,90 in Figure �.�c), which increase the variance of the distribution relative to the
mean. For dp = �� µm a more signi�cant decrease in �p2 with increasing Frcyl is visible, indicating
that the mixing pattern shifts from close to perfectly mixed with Frcyl = �.�� and �p2 = �.�� to a
more uniform �ow with Frcyl = �.� and �p2 = �.��. A similar reduction in the extent of mixing is
visible for dp = �� µm. Therefore, it can be said that, as the operation of the device moves from the
Froude-Stokes regime towards the cyclonic regime with increasing Frcyl, there is a reduction in �p2

and, hence, a reduction in the extent of mixing in the SEVR. This is consistent with �ndings that
the Froude-Stokes regime is characterised by large-scale particle recirculation within the receiver,
while the cyclonic regime features less particle recirculation limited to the cylindrical section of the
receiver.
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Figure �.�: The statistical measures of the particle RTDs for three di�erent particle diameters, dp = ��, ��
and �� µm, and inlet velocities in the range Uin = ��.� – ��.�m s�� with constant inlet diameter, Din =

�mm, so that Uin = V̇air/
⇥
2⇥ (⇡/4)⇥Din

2
⇤
. Presented are: (a) the mean particle residence time, ⌧̄p, as a

function of Frcyl and Uin; (b) the mean particle residence time, ⌧̄p, as a function of Stokes numbers evaluated
at the outlet, Skout, with lines of constant Frcyl; (c) the ��th percentile particle residence time, ⌧p,90, as a

function of Frcyl and Uin; and (d) the normalised variance, �p2, as a function of Frcyl and Uin.
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Figure �.� presents ⌧̄p as a function of Frcyl, for one particle diameter, dp = �� µm, and three di�erent
values of inlet diameter,Din = �, � and �.�mm. It can be seen that, similarly to the trend forDin

= �mm, ⌧̄p decreases monotonically with increasing Frcyl for both Din = � and �.�mm. This is
consistent with the previous deduction that, as Frcyl increases, the two-phase �ow within the SEVR
moves toward a cyclonic regime of operation with shorter residence times. It can also be seen that,
for a given value of Frcyl, an increase inDin causes a decrease in ⌧̄p. This is attributed to the higher
air volumetric �ow rate required to generate a given value of Frcyl with the largerDin. That is, as
Din increases, velocities within the receiver decrease. The e�ect of increasing volumetric �ow rate
of air to decrease the nominal residence time is well known, according to ⌧nom = Vr /V̇air. Indeed, in
this case, the higher volumetric �ow rates of air, which transports particles through the receiver,
serves also to decrease the measured particle residence time, as well as the nominal value.

Figure �.�: The mean particle residence time, ⌧̄p, as a function of Frcyl, for one particle diameter, dp = �� µm,
and three di�erent values of inlet diameter,Din = �, � and �.�mm.
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�.�.� Compartment model analysis

Figure �.� presents the dimensionless particle RTDs, E(✓), measured for two di�erent particle sizes,
dp = �� and �� µm, and two inlet velocities (with constantDin = �mm). These are chosen because
they represent the Froude-Stokes and the cyclonic regimes identi�ed above (the low and high Froude
number regimes, respectively). Also shown in Figure �.� are the analytical RTDs derived from the
compartment modelling approach of Levenspiel (����) to describe the experimental RTDs. In each
of the experimental distributions, E(✓) remains at zero for short dimensionless times, �, de�ned as
the ratio of the time for which the pulse response is zero to the mean particle residence time. After
this delay time, E(✓) increases rapidly to a maximum value, and then decreases at a slower rate to
zero, as described above.

Figure �.�a and b present the dimensionless particle RTDs for dp = �� µm and Frcyl = �.� and �.�,
corresponding to the two di�erent particle behaviour regimes. For the Froude-Stokes regime (Frcyl =
�.�), E(✓) is well described by a step increase to a maximum after a short delay, �, followed by an
exponential decay. This corresponds to the RTD of two ideal reactors in series, in which the �rst is
a small PFR of residence time � and the second is a CSTR. The corresponding analytical equation
of E(✓) for this compartment model con�guration describing operation in the Froude-Stokes regime
can be expressed as:

E(✓)|Froude-Stokes =
1

1� �
exp

✓
�✓ � �

1� �

◆
u(✓ � �), (�.�)

where u(✓ � �) is the Heaviside function. This function, E(✓)|Froude-Stokes, is presented in Fig-
ure �.�a.

Conversely, for the cyclonic regime (Frcyl = �.�, Figure �.�b), the rate of increase that follows
the similar initial dimensionless delay � is slower, with a less prominent peak and a broader non-
symmetrical dimensionless RTD. The tanks-in-series model can be used to describe this behaviour
(Levenspiel ����), where the experimental curves are modelled with two tanks of di�erent volume
connected in series following an initial delay. The E(✓) for the cyclonic regime can be expressed
as:

E(✓)|Cyclonic =
1 + "

("� 1)(1� �)


exp

✓
�(✓ � �)(1 + ")

"(1� �)

◆

� exp

✓
�(✓ � �)(1 + ")

(1� �)

◆�
u(✓ � �),

(�.�)

where " represents the ratio of the space-times of the two tanks and u(✓ � �) is the Heaviside
function. This function, E(✓)|Cyclonic, is presented in Figure �.�b. It is noteworthy that, as " ! 0,
Equation (�.�) collapses to Equation (�.�), demonstrating that the two regimes of operation are
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closely related and have potential to be combined into a uni�ed compartment model to describe
both regimes. As a whole, the particle RTDs in the SEVR deviate slightly from the perfectly-mixed
�ow pattern, as also con�rmed by the values of �p2 plotted in Figure �.�d.

Figure �.�c and d present the dimensionless particle RTDs for dp = �� µm and Frcyl = �.� and �.�,
also corresponding to the Froude-Stokes and cyclonic particle behaviour regimes, respectively. As
for the larger particles, the experimental RTDs for the Froude-Stokes regime (Frcyl = �.�) can be
described by a small PFR (represented by the delay �) connected in series with a CSTR, as described
by Equation (�.�) and illustrated in Figure �.�c. For the cyclonic regime (Frcyl = �.�) the reactor can
be schematised similarly to the case with larger particle size, as two CSTRs in series with a delay, as
described by Equation (�.�) and illustrated in Figure �.�d. Altogether, Figure �.� highlights that the
same analytical compartment model can be used to describe E(✓) for both particle sizes, suggesting
that for a given particle behaviour regime, the same mixing pattern characterises the particle RTD
behaviour of particles of all sizes. Further to this result, the ideal reactor schemes applied here to
the two regimes of operation and described by Equations (�.�) and (�.�) were also found to hold for
the experimentally measured particle RTDs with alternative inlet diameters,Din = � and �.�mm,
and the �xed particle size dp = �� µm, as presented in Figure �.�.

Figure �.�� presents the schematic representation of the uni�ed compartment model describing the
particle RTD behaviour of the SEVR in both the Froude-Stokes and the cyclonic regimes of operation
(the low and high Froude number regimes, respectively). This compartment model is composed
of a PFR followed by two CSTRs in series with a degree of back-mixing between them. For the
Froude-Stokes regime, after the short delay (represented by the PFR), the back-mixing between the
two CSTRs is active, so that the particle mixing behaviour of the two CSTRs can be considered the
same as a single CSTR (Fogler ����), as is consistent with Equation (�.�). For the cyclonic regime,
the same schematic is used to represent the SEVR. However, in this case only a small or negligible
extent of back-mixing occurs between the two CSTRs, so that two independent mixing volumes
are established. The volumetric ratio of the two CSTRs establishes the relative proportioning of
residence time spent in each zone, as is consistent with Equation (�.�).
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Figure �.�: The experimentally measured dimensionless particle RTDs and functions of their corresponding
analytical compartment models. Presented are distributions representing the Froude-Stokes and the cyclonic
regimes (the low and high Froude number regimes, respectively) for particle sizes (a, b) dp = �� µm; and (c,
d) dp = �� µm. The functions of the analytical distributions shown here are given in Equations (�.�) and (�.�),

respectively.

��



�.�. Fundamental study of SEVR in beam-down orientation
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Figure �.��: Schematic representation of the uni�ed compartment model describing the particle RTD
behaviour of the SEVR in both the Froude-Stokes and the cyclonic regimes (the low and high Froude number
regimes, respectively) as a combination of an ideal plug �ow reactor (PFR) and continuously-stirred tank

reactors (CSTRs).
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Table �.� presents �� cases for which the particle RTDs were measured, together with the corre-
sponding values of the parameters � and " used in Equations (�.�) and (�.�) for the compartment
modelling of the two identi�ed regimes of operation. Also shown is the coe�cient of determination,
R

2, between the experimental and analytical RTDs. It can be seen that � varies between �.���
and �.��, which means that the ratio between the space-time of the PFR component and the total
reactor space-time ranges between �.�% and ��%. This small delay is likely due to the time needed
for the particles to ful�l the reactor inventory. It is likely that in a practical reactor vessel, even in
mixed �ow conditions, some dispersion will occur also, resulting in a delay in the pulse response.
Furthermore, for a givenDin, � decreases with an increase in Uin, indicating that with higher inlet
velocities the time to ful�l the reactor inventory reduces. On the other hand, the value of " is equal
to zero for allDin and dp in the Froude-Stokes (low Froude number) regime and then increases with
Uin in the cyclonic (high Froude number) regime. Given that the SEVR comprises a conical and
a cylindrical section, the �nding that " = � for the Froude-Stokes regime indicates that the two
sub-volumes behave as a single mixing volume in this regime. This is consistent with the deduction
that, in the Froude-Stokes regime, particles (particularly those with large Skout) are recirculated via
the central reversed �ow zone that spans both the cylindrical and conical sections of the device. The
transition to the cyclonic regime, and higher values of " is analogous to a reduction in the extent
of particle recirculation through the entire SEVR device. Values of " up to and above � highlight
that particles spend less time in the conical zone of the SEVR, being quickly entrained into the
cylindrical zone, where the majority of the particles’ residence time is spent.

The values presented in Table �.� were determined by �tting the analytical RTDs to the experi-
mentally measured RTDs with R2 values always greater than �.��.The coe�cient of determination
values in the range R2 = �.�� – �.�� demonstrate good agreement between the experimental and
analytical dimensionless RTDs. The lowest values of R2 are predominantly for the cases with lower
Uin and can be attributed to the presence of small peaks before the primary peak. This could be
related to wall-related interactions, such as adhesion/re-entrainment. However, the area bounded by
these peaks is always less than �% of the total area bounded by the RTD curve, so that these e�ects
are small here.
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Table �.�: The operational details and corresponding parameters used in Equations (�.�) and (�.�) to de-
scribe the measured particle RTDs with analytical compartment models, together with the coe�cient of

determination between experimental and analytical RTDs.

Din [mm] dp [µm] Frcyl Uin [m s��] Particle behaviour regime � " R2

� ��

�.� ��.� Froude-Stokes �.��� � �.��
�.� ��.� Transitional �.��� �.� �.��
�.� ��.� Cyclonic �.��� � �.��
�.� ��.� Cyclonic �.��� �.� �.��

� ��
�.� ��.� Froude-Stokes �.�� � �.��
�.� ��.� Cyclonic �.��� � �.��
�.� ��.� Cyclonic �.��� � �.��

� ��

�.� ��.� Froude-Stokes �.��� � �.��
�.� ��.� Transitional �.��� �.�� �.��
�.� ��.� Transitional �.��� �.�� �.��
�.� ��.� Cyclonic �.��� �.� �.��

�.� ��

�.� ��.� Froude-Stokes �.�� � �.��
�.� ��.� Transitional �.�� � �.��
�.� ��.� Transitional �.��� �.�� �.��
�.� ��.� Cyclonic �.��� �.� �.��
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�.�.� Key features of the two regimes of particle behaviour: Froude-Stokes and cyclonic

Table �.� summarises the key features of the two regimes of particle behaviour identi�ed in the
present investigation, incorporating the experimental, numerical and compartment modelling
analyses. Additionally, Figure �.�� presents simpli�ed representations of the behaviour of the SEVR
deduced from the experimental and numerical analyses, including the three-dimensional �ow-�eld
within the SEVR (Figure �.��a) and the predominant particle trajectories for operation in the
Froude-Stokes and cyclonic regimes (Figure �.��b and Figure �.��c, respectively). It can be seen from
Figure �.��a that a key feature of the air �ow �eld other than the main outer vortex �ow is the
central reversed �ow zone. The response of the particles to the �ow depends on their Stokes number,
while the Froude number has an additional in�uence on the trajectories of particles within the
SEVR device.

It can be seen from Table �.� that the boundary of the Froude-Stokes regime identi�ed here is Frcyl <
�. In this behaviour regime small particles are preferentially distributed in regions of maximum
tangential velocity through the receiver. As larger particles enter the receiver, they are directed
toward the wall by their inertia, but then also become more uniformly distributed through the
cylindrical section of the receiver. At the radial outlet, the larger particles are less likely than smaller
particles to follow the strong �ow gradients and, as a result, have longer residence time than small
particles (⌧̄p,LP > ⌧̄p,SP). It has however also been deduced that due to the low Froude number at
the cone-cylinder corner and in the cylindrical section of the receiver, particles have a signi�cant
likelihood of entering the central reverse �ow zone of the SEVR to be recirculated in the direction
augmented by gravity into the most intense part of the vortex �ow. For this reason, experiments
show that the lower the Froude number, Frcyl, the greater the in�uence of the Stokes number, Skout, in
increasing the particle residence time, ⌧p. These predominant particle trajectories of small particles
following gas streamlines and large particles undergoing recirculation via the central reversed �ow
zone are illustrated in Figure �.��b. It is worth noting that this mechanism provides validation to
that proposed by Chinnici et al. (����) in a previous numerical investigation of a SEVR con�guration
similar to that investigated here. However, the role of gravity in recirculating large particles in
the low Froude number regime has been identi�ed here. In terms of compartment models, the
experimental particle RTDs can be closely described by a small plug �ow reactor in series with two
CSTRs with back-mixing so that the mixing behaviour of the two CSTRs can be considered to be
that of a single larger CSTR. This back-mixing accounts for the recirculation phenomena that is
characteristic of the low Froude number particle behaviour regime and occurs predominantly with
larger particles.

The higher Froude number regime has not been identi�ed previously for this device, for which Frcyl
> � (Table �.�). This regime is characterised by a higher centrifugal inertial force acting on the
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�.�. Fundamental study of SEVR in beam-down orientation

particles (relative to the gravitational force) that distributes particles of all sizes near to the wall
and prohibits particles from entering the central reversed �ow zone as illustrated in Figure �.��c.
While Skout still has in�uence on the likelihood of particles leaving the receiver, the larger particles
that are retained continue to circulate near to the wall of the receiver and therefore also near to
the outlet. These large particles are more likely to exit the radially-oriented outlet than to enter
the central reversed �ow zone, thereby having shorter mean residence time than for the lower
Froude number regime. This has the overall e�ect of signi�cantly reducing the mean residence
time of larger particles relative to those in the low Froude number regime, while also reducing the
residence time of smaller particles to a lesser extent. The same compartment model con�guration
of a small plug �ow reactor in series with two CSTRs applies to the experimentally measured RTDs
of this high Froude number regime. Furthermore, for this case, only a small or negligible amount of
back-mixing between the two CSTRs is required to closely describe the receiver operation. It should
be emphasised that Figure �.��b and c are a simpli�ed representation of the most probable particle
trajectories within the SEVR inferred from particle RTD data, CFD modelling and experimental
observation, although some particles will behave di�erently.

Table �.�: Summary of the key features of the two particle behaviour regimes for the SEVR in a vertical
orientation, including details from experimental and theoretical analyses.

Regime Boundary Experimental �ndings Compartment model
descriptions

Key features

Froude-Stokes
(low Froude
number)

Frcyl < � • Particles with large Skout
preferentially retainedwithin
SEVR, longer ⌧p.

• Lower inertial centrifugal
force allows particles to enter
central recirculation zone.

• Gravitational �eld in vertical
orientation augments parti-
cle recirculation mostly for
larger particles, which have
longer residence time.

• A small plug �ow
reactor in series
with � CSTRs that
have back-mixing.

• ⌧̄p,LP > ⌧̄p,SP
• ⌧p,90,LP > ⌧p,90,SP

Cyclonic
(high Froude
number)

Frcyl > � • Skout has weak in�uence on
⌧p.

• Particles less likely to en-
ter central recirculation zone
due to large centrifugal iner-
tial force.

• A small plug �ow
reactor in series
with � CSTRs that
have negligible
back-mixing.

• ⌧̄p,LP ⇠ ⌧̄p,SP
• ⌧p,90,LP ⇠ ⌧p,90,SP
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A-A: Outlet plane cross-section viewAxial cross section view

(a) Flow field

AA

A-A: Outlet plane cross-section viewAxial cross section view

(b) Froude-Stokes regime: Frcyl < 4

Skin,SP < 1, Skin,LP > 1
Skcone,SP << 1, Skcone,LP > 1

Skcyl,SP << 1, Skcyl,LP < 1

SP: Small particles
LP: Large particles

AA

Skout,SP < 1, Skout,LP >> 1

A-A: Outlet plane cross-section viewAxial cross section view

(c) Cyclonic regime: Frcyl > 4

AA

Skin,SP < 1, Skin,LP > 1
Skcone,SP << 1, Skcone,LP > 1

Skcyl,SP << 1, Skcyl,LP < 1
Skout,SP < 1, Skout,LP >> 1

SP: Small particles
LP: Large particles

Figure �.��: Simpli�ed representations of the SEVR behaviour deduced from the experimental and numerical
analyses, including (a) the three-dimensional �ow-�eld within the SEVR; (b) the predominant particle
trajectories of the Froude-Stokes regime; and (c) the predominant particle trajectories of the cyclonic regime.
The trajectories of large (LP, red/yellow) and small (SP, green) particles are shown in axial/radial components

through the receiver (left), and tangential/radial components at the exit plane z/L = �.�� (right).
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�.�. Fundamental study of SEVR in beam-down orientation

It is also instructive to compare the present device with a cyclone particle separator, for which the
Stokes-Froude regime is typically not observed. The separation factor of a cyclone, which is analogous
to the present de�nition of the Froude number, is typically greater than � and often greater than
���� (Cortés & Gil ����; Ho�mann & Stein ����). This gives further support for the deduction
that the critical value separating the two regimes is Frcyl ⇠�. Nevertheless, it should be noted that
the transition between the two regimes occurs over a range of Froude numbers around this critical
value. Furthermore, the magnitude of the deduced critical value will be sensitive to the magnitude
of the characteristic length and velocity scales, which have been estimated with a CFD model.

The wide variation in particle RTD characteristics across the two regimes of operation, as in�uenced
by inlet velocity, air volumetric �ow rate and particle size, suggests a high level of �exibility of
operation of the SEVR technology. Typically, the time required to thermally process a particle
will depend on its size. Therefore, the Froude-Stokes regime of operation, in which ⌧̄p,LP > ⌧̄p,SP,
has potential for use in processing polydisperse groups of particles. The Froude-Stokes regime is
also potentially advantageous to reactions in which the solid particles are destroyed (e.g. the solar
gasi�cation of solid fuel). This is because it is desirable that a large particle is preferentially retained
within the reactor until it has completely reacted. As the particle reacts its size/density will reduce
so that the particle becomes more likely to exit the reactor. Alternatively, for processes that require
a uniform product quality (e.g. the calcination of alumina), particles should be processed with
uniform residence time. The more uniform particle RTDs that were identi�ed to be characteristic
of the cyclonic regime of operation may be more suitable for such an application of the SEVR. Finally,
for a SEVR operating in either particle behaviour regime, the residence time could potentially be
altered by changing Uin, V̇air, which is advantageous in facilitating control in response to the natural
variability of the solar resource.
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�.� In�uence of SEVR tilt angle on particle RTD

�.�.� Measurement cases

Table �.�a, together with Figure �.��, presents the geometry of the SEVR con�guration used in the
present assessments of the in�uence of receiver tilt angle on the particle RTD. This con�guration of
SEVR maintains geometric similarity with that used above (Section §�.�). The receiver tilt angle,
 (shown in Figure �.��), is de�ned as the angle between the central axis of the receiver and the
horizontal, with downward-facing angles considered as positive, following previous work (Leibfried
& Ortjohann ����; Wu et al. ����). This implies that positive tilt angles ( > 0°) are relevant to
tower-mounted solar receiver con�gurations, while a tilt angle of  =�90° is relevant to a receiver
with beam-down solar concentrating system.

Table �.�b presents the range of operational parameters that were varied in the present investigation.
The particle RTD was measured for seven receiver tilt angles in the range  = �90° to +90°. It
can be seen (Figure �.��) that this change of receiver orientation is made with the radially-oriented
outlet positioned on the side of the receiver to avoid gravity bias. For each value of  the particle
RTD was measured for two particle sizes, dp = �� and �� µm, and two values of air volumetric
�ow rate, V̇air = ��� and ��� slpm, generating two values of inlet velocity, Uin = ��.� and ��.�m s��,
due to the constant inlet diameter. These values of Uin were chosen because they generate the two
di�erent particle behaviour regimes identi�ed above (Section §�.�) for  = �90°.

Table �.� presents the values of the key dimensionless parameters, Skout and Frcyl, for operation
in the Froude-Stokes and cyclonic regimes. These parameters are generated with the two values of
inlet velocity and two particle sizes used in the present investigation. It can be seen that the lower
velocity, Uin = ��.�m s��, results in Frcyl = �.� < � so that the operation of the SEVR is within the
Froude-Stokes regimes, while the higher velocity case resulting in Frcyl = �.� > � corresponds to the
cyclonic regime of operation.
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�.�. Influence of SEVR tilt angle on particle RTD

Table �.�: (a) Values of the key dimensions of the SEVR; and (b) the range of variation of the independent
parameters systematically varied for the present assessment of receiver tilt angle,  .

(a) (b)

Dc ���mm  �90° to +90°
L ���.�mm dp ��, �� µm
Dbase ��.�mm V̇air ���, ��� slpm
Dcone ��.� – ���mm Uin ��.�, ��.�m s��

↵ ��°
Din �mm
Dout ��mm

ψ
! "

Figure �.��: Schematic diagram of the SEVR showing the cylindrical coordinate system (r,',z), with origin
at the centre of the base disc and the symbols that de�ne the geometric con�guration. The ' axis is de�ned
as the right handed angle about the z axis. The values of each geometric parameter are shown in Table �.�.

Gravity acts downwards as shown by g.
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Table �.�: The operational details of the Froude-Stokes and cyclonic regimes of operation investigated here,
generated with the two values of inlet velocity, Uin. The characteristic velocity and length scales, and values

of the key dimensionless parameters, Skout and Frcyl, for each regime are also presented.

Froude-Stokes Cyclonic

Uin [m s��] ��.� ��.�
Uout [m s��]a ��.� ��.�
�Dout [m]b �.���
u',max [m s��]c �.�� �.�
Dc /� [m]d �.���

Skout for dp = �� µm �.� �.�
Skout for dp = �� µm ��.� ��.�
Frcyl �.� �.�

a Characteristic velocity scale for the Skout;
b Characteristic length scale for Skout;
c Characteristic tangential velocity scale for Frcyl;
d Characteristic radius of circular motion for Frcyl.

�.�.� Measurements of the particle RTD

Figure �.�� presents the measured particle RTDs within the SEVR for seven receiver tilt angles in the
range  =�90° to+90°, for two outlet Stokes numbers (Skout = ��.� and �.�), a single inlet velocity
Uin = ��.�m s�� and constant inlet diameterDin = �mm, generating a nominal residence time ⌧nom
= �.� s, where Uin = V̇air/

⇥
2⇥ (⇡/4)⇥Din

2
⇤
and ⌧nom = Vr /V̇air. The distributions have been

smoothed for clarity with a moving point average spanning �.��� s of measured data.

Figure �.��a and b present the RTDs measured for Skout = ��.�, and dp = �� µm. This shows that
increasing  shifts the RTDs to shorter residence times. It can be seen that, for the negative tilt
angles (Figure �.��a) in which the two-phase �ow proceeds upwards against gravity, the length of the
tail of the RTD is longest for  =�90°, indicating that this orientation results in the most particle
recirculation within the SEVR, as reported above Section §�.�). It can also be seen that, as the tilt
angle is increased to  =�60° and�30°, the peak in the RTD becomes more prominent and shifts
to shorter residence times. However, the tails of the two distributions are still prominent, indicating
continued particle recirculation within the SEVR for residence times up to ⇠�� s. Figure �.��b
presents RTDs measured for the SEVR with a horizontal orientation, as well as with positive tilt
angles (noting that the scale of the abscissa in Figure �.��b is increased relative to Figure �.��a). Here,
the peak in the RTD increases with  and the distributions feature small or negligible tails, such
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�.�. Influence of SEVR tilt angle on particle RTD

that, for the three positive tilt angles, ��% of the particles have a residence time of less than �.� s.
Therefore, for beam-down receiver tilt angles ( < 0°), the RTDs depend strongly on the angle,
while for tower-mounted receiver tilt angles ( > 0°), the RTDs are less in�uenced by the angle.
From a reactor design perspective, increasing the receiver tilt angle causes the RTD to change from
that resembling a mixed �ow reactor to that resembling a plug �ow reactor. This in turn indicates
that the broad RTDs measured for negative receiver tilt angles favour particle recirculation and
potentially enhanced heat transfer in a practical solar receiver, while the positive receiver tilt angles
favour reduced recirculation and uniform particle residence times.

Figure �.��c and d present the measured RTDs for Skout = �.� and dp = �� µm. This shows that the
RTD is not signi�cantly a�ected by the receiver orientation for the majority of tilt angles assessed,
 � �60°, and is shifted to slightly longer residence times for  = �90°. It can also be seen
(Figure �.��c) that the RTD is broadest with longest residence times for  =�90°. With an increase
in tilt angle to  = �60° there is a reduction in residence time with a more prominent peak in the
distribution. This is a similar trend to that shown for Skout = ��.�. However, further increases in  
(Figure �.��c and d) do not result in signi�cant changes to the measured RTD. That is, the RTDs for
 = �60° to +90° are similar to each other and do not exhibit signi�cant di�erences in measured
residence time. Comparing the RTDs measured with positive  for Skout = �.� (Figure �.��d) with
those measured for Skout = ��.� (Figure �.��b) it can be seen that, for each  , the RTDs are shifted
to longer residence times with a reduction in Skout (e.g. by smaller particle size). This indicates that,
for the tower-mounted orientation ( > 0°) over the range of conditions assessed here, particle
residence times decrease with an increase in Skout. Taken together, it is hypothesised from Figure �.��
that particles with outlet Stokes number ⇠� are less in�uenced by the receiver tilt angle than are
particles with an outlet Stokes number� �.
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Figure �.��: Measured particle RTDs in the SEVR for seven receiver tilt angles in the range  = �90° to
+90°, with inlet velocity Uin = ��.�m s�� and constant inlet diameter Din = �mm, generating a nominal
residence time ⌧nom = �.� s, where Uin = V̇air/

⇥
2⇥ (⇡/4)⇥Din

2
⇤
and ⌧nom = Vr /V̇air. Presented are the

distributions for two outlet Stokes numbers (a, b) Skout = ��.� (particle diameter dp = �� µm); and (c, d)
Skout = �.� (particle diameter dp = �� µm). The inset in (b) presents the same RTDs with time axis in the
range, t = � – �.� s. The distributions have been smoothed for clarity with a moving point average spanning

�.��� s of measured data.
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Figure �.�� presents three statistical measures of the particle RTDs, ⌧̄p, ⌧p,90 and �p2, as a function
of  , for each of the conditions shown in Table �.�b. It can be seen from Figure �.��a that the
dependence of ⌧̄p on  is stronger for the larger particle size, dp = �� µm, than for dp = �� µm.
Speci�cally, the ⌧̄p for dp = �� µm decreases with an increase from  = �90° to �60°, but then
remains almost constant with a further increase in  . This implies that the alignment of gravity with
the axis of the SEVR does not play a signi�cant role for this particle size, due to their smaller inertia.
That is, their residence time is controlled by their response to the vortex �ow �eld, rather than
their response to changes in the direction of gravity. In contrast, the ⌧̄p for dp = �� µm decreases
to a signi�cant extent with an increase from  = �90° to +90°, indicating that the alignment
of gravity does play a role for these larger particles. This can be attributed to a reduction in the
component of gravitational force resisting axial motion in the positive z direction as the tilt angle
increases from  = �90° to 0°, and, additionally, the increase in the component of gravitational
force augmenting axial motion as the tilt angle increases from  = 0° to +90°. Importantly, for
 greater than approximately +30°, gravity augments the axial motion in the positive z direction
towards the outlet to such an extent that the ⌧̄p is less than that of the smaller particles. That is, due
to their weaker response to the vortex �ow �eld, the change in the direction of gravity with a change
in  has a signi�cant in�uence on the residence time of dp = �� µm particles. This highlights the
sensitivity of the particle residence times to the orientation of the receiver for particles of size dp =
�� µm, which undergo a greater reduction in mean residence time with increasing tilt angle than do
the particles of size dp = �� µm.

Figure �.��a also shows that a negative receiver tilt angle ( < 0°), i.e. when gravity resists axial
motion in the positive z direction, enhances recirculation of particles by gravity towards the base of
the conical section of the receiver. This trend is strong for the dp = �� µm particles and weak for
the dp = �� µm particles. The smaller particles exhibit a weaker increase in ⌧̄p and recirculation
with decreasing  for Uin = ��.�m s�� and only exhibit longer residence time for the vertical  =

�90° orientation with the lower velocity case, Uin = ��.�m s��. The di�erence in ⌧̄p between the
two particle sizes increases with lower Uin, as is characteristic of the Froude-Stokes regime, which
was reported in Section §�.� for the tilt angle of  = �90°. It is noteworthy that this trend persists
also for the negative tilt angles of  = �60° and �30°. Although the two values of Uin assessed
here di�er by only ��%, the increase from Uin = ��.� to ��.�m s�� results in ⌧̄p decreases for dp =
�� µm of ��%, ��% and ��% for  = �90°, �60° and �30°, respectively. However, for dp = �� µm,
there is no noticeable in�uence of Uin on the ⌧̄p for any  , which can potentially be attributed to
the small di�erence in Uin assessed. Overall, the SEVR con�guration selected here has the potential
to operate with a particle residence time that increases with particle size for a range of negative
receiver tilt angles.
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Figure �.��b shows that ⌧p,90 is strongly dependent on  for dp = �� µm, while it is almost indepen-
dent of  for dp = �� µm, which is consistent with the trend of ⌧̄p. The greatest ⌧p,90 values were
measured for dp = �� µm, Uin = ��.�m s�� and  = �90°, �60° and �30° (⌧p,90 = ��.�, ��.� and
��.� s, respectively). This indicates that, for these conditions, gravity enhances the recirculation of
large particles towards the base of the conical section of the SEVR so that they are re-entrained
by the most intense part of the vortex �ow. The values of ⌧p,90 for dp = �� µm, decrease with  
to a minimum at  = +90° with values of ⌧p,90 = �.�� and �.�� s for Uin = ��.� and ��.�m s��,
respectively. These values are only a factor of �.� greater than their respective mean residence times,
indicating that there is little particle recirculation of larger particles within the SEVR, for positive
tilt angles. The values of ⌧p,90 for dp = �� µm are relatively consistent in the range �.� to �.� s for  
��60°, indicating that the alignment of gravity relative to the axis of the receiver has no signi�cant
e�ect on the extent to which �� µm particles recirculate within the SEVR, in contrast to the e�ect
of receiver tilt angle on the larger �� µm particles.

Figure �.��c presents the dependence of �p2 on  . It can be seen that, for the conditions assessed, the
normalised variance and mixing behaviour of the SEVR varies between that of a well-stirred reactor
(for which �p2 = �) and that of a plug �ow reactor (for which �p2 = �), following Danckwerts
(����), Levenspiel (����), and Fogler (����). The normalised variance increases from �p

2 = �.��
with  =�90° to a maximum of �p2 = �.��with  = 0° for dp = �� µm andUin = ��.�m s��, which
correspond to the cases in Figure �.��a and b featuring longest residence time and greatest extent
of particle recirculation. This indicates that the large-scale recirculation for particles of this size
within the SEVR with   0° is close to the mixing behaviour of an ideal continuously-stirred tank
reactor (CSTR). It should be noted that, for dp = �� µm, Uin = ��.�m s��, and the two tilt angles,
 = �30° and 0°, the normalised variance values are �p2 > �, which indicates a slight departure
from an ideal reactor, as also indicated by the highly skewed RTDs for these cases (as shown in
Figure �.��a and b). For dp = �� µm and positive tilt angles, an increase in  causes a decrease in
�p

2 to a minimum of �.�� with  = +90° and both Uin, indicating that the �ow pattern of dp =
�� µm particles approaches a plug �ow. This is also evident from the RTDs plotted in Figure �.��a
and b. In contrast, for the smaller particles, dp = �� µm, and both Uin, the value of �p2 decreases
from a maximum at  =�90° of �p2 = �.�� and �.�� for Uin = ��.� and ��.�m s��, respectively, but
is then relatively consistent around ⇠�.� for  � �30° and both Uin. Taken together, the trends
presented in Figure �.��c suggest that the mixing behaviour of �� µm particles is signi�cantly less
in�uenced by the receiver tilt angle than are the larger �� µm particles, which varies between the
extremes of well-stirred and plug �ow mixing behaviours.
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Figure �.��: The statistical measures of the particle RTDs measured for seven receiver tilt angles in the range
 = �90° to +90°, and for two particle diameters, dp = �� and �� µm, two inlet velocities Uin = ��.� and
��.�m s�� with constant inlet diameter, Din = �mm. The two inlet velocities generate nominal residence
times ⌧nom = �.� and �.� s according to ⌧nom = Vr /V̇air and V̇air = Uin ⇥

⇥
2⇥ (⇡/4)⇥Din

2
⇤
. Presented are:

(a) the mean particle residence time, ⌧̄p, as a function of  ; (b) the ��th percentile particle residence time,
⌧p,90, as a function of  ; and (c) the normalised variance, �p2, as a function of  .
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Figure �.�� presents the mean residence time of the measured particle RTDs, ⌧̄p, as a function of
Skout, for �ve values of receiver tilt angle in the range,  = �90° to +90°, and for two Froude
numbers evaluated in the cylindrical section of the receiver, Frcyl = �.� and �.� (generated with Uin

= ��.� and ��.�m s��, respectively). These two values of Frcyl correspond to the Froude-Stokes and
cyclonic regimes of particle behaviour within the SEVR.

For the negative tilt angles,  = �90° and �30°, it can be seen that the particle residence time
is controlled by both the particle inertia at the receiver outlet (Skout) and the in�uence of gravity.
That is, for both Frcyl = �.� (Figure �.��a) and Frcyl = �.� (Figure �.��b), ⌧̄p increases with Skout, due
to the increased inertia of a particle at the radially-oriented outlet that inhibits it from leaving the
receiver. For the Froude-Stokes regime, this increase is more pronounced because, in addition to the
e�ect of increased inertia, gravity plays a greater role in resisting the axial motion in the positive
z direction and recirculating the particles to bottom of the receiver. This results in signi�cantly
longer residence time. For the cyclonic regime, the inertial centrifugal force is of greater importance
in in�uencing particle motion and retaining particles in suspension �ow near to the receiver outlet.
This implies that the features of the Froude-Stokes and cyclonic regimes of operation are the same
for the negative receiver tilt angles,  = �60° and �30° as those reported in Section §�.� for  =

�90°.

In contrast, for the positive receiver tilt angles  � 0°, the e�ect of both  and Frcyl is relatively
weak, with approximately equal values of ⌧̄p at the same Skout for both regimes. That is, for  � 0°
and the conditions assessed in the present study, the Froude-Stokes and cyclonic regimes of operation
cannot be distinguished, which may indicate that the device is inertia dominated. Furthermore,
both regimes exhibit a residence time trend that decreases with Skout for  > 0°, which is a feature
not identi�ed in Section §�.�. That is, for both Frcyl = �.� and �.�, ⌧̄p decreases with increasing Skout,
for the cases where the outlet is below the inlet. This is because at low Skout, particles exhibit a strong
response to the �ow, such that they are entrained within the vortical �ow for a longer duration than
particles with large Skout, which have a more direct path to the exit due to the e�ect of gravity. It
should also be noted that for the case of a horizontal receiver tilt angle ( = 0°), there is a weak
increase in ⌧̄p with Skout, for both Frcyl = �.� and �.�. For  = 0°, there is no component of gravity
acting in the axial direction, so that the increase in ⌧̄p can be attributed only to the increased inertia
of the particles. This indicates that the particle residence time characteristics of vortex-based solar
particle receivers operating in a horizontal orientation for laboratory testing with a solar simulator
will potentially exhibit di�erent residence time characteristics to those of solar particle receivers
with beam-up or beam-down orientations in CST systems.
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Figure �.��: The mean particle residence time, ⌧̄p, as a function of Skout, for �ve values of receiver tilt angle in
the range, =�90° to+90°, and for (a) the Froude-Stokes regime of operation with Frcyl = �.� (generated with
Uin = ��.�m s��); and (b) the cyclonic regime of operation with Frcyl = �.� (generated with Uin = ��.�m s��).
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�.�.� Compartment model analysis

The compartment model developed in section §�.�.� for beam-down receiver tilt angles ( =

�90°) is modi�ed here to incorporate the e�ect of tilt angle on the measured particle residence
time behaviour. Figure �.�� presents the dimensionless particle RTDs, E(✓), measured for the
smaller particle size, dp = �� µm, for Uin = ��.�m s�� and for the receiver tilt angles  = �60°,
�30°, 0° and +90°. The dimensionless RTDs for the range of receiver tilt angles considered can
be described similarly to those presented above for  = �90°. That is, E(✓) remains at zero for
short dimensionless times, �1, de�ned as the ratio of the time for which the pulse response is zero
to the mean particle residence time, after which E(✓) increases rapidly to a maximum value, and
then decreases at a slower rate to zero. It can also be seen that, for  = �30° and 0° (Figure �.��b
and c), small peaks were detected in the RTD before the primary peak. This can be attributed to
wall-related interactions, such as adhesion/re-entrainment, that are prevalent for these cases with
tilt angle close to the horizontal. However, the area bounded by these peaks is always less than �% of
the total area bounded by the RTD, so that these e�ects are small here.

The compartment model describing the residence time behaviour presented in Figure �.�� consists
of a very small plug �ow reactor (PFR) in series with two continuously-stirred tank reactors (CSTRs)
as was described above. For the case of low velocities and Froude numbers (Froude-Stokes regime)
there is back mixing between the two CSTRs causing them to behave as a single CSTR, while
for higher velocities and Froude numbers (cyclonic regime) there is no back-mixing. Figure �.��
presents the analytical RTDs corresponding to this con�guration of compartment model as applied
to the alternative values of  in the present study. It can be seen from the comparison between
the experimental and analytical dimensionless RTDs that this same con�guration of compartment
model describes the residence time behaviour of the smaller particles, dp = �� µm, and all alternative
receiver tilt angles,  > �90°, assessed here.

The analytical equation of the dimensionless RTDs presented in Figure �.�� can be expressed as
follows:

E(✓) =
1 + "

("� 1)(1� �1)


exp

✓
�(✓ � �1)(1 + ")

"(1� �1)

◆

� exp

✓
�(✓ � �1)(1 + ")

(1� �1)

◆�
u(✓ � �1),

(�.��)

where " represents the ratio of the space-times of the two CSTRs and u(✓� �) is the Heaviside func-
tion. This analytical equation corresponds to the above mentioned con�guration of compartment
model and applies for operation in both the Froude-Stokes and cyclonic regimes. For the Froude-Stokes
regime, " ! � so that E(✓) tends towards that describing a PFR in series with a single CSTR,
while for operation in the cyclonic regime, E(✓) describes a PFR in series with two CSTRs. The
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constant compartment model con�guration for all  and dp = �� µm implies that the behaviour of
smaller particles within the SEVR is not signi�cantly a�ected by the receiver tilt angle. While not
pictured in Figure �.��, the same equation and mixing patterns were found to apply for the higher
inlet velocity case, Uin = ��.�m s��.

The values of the parameters used in Equation (�.��) to describe the dimensionless RTDs for dp =
�� µm and all  are listed in Table �.�. It can be seen that, for both Uin, " is in the range �.�� to
�, suggesting that for the present range of velocities, there is not a signi�cant distinction in the
amount of recirculation through the receiver. Also, for the smaller particle size, dp = �� µm, and all
tilt angles except  = +60°, the value of �1 decreases to a small extent with Uin, indicating that the
higher velocity causes the particles to �ll the reactor inventory more rapidly. The small increase in
�1 for  = +60° can be attributed to experimental error.

Figure �.��: The experimentally measured dimensionless particle RTDs and functions of their corresponding
analytical compartment models for Uin = ��.�m s��, dp = �� µm and the receiver tilt angles: (a)  = �60°;
(b)  =�30°; (c)  = 0°; and (d)  =+90°. The function of the analytical distributions shown here is given

in Equation (�.��) while the values of the equation parameters are listed in Table �.�.
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Figure �.�� presents the dimensionless particle RTDs, E(✓), measured for the larger particle size, dp
= �� µm, for Uin = ��.�m s�� and for the receiver tilt angles  = �60°, �30°, 0° and +90°. It can
be seen that the measured dimensionless RTDs deviate signi�cantly from the previously developed
compartment model described by Equation (�.��), due to the prominence of a peak in the measured
distributions at dimensionless time, ✓ ⇡ �.� – �.� . This peak is visible for  =�60°,�30° and 0°
(Figure �.��a, b and c) and appears at a signi�cantly shorter dimensionless time than the than the
peak in the dimensionless RTDs for dp = �� µm (Figure �.��). This type of peak in the distribution
is associated with a pathway through the reactor alternative to the well-mixed CSTR path identi�ed
previously. Aerodynamically, the alternative path is associated with a di�erent �ow regime, such
that larger particles follow a di�erent path to the �ow, resulting in less particle recirculation and
shorter mean residence times. Analytically, such an alternative path can be approximated by a PFR
(Levenspiel ����).

To account for the deviations from the compartment model described above that occur for dp
= �� µm and  > �90°, a modi�ed compartment model con�guration is proposed here. This
modi�ed compartment model consists of a small PFR (as previously) followed by two parallel
branches, one containing the two CSTRs in series (as previously) and the other branch containing a
PFR. The analytical equation to describe the modi�ed compartment model of small PFR followed
by a CSTR and PFR in parallel can be expressed as follows:

E(✓) =
�

✓CSTR
exp

✓
�✓ � �1

✓CSTR

◆
u(✓ � �1)

+ (1� �)
1

�2

✓
✓ � �1

�2

◆N�1
N

N

(N � 1)!
exp

✓
�(✓ � �1)N

�2

◆
u(✓ � �1),

(�.��)

where � is the fraction of particles taking the path to the CSTR, (1� �) is the fraction of particles
taking the path to the PFR (with dimensionless space-time equal to �2) and ✓CSTR is the dimensionless
space-time of the CSTR. It should be noted that the two CSTRs in series from the compartment
model describing dp = �� µm is here modelled as a single CSTR for simplicity. Also the PFR on the
parallel branch (with (1��) fraction of particles) is modelled asN CSTRs in series, whereN is the
number of CSTRs that best approximates the residence time of the parallel PFR component of the
compartment model (Fogler ����). The compartment model expressed by Equation (�.��) describes
the residence time behaviour for dp = �� µm, Uin = ��.�m s�� and all alternative receiver tilt angles
 > �90°, as can be seen from the analytical dimensionless RTDs also presented in Figure �.��
(together with those for Uin = ��.�m s��, not presented here).

The values of the parameters used in Equation (�.��) to describe the dimensionless RTDs for dp
= �� µm are listed in Table �.�, from which it can be seen that � decreases so that the relative
proportioning of two-phase �ow to the PFR branch increases with both Uin and the tilt angle from
 =�60° to+90°. This implies that the fraction of large particles that bypass the recirculation (i.e.
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to take the PFR branch) increases with the tilt angle. The signi�cance of the bypass is greatest for  
= +90° (Figure �.��d), where all of the particles tend towards a plug �ow response. This deduction
is also consistent with the values of the normalised variance presented in Figure �.��c and with the
values � = � andN = �� for dp = �� µm and  = +90° (Table �.�). The analytical distribution in
Figure �.��d is almost symmetrical about ✓ = � as is the case for an ideal PFR. Furthermore, for
N CSTRs in series, the RTD can be assumed to be representative of a plug �ow reactor forN �
�� (Levenspiel ����). While not pictured in Figure �.��, the modi�ed compartment model and
Equation (�.��) were also found to apply for the higher inlet velocity case, Uin = ��.�m s�� and dp =
�� µm for each value of  .

Figure �.��: The experimentally measured dimensionless particle RTDs and functions of their corresponding
analytical compartment models for Uin = ��.�m s��, dp = �� µm and the receiver tilt angles: (a)  = �60°;
(b)  =�30°; (c)  = 0°; and (d)  =+90°. The function of the analytical distributions shown here is given

in Equation (�.��) while the values of the equation parameters are listed in Table �.�.
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Figure �.�� presents a schematic representation of the uni�ed compartment model describing the
particle RTD behaviour of the SEVR for the range of receiver tilt angles assessed here and for Uin

= ��.� and ��.�m s��, and dp = �� and �� µm. For each case, the values of the parameters used
in Equations (�.��) and (�.��) are listed in Table �.�. These values were determined by �tting the
equations of the analytical dimensionless RTDs to the experimentally measured dimensionless RTDs,
with a coe�cient of determination R

2 always higher than �.��.

The in�uence of receiver tilt angle on the residence time behaviour of the SEVR in the present study
can be described as follows:

• For all  , dp and Uin (assessed here), the �ow passes through the small PFR�, which represents
the time taken for particles to ful�l the reactor inventory. The space-time of the PFR�

component, �1, generally decreases with Uin.

• For  = �90° and both dp = �� and �� µm, � = �, so that the residence time behaviour of
particles of both sizes is represented by particles taking only the CSTR path to pass through
the receiver, undergoing signi�cant extents of particle recirculation (Equation (�.��)). In the
low velocity, Froude-Stokes regime there is back-mixing between CSTR� and CSTR� so that
they behave as a single CSTR, while for the higher velocity, cyclonic regime, the back-mixing
is negligible.

• For all  � �90° and dp = �� µm, � = �, so that the residence time behaviour of smaller
particles is represented by particles taking only the CSTR branch. The extent of their
recirculation is not signi�cantly in�uenced by the receiver tilt angle (Equation (�.��)).

• For  = �60°, �30°, 0°, +30°, +60° and dp = �� µm, � 6= �, so that the residence time
behaviour of larger particles is represented by some fraction of particles taking the shorter
parallel PFR� branch (Equation (�.��)). The fraction of particles passing the PFR� branch
increases with both  and Uin. Furthermore, the behaviour of the PFR� branch tends towards
that of an ideal PFR with increasing  , asN increases from � to �� for an increase from  =

�60° to +60°.

• For  = +90° and dp = �� µm, � = �, so that the residence time behaviour of larger
particles is represented by particles taking only take the PFR� branch and the particle RTD is
representative of a purely plug �ow reactor (Equation (�.��)).
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V
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PFR1 CSTR1
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(1 − β)V

V
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Figure �.��: Schematic representation of the uni�ed compartment model describing the particle RTD
behaviours of the SEVR for the seven receiver tilt angles assessed here,  = �90°, �60°, �30°, 0°, +30°,
+60° and +90°, and for Uin = ��.� and ��.�m s��, and dp = �� and �� µm. For each operational case, the
relative proportioning, �, between the CSTR branch (CSTR� + CSTR�) and the parallel PFR� branch is
listed in Table �.�, together with the values of the additional parameters used to describe the analytical

dimensionless RTDs in Equations (�.��) and (�.��).
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Table �.�: The operational details and corresponding values of the parameters used in Equations (�.��)
and (�.��) to describe the measured particle RTDs with analytical compartment models.

 [°] dp [µm] Frcyl Uin [m s��] �1 " �2 N �

�90

��
�.� ��.� �.�� � - - �
�.� ��.� �.�� �.� - - �

��
�.� ��.� �.�� � - - �
�.� ��.� �.��� � - - �

�60

��
�.� ��.� �.�� - �.�� � �.��
�.� ��.� �.�� - �.�� � �.��

��
�.� ��.� �.�� � - - �
�.� ��.� �.� �.� - - �

�30

��
�.� ��.� �.�� - �.�� � �.��
�.� ��.� �.�� - �.�� � �.��

��
�.� ��.� �.�� �.� - - �
�.� ��.� �.�� �.� - - �

0

��
�.� ��.� �.�� - �.�� � �.��
�.� ��.� �.�� - �.�� � �.��

��
�.� ��.� �.�� �.� - - �
�.� ��.� �.�� � - - �

+30

��
�.� ��.� �.�� - �.�� � �.��
�.� ��.� �.�� - �.�� � �.��

��
�.� ��.� �.�� �.�� - - �
�.� ��.� �.�� �.�� - - �

+60

��
�.� ��.� �.�� - �.�� �� �.��
�.� ��.� �.�� - �.�� �� �.��

��
�.� ��.� �.�� �.� - - �
�.� ��.� �.�� �.� - - �

+90

��
�.� ��.� � - � �� �
�.� ��.� � - � �� �

��
�.� ��.� �.�� �.�� - - �
�.� ��.� �.�� �.�� - - �
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�.�.� Preliminary scaling analysis

A preliminary scaling analysis is presented here with the goal of providing insights into the mecha-
nisms controlling the particle residence time behaviour of a nominal industrial scale SEVR. Table �.��
presents the nominal thermal scale of the present laboratory-scale SEVR device, Q̇s = � kW, com-
pared with that of a SEVR scaled up to a nominal industrial scale of Q̇s = ��MW. The preliminary
sizing of the nominal industrial device has been determined by assuming constant solar thermal heat
�ux, so that the aperture area scales linearly with the thermal input (Aap / Q̇s) and by assuming
geometric similarity, so that all receiver dimensions scale with the square root of the thermal input
(Dc / Q̇

1/2
s ). By further assuming that the SEVR is scaled with constant inlet velocity and constant

e�ciency (i.e. that mass �ow rates scale linearly with thermal input, ṁp, ṁair / Q̇s), it can be seen
from Table �.�� that the nominal residence time of the scaled-up receiver is two orders of magnitude
longer than that of the laboratory-scale receiver (with a four order of magnitude increase in thermal
scale). The choice of constant velocity scaling is reasonable for �ows with particles in suspension
because the velocity cannot be reduced signi�cantly without resulting in particle drop-out and also
cannot be increased signi�cantly without resulting in both excessive fan power requirements and
excessive erosion. It should be noted that this preliminary scaling analysis is intended to provide
insight into the controlling mechanisms at larger scale, rather than providing a guide to the design
of a scaled-up SEVR, which is a complex process that requires data at larger scale.

It can also be seen from the preliminary scaling analysis presented in Table �.�� that particles
of the same size in the scaled industrial receiver have lower values of both Frcyl and Skout by two
orders of magnitude because dimensions of the receiver scale with the square root of thermal input,
Dc,Dout / Q̇

1/2
s . That is, this scaled-up SEVR would operate with relatively low Froude number

and therefore the Froude-Stokes regime of operation would be more likely. Furthermore, for this
scaling, the particle size is an order of magnitude larger to achieve the equivalent Froude-Stokes
behaviour. That is, a particle size of dp = ��� µm would have the same Skout ⇠� in the larger device
as the dp = �� µm particles in the laboratory-scale device, although the nominal residence time is
two orders of magnitude greater. This implies that the in�uence of the tilt angle of the scaled-up
SEVR on the residence time of particles will be insigni�cant for particles dp < ��� µm, indicating
that the particle residence time characteristics of a tower-mounted SEVR using particles of this
size will be constant, regardless of the required tilt angle for a given heliostat �eld layout. This
potentially provides �exibility for incorporation of the scaled-up SEVR into CST systems with a
range of tilt angles and is signi�cant because many current industrial processes operate with particles
of approximately this size. It should also be noted that alternative commonly used materials for
particles in solar thermal receivers (e.g. ceramic particles) will likely have di�erent density to the
polymer particles used in the present study. This implies that the dimensionless Stokes numbers of
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alternative particles (with alternative size and density) will need to be compared to gain insight
into the likely residence time characteristics of alternative particles in a scaled-up SEVR.

The in�uence of higher operating temperatures on the particle residence time characteristics of a
scaled-up SEVR can be estimated by also assuming constant velocity scaling and geometric similarity.
Under these assumptions, the largest impact of increasing operating temperatures would be the
change in gas-phase properties, most notable, the gas density and viscosity. For example, an operating
temperature of ����K would reduce air density, and hence mass �ow rate, in the scaled-up SEVR
by a factor of �.� relative to room temperature (���K). Although this will decrease the gas-phase
mass �ow rate, the e�ect on the particle RTD is expected to be minimal. The particle residence
time is expected to be more signi�cantly in�uenced by the gas-phase velocity, which is a function of
the gas volumetric �ow rate, rather than the mass �ow rate. However, the increase in operating
temperatures will typically increase gas-phase viscosity, which in turn will decrease the characteristic
Stokes number, Skout (because Skout / µ

�1
air with constant Uin, ⇢p, dp and geometry). For instance,

an increase in operating temperatures from ���K to ����K will decrease Skout by a factor of �.�.
The impact of this decrease in Skout is di�cult to predict in general, because the in�uence of Stokes
number is typically non-linear, such that a factor of �.� is expected to in�uence the two-phase �ow
only where Skout ⇠ � (Lau & Nathan ����; Lau & Nathan ����). That is, for cases where Skout � �
the e�ect of higher operating temperatures is expected to be small, while for cases where Skout ⇠
�, the reduction in Skout with higher operating temperatures will result in the particle-phase RTD
more closely matching the gas-phase residence time. In summary, a change in operating temperature
is only expected to signi�cantly in�uence the particle RTD characteristics for cases where Skout ⇠ �.
However, experimental data are required to truly assess the impact of temperature on the particle
residence time within the SEVR.
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Table �.��: Comparison of key operational and dimensionless parameters of the Solar Expanding Vortex
Receiver (SEVR) at the present laboratory-scale with the equivalent values from a preliminary scaling analysis
of the receiver at a nominal industrial scale. The preliminary scaling analysis assumes constant inlet velocity,

volumetric loading and heat �ux through the aperture, as well as geometric similarity of the SEVR.

SEVR at laboratory-scale SEVR scaled to industrial-scale

Q̇s [kW] � ��⇥ ���

Dc [m]a �.�� ��
Uin [m s��]b ��.� ��.� ��.� ��.�
⌧nom [s]c �.� �.� ��� ���
Frcyl d �.� �.� �.��� �.���
Skout for dp = �� µme �.� �.� �.��� �.���
Skout for dp = �� µme ��.� ��.� �.��� �.���
Skout for dp = ��� µme ⇠��� ⇠��� ⇠�.� ⇠�.�
Skout for dp = ��� µme ⇠���� ⇠���� ⇠��.� ⇠��.�

aDc / Q̇1/2
s ; b Constant velocity scaling; c (Vr/V̇air) / (Q̇3/2

s /Q̇s), ⌧nom / Q̇1/2
s ;

d Frcyl / Q̇�1/2
s ; e Skout / Q̇�1/2

s , (Skout / dp 2).
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�.� Key �ndings

A method for directly measuring the residence time distribution of the particle phase has been
demonstrated in a laboratory-scale vortex-based solar particle receiver-reactor. Systematic assess-
ment of the in�uence of particle size, inlet velocity, and air volumetric �ow rate on the particle RTD
within the SEVR con�guration of vortex-based solar particle receiver with a vertical orientation
relevant to beam-down solar concentrating optics has revealed two regimes of particle behaviour: a
low Froude number regime, where Stokes number is also important, and a high Froude number
regime, dominated by centrifugal inertial forces in a similar manner to cyclonic separators.

In the low Froude number regime of operation, termed the Froude-Stokes regime, the characteristic
Froude number of the vortex within the cylindrical section of the receiver is less than four, i.e. Frcyl
< �. The characteristics of this regime of operation are:

• the Stokes number of the two-phase �ow at the outlet from the device, Skout, has the greatest
in�uence on the residence time of particles. Increasing Skout increases the residence time of
particles due to their greater inertia, particularly in the vicinity of the radially-oriented outlet,
making them more likely to be recirculated within the vessel; and

• the low Froude number implies that gravity is also important, which, for the vertical orienta-
tion, increases the likelihood that particles will be returned to the base of the vessel with the
central reversed �ow zone of the vortex.

Within the above regime, for a vertical orientation, both mechanisms work synergistically to
preferentially increase the residence time of larger particles, relative to smaller particles.

The high Froude number regime of operation, termed the cyclonic regime, occurs for Frcyl > � and is
characterised by the greater centrifugal inertial force acting on the particles. The characteristics of
this regime of operation are:

• the centrifugal inertial force acting on the particles due to their tangential velocity is large
enough to preferentially distribute particles near to the wall of the receiver. This keeps them
out of the central reversed �ow zone generated by the vortex; and

• the close proximity of the particles to the outer wall means that particles are more likely to
exit the receiver and have shorter residence time than if they are recirculated through the
central reversed �ow zone.

Systematic variation of receiver tilt angle with two inlet velocities, and two particles sizes has
revealed that alignment of the central axis of the SEVR relative to gravity has a signi�cant in�uence
on the particle RTD for large particles (Skout > ��), while it is relatively weak for small particles
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(Skout ⇠�). This implies that it may be preferable to operate a tower-mounted SEVR ( > 0°) with
Skout ⇠ �, so that the receiver’s particle residence time characteristics are independent of the tilt
angle and the range of possible heliostat �eld and central tower system con�gurations.

It was found that the residence time of higher Stokes number particles relative to those of order unity
is increased by upward facing receiver orientations (i.e. with negative tilt angles,  < 0°) due to their
increased inertia at the radially-oriented outlet and the in�uence of gravity in recirculating particles
to the bottom of the receiver. For these upward facing orientations and the conditions assessed here,
the increase in particle residence time with higher Stokes numbers is strong for operation in the low
Froude number Froude-Stokes regime, while the increase is weaker for operation in the higher Froude
number cyclonic regime, due to the greater importance of the inertial centrifugal force in retaining
particles in suspension �ow near to the receiver outlet. It was further found that, for downward
facing receiver orientation (i.e. positive tilt angles,  > 0°), the particle residence time decreases
with increasing Stokes number, which can be attributed to the weaker response to the vortex �ow of
particles with higher Stokes number. These higher Stokes number particles therefore, have a more
direct path to the exit due to the e�ect of gravity, than smaller particles which are entrained within
the vortical �ow for a longer duration. This e�ect was found to occur for both Froude numbers
assessed, so that for  > 0°, the residence time trend of the high and low Froude number regimes is
the same.

From a receiver-reactor design point of view, it was found that the SEVR operating in the vertical
beam-down orientation ( =�90°) can be well described with an ideal reactor compartment model
consisting of a small plug �ow reactor followed by a series of two interconnected CSTRs. For
operation in the Froude-Stokes regime (low Froude number) the experimentally observed particle
recirculation phenomenon is accounted for in this compartment model with back-mixing between
the two CSTRs. For the cyclonic regime of operation (high Froude number) the back-mixing between
the CSTRs is negligible.

The in�uence of receiver tilt angle from a receiver-reactor design point of view is such that, for the
largest particles assessed (dp = �� µm), increasing the tilt angle of the device switches between well-
stirred mixing conditions to plug �ow particle RTD characteristics. The mixing behaviour of the
smallest particles assessed (dp = �� µm) were found to have intermediate mixing behaviour between
well-stirred and a plug �ow, which is independent of the tilt angle. The modi�ed compartment
model describing this receiver tilt angle e�ect, incorporates an additional branch containing a
PFR in parallel with the two CSTRs. In this model con�guration, the proportioning of the larger
particles between the two parallel branches is dependent on the tilt angle, such that negative tilt
angles favour the CSTR branch and undergo signi�cant recirculation and long residence times,
while positive tilt angles favour the PFR with shorter residence times. The smaller particle residence
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time behaviour is described exclusively with the �rst PFR and the CSTR branch of the compartment
model, which is the same as that described for the beam-down tilt angle.

A preliminary scaling analysis of the present receiver con�guration scaled to a nominal industrial
scale of ��MW has shown that particles of size ��� µm and smaller would have residence time
behaviour similar to the smallest particles considered in the present experimental assessment with
Skout ⇠�. That is, the in�uence of receiver tilt angle on the residence time of particle with dp <

��� µm would be small, which indicates �exibility for incorporation of the scaled-up SEVR into
CST systems. Although the design of a scaled-up receiver is a complex process requiring further
data of operation at larger scale.
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Solar Calcination of Alumina

The third aspect of the performance of vortex-based solar particle receivers investigated in this thesis
is the novel application of the device to an industrial thermochemical process: the calcination of
alumina. This investigation was performed in a laboratory-scale vortex-based solar particle receiver,
providing the �rst-of-a-kind demonstration that alumina can be calcined with concentrated solar
radiation.

The experimental parameters of solar radiative �ux, transport air volumetric �ow rate and particle
mass feed rate were systematically varied to assess the in�uence of key controlling parameters on
the extent to which alumina can be calcined in a SVR. Additionally, assessments are made, as to the
in�uence of the solar calcination process on the quality of alumina produced in terms of moisture
content and microstructure. Finally a projection of the potential performance of an industrial-scale
solar reactor is made, based on the experimental performance of the laboratory-scale device.

The material in this chapter has been published in the journal article:

Davis, D, Müller, F, Saw, WL, Steinfeld, A & Nathan, GJ ����, ‘Solar-driven alumina calcination
for CO� mitigation and improved product quality’, Green Chemistry, vol. ��, no. ��, pp. ����–
����.

The article in its published format is available at: https://doi.org/��.����/c�gc�����g
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�. Solar Calcination of Alumina

�.� Experimental methodology

�.�.� Solar reactor

The vortex-based solar particle reactor (solar vortex reactor, SVR) used for the investigation of
the calcination of alumina is shown schematically in Figure �.�. This con�guration was developed
previously for the gasi�cation of petroleum coke (Z’Graggen et al. ����) and the cracking of natural
gas (Maag et al. ����a). It consists of a ���mm-long, ���mm-diameter ceramic lined cylindrical
cavity-receiver, enclosed by a ���mm-long, ���mm-diameter Inconel ��� shell and a water-cooled
aluminium frustum with a �mm-thick transparent fused quartz window. The �ow of transport
air and suspended Al(OH)� particles is con�ned to the cavity-receiver and is directly exposed
to concentrated solar radiation entering through a ��mm-diameter aperture, with an apparent
absorptivity estimated to exceed ��% (Howell et al. ����). The window is cooled and protected from
particle deposition by two injected air �ows: one entering radially through a circular gap directed
over the internal face of the window (with �ow rate � – � Ln min��), and a second through four
tangential nozzles on the frustum (with �ow rate � – � Ln min��). The combination of the two
purge �ows suppresses the migration of particles into the frustum region. The vortex transport gas
�ow of synthetic air was generated by two tangentially oriented nozzles at the top (� – � Ln min��

air �ow) and the bottom (� – � Ln min�� air �ow) of the cavity and ��mm behind the aperture.
The particles were fed to the reactor through the tangential nozzle at the top of the cavity.

�.�.� Reactants

Aluminium hydroxide particles in the gibbsite form with a purity of ��% were used as the reactant.
Figure �.� presents the particle size distribution of the Al(OH)�, whose mean was ��.� µm as
determined with laser scattering (HORIBA LA-���). The SSA of the particles was found to be
�.�m� g��, determined with Brunauer-Emmett-Teller method (BET, Belsorp-max). Particles were
entrained and fed using a �uidised bed feeder designed to operate over the range � – � gmin��.
Two streams of air were used to control the feeding of the Al(OH)� particles, one entering through
a sintered plate at the bottom of the feeder to �uidise the particles, and a second �ow passing
through a horizontal �mm-diameter carrier tube, which is aligned approximately ��mm below
the top of the static particle bed. A �mm hole in the upper surface of the carrier tube was used to
entrain particles into the carrier tube air �ow. The gibbsite mass feed rate was monitored online
with weight scales (Kern FKB).
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Figure �.�: Schematic diagram of (a) the axial cross section; and (b) the front view of the solar vortex reactor.

Figure �.�: Size distribution of the reactant gibbsite particles fed to the reactor.
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�. Solar Calcination of Alumina

�.�.� Experimental arrangement

The experimental arrangement is shown in Figure �.�. Measurements were performed with the
High-Flux Solar Simulator of ETH Zurich, which comprises an array of � high-pressure Xenon arcs,
each close-coupled with truncated ellipsoidal specular re�ectors. This provides an external source
of intense thermal radiation – mostly in the visible and IR spectra – that closely approximates
the heat transfer characteristics of highly concentrating solar optical systems. The solar radiative
input power, Q̇s, was measured optically with a Lambertian target and a calibrated CCD camera.
Q̇s was varied over the range �.� – �.� kW, which corresponds to mean solar concentration ratios,
C , through the aperture in the range ���� – ���� suns (� sun = � kWm��). Temperatures were
measured with type-K thermocouples at locations shown in Figure �.�. A reference nominal reactor
temperature, Treactor, was measured with an Al�O�-shielded thermocouple located within the cavity
as shown in Figure �.�. The nominal wall temperature, Twall, was calculated as the average of seven
thermocouples located on the outside of the Inconel shell (r = 61mm), covered with insulation, at
various z-' locations: (��mm, �°); (���mm, �°; ��°; ���°; ���°); (���mm, �°; ���°).

The total transport air normal �ow rate, V̇air,n, was controlled with electronic �ow controllers
(Bronkhorst HI-TEC). Dry synthetic air was used as the transport air with normal �ow rates, V̇air,n, in
the range ��.� – ��.� Ln min��. Additionally, for one experimental run the water vapour partial
pressure in the reactor was controlled by adding steam to the air �ow of the second tangential inlet
with an electric steam generator (Bronkhorst F- ���C). The steam was injected with a mass �ow rate
of ṁsteam = �.�� gmin�� corresponding to a vapour partial pressure of ��.�mbar.

The gibbsite particle nominal residence time, ⌧nom, within the reactor was calculated from the cavity
volume, Vr, and the total volumetric �ow rate of transport air and gas product, V̇air (V̇air,n corrected
for reactor temperature). The V̇air input of the present investigation led to ⌧nom = �.�� – �.�� s. The
similar value of nominal residence time in the present experimental facility to that of an industrial
device despite three orders of magnitude smaller volume is attributed in part to much smaller
ratio of the diameter of the inlet pipe to that of the reactor and, in part, to di�erent methods of
determining residence time. Experiments reported in Chapter � have shown that the actual particle
residence time is unlikely to be equal to the nominal value, however, for particles that have low
enough inertia that they follow the gas vortex �ow closely (i.e. the Stokes number is ⌧ 1), it is
reasonable to assume that the trends presented here as a function of ⌧nom will be reliable. An average
Stokes number of the particles transported through the SVR is de�ned, following Derksen et al.
(����), as:

SkDerksen =
⇢pd

2
pUin

18µDc
, (�.�)

which is calculated for the present investigation to be SkDerksen ⌧ 1.
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�.�. Experimental methodology

The Al(OH)� particles were fed to the reactor with constant feeder conditions at ambient tempera-
ture and at mass �ow rates, ṁAl(OH)� , in the range �.�� – �.�� gmin��. The particle to air volume
fraction, �, was controlled over the range �.��⇥ ���� – �.��⇥ ���� with changes to either V̇air or
ṁAl(OH)� , and is de�ned as:

� =
V̇Al(OH)�

V̇air
. (�.�)

The product particles were collected in a settling chamber downstream from the reactor. The water
vapor concentration in the outlet air, ṁH�O, was measured online, downstream from the settling
chamber, with a dew point sensor (Vaisala DMT���).

Measurements were taken at approximately steady-state and isothermal (to within ��K) conditions,
which follows a period of pre-heating to the desired temperature. Operating parameters were
averaged over the duration of reactant particle feeding. A summary of the operating conditions of
the �� nominally steady-state experimental runs is provided in Table �.� (with additional details
provided in Appendix C).

Perforated
plate

Hole

Ventilation

Al(OH)3

Air

Dew point sensor

1

2

3
4

5

6

7

a)

b)

c)

d)

e)

f)

High-flux
solar simulator

T

TT

Figure �.�: Experimental arrangement used to calcine alumina with the high-�ux simulated solar radiation:
(T) thermocouples, (�) �uidised bed feeder, (�) weight scales, (�) mass �ow controllers, (�) piston valve, (�)
settling chamber (with particle collection), (�) hydrostatic over pressure system, (�) optional steam generator
unit, (a) radial window purge air, (b) tangential window purge air, (c) carrier air, (d) �uidising air, (e) �nd

tangential reactor inlet (no particles), (f) �uidising air exhaust connects to other gas �ows.
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�. Solar Calcination of Alumina

Table �.�: Summary of operational conditions for the �� nominally steady-state experimental runs.

# Q̇s V̇air,n ṁsteam ṁAl(OH)� Treactor Twall � ⌧nom

[W] [Ln min��] [gmin��] [gmin��] [K] [K] [-] [s]

� ���� ��.�� - �.�� ���� ���� �.��⇥ ���� �.��
� ���� ��.�� - �.�� ���� ���� �.��⇥ ���� �.��
� ���� ��.�� - �.�� ���� ���� �.��⇥ ���� �.��
� ���� ��.�� - �.�� ���� ��� �.��⇥ ���� �.��
� ���� ��.�� - �.�� ���� ���� �.��⇥ ���� �.��
� ���� ��.�� - �.�� ���� ��� �.��⇥ ���� �.��
� ���� ��.�� - �.�� ���� ���� �.��⇥ ���� �.��
� ���� ��.�� - �.�� ���� ���� �.��⇥ ���� �.��
� ���� ��.�� - �.�� ���� ��� �.��⇥ ���� �.��
�� ���� ��.�� - �.�� ���� ���� �.��⇥ ���� �.��
�� ���� ��.�� - �.�� ���� ���� �.��⇥ ���� �.��
�� ���� ��.�� - �.�� ���� ���� �.��⇥ ���� �.��
�� ���� ��.�� - �.�� ���� ���� �.��⇥ ���� �.��
�� ���� ��.�� - �.�� ���� ���� �.��⇥ ���� �.��
�� ���� ��.�� - �.�� ���� ���� �.��⇥ ���� �.��
�� ���� ��.�� - �.�� ���� ���� �.��⇥ ���� �.��
�� ���� ��.�� - �.�� ���� ��� �.��⇥ ���� �.��
�� ���� ��.�� - �.�� ���� ���� �.��⇥ ���� �.��
�� ���� ��.�� �.�� �.�� ���� ���� �.��⇥ ���� �.��
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�.�.� Product characterisation

Representative samples were taken from the collected particles in the settling chamber for post-
experimental analyses of the following parameters: the loss on ignition (LoI) determined from the
relative mass change during thermogravimetric analysis (TGA, Netzsch STA ��� CD); the particle
morphology imaged by scanning electron microscopy (SEM, Philips XL��); the phases present in
the sample by X-ray di�raction data (XRD, Rigaku MiniFlex ��� di�ractometer), and the product
microstructure, which was in turn evaluated by measurement of both SSA with the Brunauer-
Emmett-Tellermethod (BET, Belsorp-max) and pore size distributionwith the Barrett-Joyner-Halenda
method (BJH, Belsorp-max).

Figure �.� presents the relative mass changes for the reactant Al(OH)� and for a representative
solar-processed sample collected from the settling chamber as a function of the TGA reference
temperature, TTGA. This shows that the Al(OH)� begins to decompose at about ���K, following
which the mass loss increases to a maximum of ��.� wt.% corresponding to the complete conversion
of Al(OH)� to Al�O�. Figure �.� also shows that a small quantity of adsorbed moisture from the
cooled, solar-processed alumina sample is released during its re-heating from ambient temperature
to ���K. The mass of this process can be quanti�ed by the mass “Loss on Ignition” (LoI) in the
temperature range: ��� – ���K, denoted here as LoIads. The further mass loss of the solar-processed
alumina from its heating to higher temperatures corresponds to the mass percentage of unreacted
Al(OH)� in the solar-processed alumina. The LoI over this second range, ��� – ����K, is denoted
as LoIX and is used in the present investigation to calculate the overall molar conversion of Al(OH)�
to Al�O�,X , according to:

X =
2nAl�O�

nAl(OH)� + 2nAl�O�

, (�.�)

where, nAl�O� and nAl(OH)� are the molar quantities of alumina product and unreacted Al(OH)� in
the solar-processed alumina (as determined from LoIX ). The ISO standard for reporting alumina
moisture content is by the LoI1273, evaluated over the temperature range ��� – ����K (Hyland
et al. ����; Perander et al. ����; Sommerseth et al. ����). However, it has been shown that the
reactant Al(OH)� begins to decompose at temperatures below ���K, which means that the LoI1273
underestimates the amount of unreacted Al(OH)�. This provides justi�cation for the use of LoIads
and LoIX in the present investigation. Errors in the TGA measurements result from the large SSA
of transition aluminas and their reactivity with moisture in the air. This error a�ects measurement
of the LoIads most signi�cantly, but also a�ects the measurement of chemical conversion,X . The
relative errors in LoIads andX were determined to be ± �.�% and ± ��.�%, respectively, based on
repetitions of TGA tests and the maximum deviation from the mean result.

���



�. Solar Calcination of Alumina

Figure �.�: Relative mass change of the reactant Al(OH)� and a representative solar-processed alumina as a
function of the reference TGA temperature, TTGA during a dynamic TGA run between ���K and ����K
in synthetic air. The temperature ranges used in the present study for determining LoIads and LoIX are

indicated.
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�.�. Results & discussion

�.� Results & discussion

�.�.� Steady-state operation

The operational conditions for the �� nominally steady-state experimental runs listed in Table �.�
resulted in Treactor = ���� – ����K and Twall = ��� – ����K�. The solar energy conversion e�-
ciency, ⌘th, of the solar calcination process is de�ned to account for the energy required for the
endothermic calcination process, as well as the sensible heating of the reaction products and the
transport air, as follows:

⌘th =
�Ḣ

Q̇s
=

Ḣ
Tr
products � Ḣ

�
reactant +�Ḣair

Q̇s
. (�.�)

Here, the sensible heat of the transport air is included in the useful energy because an industrial
�ash calcination process recovers the majority of such sensible heat through downstream heat
exchangers, which are also used to pre-heat the particles. That is, the present solar reactor needs
to both heat and react the particles, while they enter an industrial reactor hot. The performance
indicators,X and ⌘th were measured to be in the rangeX = ��.� – ��.�% and ⌘th = �.� – ��.�%,
respectively. In terms of product quality parameters, the measured values of loss on ignition of
adsorbed moisture were LoIads = �.� – ��.�%, the measured values of SSA were found to be in
the range ���.� – ���.�m� g�� and the mean pore size was measured to be in the range dpore =
�.�� – �.�� nm.

Figure �.� presents the outputs from a typical experimental run (#�). Plotted are the temporal
variations of Q̇s, Treactor, Twall, ṁAl(OH)� , and ṁH�O. When the desired Twall was reached and steady
temperatures were measured, the particle feeding was turned on. The period, �� – ��min, is
considered to be nominally steady-state.

�X , ⌘th and XRD results are presented as functions of Twall rather than Treactor due to the greater number of
thermocouples contributing to the mean measurement and the lesser in�uence of direct irradiation on the thermocouple
reading.
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�. Solar Calcination of Alumina

Figure �.�: Temporal variations of solar radiative power input, Q̇s, reactor temperatures, Treactor and Twall,
particle mass feed rate, ṁAl(OH)� , and mass �ow rate of evolved water within the outlet stream, ṁH�O, during

a representative solar experimental run (#�).
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�.�.� Extent of calcination and e�ciency

Figure �.�a presents the dependence of X on Twall for all experimental runs with four di�erent
values of V̇air,n. It is evident that the reactor temperature has a controlling in�uence on the extent
of conversion, so that an increase in Twall results in greaterX . It can also be seen that a maximum
chemical conversion of ��.�% was obtained for Twall = ����K. Despite this temperature being within
the range typical of industrial �ash calciners, ���� – ����K (Eglinton et al. ����)), the conversion
was below ���%. This can be attributed both to the much smaller scale of the reactor in the present
study relative to industrial-scale calciners and to the additional stages in industrial calcination
systems, incorporating both particle preheating stages and a holding vessel, which together reduce
the temperature rise and/or residence time required for full conversion. Figure �.�b presents the
dependence of X on ⌧nom for three Twall. This shows that X is increased by an increase in ⌧nom,
although the in�uence is relatively weak in comparison with that of Twall. The trend of increasingX
with longer ⌧nom is also consistent with well-established understanding of the alumina calcination
reaction (Wefers & Misra ����; Whittington & Ilievski ����). The slightly stronger in�uence of
Twall than that of ⌧nom is further evident from results of experimental run �� with Twall = ����K,
which featured the greatestX despite having the shortest ⌧nom = �.�� s.

Figure �.�: The extent of chemical conversion,X , as a function of (a) the average characteristic wall tem-
perature, Twall, for four di�erent air normal �ow rates, V̇air,n, and for experimental runs � to ��; and (b) the
nominal particle residence time, ⌧nom, for three di�erent average characteristic wall temperatures, Twall. Also

shown are the linear lines of best �t for the data points in the two temperature ranges.
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�. Solar Calcination of Alumina

Figure �.� presents the dependence of ⌘th on V̇air (corrected for reactor temperature), for four
di�erent values of Twall. A maximum energy e�ciency of ��.�% was achieved for this reactor. It can
be seen that ⌘th increases with a reduction in Twall because both the conduction and re-radiation
losses depend on the reactor wall temperature. It can also be seen that, for a given value of Twall, ⌘th
increases with an increase in V̇air. This implies that an increase in the �ow rate of air and particles
causes a greater fraction of the radiation to be absorbed by the reactant and transport air than by
the walls, which increases the ratio of useful heat to losses. This in�uence on ⌘th of Twall and V̇air

is consistent with the �ndings reported in Chapter � and the values of ⌘th reported here are in a
similar range to those for the equivalent experimental conditions in Chapter �. The values of ⌘th for
this reactor are low relative to industrial-scale reactors but are comparable with those from other
laboratory-scale reactors (Z’Graggen et al. ����; Nikulshina et al. ����b). This is because the ratio
of internal surface area to internal volume of the reactor decreases with an increase in scale, causing
a greater fraction of energy to be absorbed by the reactants and transport air relative to the walls of
the reactor, which increases e�ciency consistent with the results from Figure �.�. In addition, large
scale industrial reactors are designed with heat integration and heat recovery systems to minimise
heat losses and maximise e�ciency.

Figure �.�: The energy e�ciency, ⌘th de�ned in Equation (�.�), of the present solar calcination reactor as
a function of the volumetric �ow rate of transport air, V̇air, for four di�erent wall temperatures, Twall. See

Table �.� for details.
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�.�.� Product quality: residual moisture

Figure �.� presents the LoIads as a function of �, for four di�erent values of Twall. It can be seen
that, for each value of Twall, the LoIads increases with �. This can be explained by the increase in
the concentration of water vapour, the gas-phase product of the reaction, due to an increase in
volumetric loading of particles. That is, an increase in the partial pressure of water vapour in the
reactor increases the resistance to the release of water into the gas phase. It can also be seen that
Twall has a second order in�uence on the LoIads, so that the highest Twall = ���� ± ��K resulted in
the lowest values of LoIads.

Figure �.�: Mass percentage of adsorbed moisture, LoIads, in the product from the solar reactor as a function
of the particle to air volume fraction, � de�ned in Equation (�.�), for four di�erent wall temperatures, Twall,

and experimental runs � to ��.

Table �.� presents the in�uence of the addition of steam (ṁsteam = �.�� gmin��) to the transport air
�ow on LoIads,X , and ⌘th, with all other operating conditions maintained nominally constant. It
can be seen that the additional steam input, resulting in a water vapour partial pressure of ��.�mbar,
has a signi�cant in�uence on the amount of surface moisture adsorbed by the alumina product,
consistent with the trends in Figure �.�. More speci�cally, the LoIads was found to increase from
�.��% (run #��) to �.��% (run #��). This can be explained by the increase in the partial pressure of
water vapour in the transport air, which inhibits the di�usion of chemically-released water vapour
into the gas phase. It also favours an increase in the readsorption of water vapour onto the surface of
the alumina particle. For reference, the partial pressure of water vapour generated by the complete
combustion of methane with ��% excess air is calculated to be ���.�mbar, which is more than twice
the ��.�mbar used in the present experiment. Because methane is the dominant component of
natural gas, which is the most common fuel used for industrial �ash calciners, this implies that
removing H�O from combustion by solar calcination has the potential to provide a signi�cant
bene�t to product quality by reducing the partial pressure of the gas-phase moisture. It can also be
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�. Solar Calcination of Alumina

noted from Table �.�, that the increase of the partial pressure of water vapour has no signi�cant
in�uence onX or ⌘th for the present conditions.

Table �.�: The in�uence of addition of steam to the transport air on the mass percentage of adsorbed moisture,
LoIads, extent of chemical conversion,X , and energy e�ciency, ⌘th, based on experimental runs �� and ��.

ṁsteam/ṁair # LoIads X ⌘th

[-] [wt. %] [mol. %] [%]

� �� �.�� ��.� ��.�
�.��� �� �.�� ��.� ��.�

�.�.� Product quality: alumina microstructure

Figure �.� presents SEM micrographs of the solid alumina product from experimental runs #�
(Twall = ���K), #�� (Twall = ����K), #�� (Twall = ����K) and #�� (Twall = ����K). It is clear that
slit-shaped pores have formed in the particles, whose width increases with the value of Twall. From
previous work, this can be deduced to result from the calcination reaction mechanism, in which the
structural hydroxyls (-OH) that hold gibbsite layers together are released rapidly as water during
the calcination process, causing the gibbsite layers to split and form slit-shaped pores (Boer ����;
Perander et al. ����).

Figure �.�� presents the mean pore diameter, dpore, and the total speci�c pore volume, Vpore, of the
solar processed alumina as a function ofX . It can be seen that both dpore and Vpore increase with an
increase inX , consistent with both the SEM micrographs (Figure �.�) and the previous assessments
for non-solar calcination by Perander et al. (����). ForX = ��.�%, dpore reaches up to �.� nm for
run ��. It can also be seen from a comparison with reported mean pore sizes of typical smelter
grade aluminas (SGAs) produced with industrial �ash calciners, presented as the open symbols in
Figure �.�� (Perander ����; Perander et al. ����; Wind & Raahauge ����), the solar process generates
larger values of dpore for a given value of X than does the conventional process. Extrapolation
suggests that dpore will continue to increase withX , so that solar-processed alumina has potential
to achieve a larger mean pore size than the majority of conventionally-processed aluminas, noting
the exception for two SGAs with pore size larger than � nm. It should also be recalled that the
solar-processed alumina has been calcined with residence times in the order of a few seconds. This
contrasts the industrial process, which also includes both a preheating stage and a holding vessel
to provide additional residence time for pore growth. That is, the solar process generates a higher
product quality by this measure than does the conventional processing, indicating potential to
improve hydrogen �uoride adsorption capacity in the downstream dry-scrubbing process.
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Figure �.�: SEM micrographs of solar-processed alumina obtained from experimental runs: (a) #� (Twall =

���K); (b) #�� (Twall = ����K); (c) #�� (Twall = ����K); and (d) #�� (Twall = ����K); at ����, ����, �����,
and ���� magni�cation, respectively.

Figure �.��: Mean pore diameter, dpore, and total speci�c pore volume, Vpore, of the solar-produced aluminas
as a function of the extent of chemical conversion,X , for experimental runs � to ��. Also shown with open
symbols are the typical mean pore diameter of nine SGAs produced with industrial calciners as reported in

the literature (Perander ����; Perander et al. ����; Wind & Raahauge ����)
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Figure �.�� presents the measured values of SSA for the solar-produced alumina as a function of
X . The �gure shows that SSA is nearly constant (mostly in the range ��� – ���m� g��) for lower
values ofX in the range �� – ��%, but then decreases with further increases inX to the minimum
of ���.�m� g�� forX = ��.�%. The present values of SSA are signi�cantly greater than previously
reported values of SGA produced industrially, as shown in Figure �.�� (Wind & Raahauge ����).
Nevertheless, more data are required before a reliable comparison with the industrial data can
be made, owing to the di�erent values of X for the experimental and industrial data, which is
associated with the di�erence in scale of the facilities.

Figure �.��: Speci�c surface area, SSA, of the present solar-produced aluminas as a function of the extent of
chemical conversion,X , for experimental runs � to ��. Also shown is the typicalX and SSA product quality

properties of SGA calcined in an industrial gas suspension calciner (Wind & Raahauge ����).

�.�.� Product quality: X-ray di�raction analysis

Figure �.�� presents a series of XRD spectra of alumina powder samples produced with di�erent
values of Twall, but at constant V̇air,n = �� Ln min�� (� = �.��⇥ ���� – �.��⇥ ���� ). For the case
with Twall = ���K, the presence of unconverted reactant can be seen from the discrete di�raction
peaks corresponding to gibbsite, notably from the two peaks of greatest intensity at 2✓ = ��.�° and
��.�°. For higher values of Twall the discrete di�raction peaks of gibbsite reduce in intensity and
are replaced by the more di�use di�raction peaks of the transition alumina. The presence of some
residual gibbsite in the alumina samples, which each combine many alumina particles, indicates
that a fraction of the particles did not reach su�cient temperature for long enough to convert all of
the original gibbsite. Given the wide size distribution of the particles, it is likely that the residual
gibbsite is preferentially partitioned in the larger particles, which require the longest residence time
for complete conversion. However, further work will be required to verify this. For Twall = ����K
and ����K a broad di�use peak at 2✓ = ��.�° can be seen, which corresponds to the �-Al�O� phase
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(Wefers &Misra ����; Kogure ����; Whittington & Ilievski ����). For Twall = ����K and ����K the
�-Al�O� peak is not present and the dominant di�use di�raction peaks occur at 2✓ = ��.�°, ��.�°,
��.�°, ��.�°, ��.�°, ��.�° and ��.�° corresponding to �-Al�O�. This is corroborated by an additional
analysis of the samples by Fourier Transform Infrared Spectroscopy (not shown), which found that
the spectra from the solar-processed alumina samples are characterised by a broad distribution
without sharp peaks. This is consistent with the alumina having a complex disordered structure,
which is typical of �-Al�O� and �-Al�O� (Boumaza et al. ����; Favaro et al. ����). It should also be
noted that the XRD results from the two cases with the highest Twall feature small discrete peaks
corresponding to ↵-Al�O� (2✓ = ��.�°, ��.�°, ��.�° and ��.�°), indicating that the particles reached
the temperature at which ↵-Al�O� forms (���� – ����K). Although it is di�cult to quantify the
relative presence of the transition aluminas due to their di�use di�raction peaks (Perander et al.
����; Perander et al. ����), it is clear that �-Al�O� is the predominant phase produced during solar
calcination, while small amounts of the ↵-Al�O� phase were also observed. This is consistent with
published results from re�nery-produced aluminas, in which the dominant alumina phase is also
�-Al�O�, while ↵-Al�O� makes up � – �%; see table �.� (Wind et al. ����). Taken together, these
results imply that high temperature solar calcination favours the reaction pathway of �- to �- to
↵-Al�O�, pathway (c) as outlined in Section �.�.� (Wefers & Misra ����; Ingram-Jones et al. ����;
Whittington & Ilievski ����).

Figure �.�� presents XRD spectra of solar-processed alumina samples produced with a range of values
of Twall for the lower transport air �ow rate, V̇air,n = �� Ln min�� (� = �.��⇥ ���� – �.��⇥ ���� ).
As for Figure �.��, the samples produced at lower temperatures have discrete di�raction peaks
corresponding to gibbsite, which also implies the presence of unreacted gibbsite. The general trend
is that the intensity of these peaks decreases with an increase in both Twall andX . The exception to
this is the alumina sample processed with Twall = ����K, which exhibits gibbsite di�raction peaks
with lower intensity than those of the two alumina samples processed with higher temperature.
It should also be noted from Figure �.�� that the only clearly visible discrete di�raction peaks of
gibbsite for the cases with low Twall are those at 2✓ angles of ��.�° and ��.�°. In contrast, numerous
discrete gibbsite peaks are visible for the alumina samples produced with low values of Twall and
larger values of V̇air,n (Figure �.��). The evolution of �-Al�O� at Twall = ���K and Twall = ����K
and the subsequent evolution of �-Al�O� is evident for both the lower and higher values V̇air,n =

�� Ln min�� and V̇air,n = �� Ln min��. However, di�raction peaks corresponding to the intermediate
aluminium oxyhydroxide, boehmite, are also visible in the XRD traces of Figure �.��. The di�raction
peaks at 2✓ values of ��.�° and ��.�° correspond to boehmite and are particularly evident from
the samples calcined with Twall = ����K and ����K. For the sample calcined at Twall = ����K, the
species that can be observed are unreacted gibbsite, boehmite and, most predominantly, �-Al�O�.
This indicates that, under these conditions, the calcination reaction follows both the �- to �- to
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Figure �.��: X-ray di�ractograms of gibbsite and solar-processed alumina samples produced with a series of
reactor temperatures (experimental runs �, �, �, �, �� and ��) with a constant normal �ow rate of transport
air (V̇air,n = �� Ln min��). The reference raw gibbsite X-ray di�ractogram is also shown at �/��th the intensity.
Annotations show where the di�raction peaks correspond to reported di�raction peaks of gibbsite (g),

�-Al�O�, �-Al�O� and ↵-Al�O� (COD PDF Card Nos. �������, ������� & �������).

↵-Al�O� pathway (pathway (c) as in Figure �.�� and outlined in Section �.�.�) and the boehmite to
�- to ↵-Al�O� pathway, pathway (b) as outlined in Section �.�.� (Wefers & Misra ����; Ingram-Jones
et al. ����; Whittington & Ilievski ����). The same particle size distribution was used throughout
the present investigation, suggesting that the boehmite formation is attributable to the increased
concentration of water vapour in the immediate presence of the reacting gibbsite particles due to
the lower value of V̇air,n, which can be deduced to increase �.
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Figure �.��: X-ray di�ractograms of solar-processed alumina samples produced with a series of reactor
temperatures (experimental runs �, �, ��, � and ��), with a constant normal �ow rate of transport air (V̇air,n

= �� Ln min��). Annotations show where the di�raction peaks correspond to reported di�raction peaks of
gibbsite (g), boehmite (b), �-Al�O� and �-Al�O� (COD PDF Card Nos. �������, ������� & �������).

�.�.� Projection to a ��MW SVR and comparison of the product quality with the conven-
tional process

Table �.�a presents the ratio of internal surface area to internal volume of the reactor, AS/Vr, the
thermal input of solar radiation, Q̇s, and the nominal particle residence time, ⌧nom, for the case of
greatest conversion in the present investigation. Predicted values for the ��MW industrial scale
are also shown, where the scale up procedure assumes constant C , constant �, constant input
velocity, geometric similarity and constant ⌘th (i.e. that ṁAl(OH)� scales linearly with thermal input).
The resulting scale up proportionality relationships are AS/Vr / Q̇

�1/2
s and ⌧nom / Q̇

1/2
s . The

assumption of constant input velocity is reasonable because the minimum velocity is set by the
need to transport particles, while higher values are undesirable to avoid erosion. The assumption of
constant e�ciency is conservative because the ���-fold reduction inAS/Vr with the increase in scale
will result in a signi�cant reduction in relative heat losses (Z’Graggen & Steinfeld ����b). Table �.�a
shows that, with these assumptions, the constant-velocity scale up results in a ���-fold increase in
⌧nom. Even though this represents an over-estimate of the increase in residence time because the
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scale-up process would also increase the relative diameter of the inlet gas stream, this is more than
o�set by the addition of the pre-heater and the holding vessel in the industrial process. That is,
scale-up can be expected to increase X and/or reduce the value of Treactor relative to the present
laboratory-scale investigation. It should be noted that the scaling assumption of geometric similarity
implies that the reactor aperture size will scale according to Dap / Q̇

�1/2
s , so that the scaled-up

SVR would have an aperture diameter of �m. This larger size presents di�culties with the design
of large-scale sealing windows or an open reactor that avoids the egress of particles. Furthermore,
the larger thermal mass of the scaled-up device and the need for continuous calcination operation
potentially requires the use hybrid solar-combustion technologies (Nathan et al. ����; Nathan
et al. ����b). However, the goal of this scaling analysis is to provide insights into the mechanisms
controlling the solar calcination process at larger scale, rather than providing a guide to the design
of a scaled-up solar calcination reactor, which is a complex process.

Table �.�b presents the parameters used to characterise the product quality for the present alumina
product with greatestX (run #��), together with typical properties of SGA produced in industrial
�ash calciners as reported in the literature (Whittington & Ilievski ����; Metson et al. ����;
Perander et al. ����; Perander ����; Wind & Raahauge ����; Perander et al. ����; Wind et al. ����).
This shows that the minimum LoI1273 of �.��% achieved in the present investigation is somewhat
higher than the typical value of alumina produced in industrial �ash calciners. However, given that
extent of conversion increases with ⌧nom, it can be deduced that the LoI1273 would decrease to <
�% with scale up of the solar reactor, which would comply with industrial requirements (Wind &
Raahauge ����). Furthermore, the additional incorporation of the preheating stages and holding
vessels employed in current industrial processes, which provide su�cient residence time to achieve
both a high conversion and a high surface area, can be expected to allow the solar reactor to be
operated at lower temperature (Wind & Raahauge ����). It can also be seen that the dominant
alumina phase of the present solar product is �-Al�O� with small amounts of ↵-Al�O�, which is
consistent with that found in industrial processes. However, traces of gibbsite were also found from
the XRD in the present samples of calcined solar alumina, which implies a poorer quality than is
required for SGA. On the other hand, the SSA of the solar-processed alumina was found to be
much higher than typical for SGA, which is consistent with the small scale, since SSA is expected
to decrease with an increase in conversion. Of particular note is that the mean pore size of the
solar-calcined alumina is in the upper range of industrially-produced alumina. This represents a
bene�t from solar calcination of alumina over conventional combustion-driven calcination.
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�. Solar Calcination of Alumina

�.� Key �ndings

The �rst-of-a-kind demonstration of the thermochemical calcination of alumina with concentrated
solar thermal radiation has been undertaken with a laboratory-scale solar vortex reactor. This shows
that it is technically possible to calcine alumina without combustion and its concomitant CO�

emissions, at least during those periods when the solar resource is available. The experimental
investigation of this solar process with a systematic variation of operating parameters revealed the
following:

• The extent of chemical conversion from aluminium hydroxide to aluminium oxide increases
with the solar radiative power input, and hence also with the reactor temperature, to a
maximum value of ��.�% for the present investigation with a laboratory-scale reactor (�.� kW
of solar radiative power and an average reactor wall temperature of ����K).

• The reactor temperature is the dominant experimental variable controlling the extent of solar
calcination.

• An increase in the nominal particle residence time has a secondary in�uence, also increasing
the extent of conversion.

• Solar energy conversion e�ciencies of up to ��.�% were measured for this small-scale reactor,
on the basis that both the sensible and chemical heat are included as the useful heat, which is
consistent with the high level of heat recovery from industrial processes. A higher reactor
temperature results in a drop in e�ciency, due to greater re-radiation and conduction losses.

• It is expected that the extent of calcination and energy e�ciency will increase with the scale
up of the SVR, allowing for lower reactor temperatures due to the longer particle residence
time and relatively lower heat losses associated with larger scale reactors.

Product quality assessments of the solar-calcined alumina provide strong evidence that solar calcina-
tion can result in improved quality alumina, relative to conventional industrially-calcined alumina.
This is supported by the following �ndings:

• The addition of steam (to a water vapour partial pressure of ��.�mbar) to the reactor transport
gas �ow resulted in an increase in the amount of adsorbed moisture (from �.��% to �.��%).
This implies that the use of solar calcination, which avoids the production of steam by
combustion, can reduce the amount of surface-adsorbed moisture in the alumina product
(which is deleterious to alumina smelting). Consistent with this, the amount of moisture
adsorbed by the alumina surface also depends on the particle to air volume fraction. This
is because an increase in the partial pressure of water vapour, resulting from an increase in
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particle to air volume fraction, was found to inhibit di�usion of the water vapour into the
transporting air phase.

• The solar-produced aluminas of the present investigation are characterised by a relatively large
speci�c surface area and mesoporous structure (with large pore sizes), which is desirable for
increased hydrogen �uoride adsorption required for the downstream dry-scrubbing process in
aluminium smelting. The mean pore size of the solar-produced alumina was found to increase
with the extent of conversion and can be expected to increase further with scale-up. The
conditions producing the greatest conversion of ��.�% were associated with a speci�c surface
area of ���.�m� g�� and critically, a mean pore diameter of �.� nm.

• The X-ray di�raction analysis revealed that the alumina produced with concentrated solar
thermal energy is typically characterised by a high fraction of �-Al�O� phase and a low fraction
of ↵-Al�O�. This is consistent with published results from re�nery-produced aluminas.
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Summary & Outlook

In summary, the present thesis has characterised the thermal performance, particle residence time
performance and alumina calcination performance of vortex-based solar particle receiver-reactors
(SVRs) with systematic studies of the in�uence of a range of key input and design parameters on each
of these performance aspects. This investigation has identi�ed that the use of a gas-particle vortex
�ow within a solar thermal particle receiver allows the device to be con�gured in alternate ways and
to operate in a range of alternate regimes; including particle or air heating; highly recirculating or
plug �ow conditions; sensible heating of inert particles; and thermochemical reaction of particles.
The conclusions presented below outline the new understanding that has been derived from the
investigation. This contributes to the development of SVR technology and its potential scale up
and case-by-case optimisation for di�erent applications, including the supply of high temperature
renewable process heat and the thermochemical processing of particles, in the interest of displacing
the use of CO� emitting fuels.

�.� Conclusions

A one-dimensional numerical model of the heat and mass transport processes within a SVR has been
developed and validated, allowing for the systematic assessment of a range of operating parameters
and geometric con�gurations. It has been identi�ed that SVRs have the potential to operate
primarily within particle or gas heating regimes, which is attributed to the e�cient absorption
of direct irradiation by the particle phase and high rates of turbulent heat transfer between the
gas phase, the particle phase and the receiver wall. This presents an opportunity for the combined
solar processing of particles and provision of high temperature solar process heat, via a gaseous
stream, to additional subsystems within a CST system. However, the performance of additional
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heat exchanger and particle separation subsystems would also need to be assessed. For the cases
considered here, the particle mass loading at the inlet stream is the dominant parameter controlling
whether the SVR primarily heats the particle or gas phase. Investigation of the in�uence of the
two-phase �ow direction revealed that alternative �ow directions result in signi�cantly di�erent
particle, gas and wall temperature distributions through the receiver, which, in turn, in�uences the
thermal e�ciency. It was found that the �ow con�guration of the SEVR – in which the two-phase
�ow proceeds from the rear to front of the receiver in the direction opposite to the incoming
concentrated solar radiation – tends to increase the thermal e�ciency of the receiver. This is due to
the majority of particle/gas heating occurring in the front of the receiver near to the aperture, so
that the temperature distribution in the rear of the receiver is on average lower and thermal losses
are lower. Also, for the sensible heating of inert particles, it was found that the optimal length of the
SVR is controlled by the balance between increased solar energy absorption and increased heat losses
through the receiver wall, so that modelling is required to optimise the receiver on a case-by-case
basis. However, for reacting particles, there is also potential to con�gure the receiver length such
that particles achieve a given reaction temperature for a given residence time, so that the extent of
chemical conversion can be optimised. More details of the �ndings from the numerical thermal
performance investigation can be found in Section §�.�. This study of the sensitivity of thermal
performance to the key input and geometric parameters of particle/gas mass �ow rates, two-phase
�ow direction, particle size and receiver length provides the new understanding that is required
to further develop the SVR technology in a range of con�gurations for potential deployment at
larger scale. However, further work is needed to better identify the techno-economic potential of
the various options with which to employ the SVR within an industrial system.

A fast-response, non-intrusive, inline, optical method for the measurement of particle residence
time distributions within a SVR has been developed. This method is based on the injection of a pulse
of monodisperse particles into the SVR operating with steady-state vortex �ow of gas and allows for
the assessment of the in�uence of particle size on the particle RTD within the vessel, which has not
previously been implemented. This method was used to assess the in�uence of key dimensionless
parameters on the particle residence time behaviour within a receiver of SEVR con�guration. It was
found that the particle residence time behaviour can be con�gured to generate various alternative
characteristics, depending primarily on the Froude number of the two-phase vortex �ow. The
SEVR can be con�gured to enhance the recirculation of large particles, relative to small particles, by
operating in the low Froude number Froude-Stokes regime (Frcyl < �) and orienting the receiver with
negative tilt angle (two-phase �ow proceeds in the direction against gravity). Within this regime, the
outlet Stokes number was found to have a controlling in�uence on particle residence time, such that
the particle residence time increases with Skout. Operation in the Froude-Stokes regime is potentially
bene�cial to the processing of polydisperse particles and, therefore, has potential advantages for
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application to a range of current industrial processes that also process particles with a wide range of
sizes. Alternatively, the SEVR can be con�gured to feature uniform residence times that are not
signi�cantly in�uenced by Stokes number, by operating in the high Froude number cyclonic regime
(Frcyl > �). This is potentially bene�cial to processes that require all particles to be processed with
uniform residence time, so that they have uniform product quality. The calcination of alumina is
one example of this type of process. Taken together, this highlights the �exibility of SVR technology
in being able to operate within a range of alternative regimes for various applications, although
further work is required to better understand the in�uence of these various regimes on the thermal
performance of the device.

Further demonstration of the �exibility of SVR technology is provided by the assessment of the
in�uence of a range of tilt angles of the SEVR on the particle RTD within the receiver. It was found
that the in�uence of the receiver tilt angle on the particle residence time is weak for small particles.
This implies that it is preferable to operate tower-mounted systems (i.e. with downward facing
receiver tilt angles) with small particles whose outlet Stokes number is approximately (or smaller
than) unity. Furthermore, preliminary projections of the performance of a scaled up SEVR, based on
the dimensionless analysis of the device’s operation at laboratory-scale, found that this same weak
in�uence of tilt angle on particle residence time can be expected for a SEVR scaled up to a nominal
size of ��MW and operating with particles of approximately ��� µm (assuming constant particle
density). This preliminary assessment suggests that the device has strong potential for application as
a tower-mounted solar receiver that can operate �exibly with a range of tilt angles, so that in a CST
system, optimal heliostat �eld layouts could be sought without limitations imposed by any required
receiver tilt angles. In addition, a key challenge to the implementation of industrial scale CST
technologies is their response to the natural variations of the solar resource over hourly, daily and
yearly time periods. It has been shown here that SVRs have potential to respond to this variation in
solar resource by tuning the particle residence time. More details of the �ndings from the systematic
study of particle residence times in the SEVR con�guration can be found in Section §�.�. This study
provides the �rst experimental characterisation of particle residence times within a SVR and new
understanding of the in�uence of key dimensionless parameters.

Finally, a �rst-of-a-kind experimental investigation demonstrated that alumina can be calcined with
concentrated solar radiation in a small-scale SVR. It was found that the extent to which aluminium
hydroxide was converted to aluminium oxide in the SVR increases with the solar radiative power
input, hence also with the temperature of the SVR, up to a maximum of ��.�% for the present
investigation and selected laboratory-scale SVR con�guration. The reactor temperature was found
to have the strongest in�uence on the extent of chemical conversion, while an increase in the nominal
residence time was found to have only a secondary in�uence of increasing the conversion. Additional
details of the key�ndings from this experimental investigation can be found in Section §�.�. Potential
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improvements in the alumina product quality (particle pore diameter and speci�c surface area)
were also identi�ed, relative to the quality of alumina produced with the conventional industrial
Bayer process. That is, the mean pore diameter and speci�c surface area of the solar-generated
alumina with the greatest chemical conversion were found to be �.� nm and ���.�m� g��, respectively,
which are higher values than are typical for industrial smelter grade alumina. This suggests that
concentrated solar thermal processing can be used to improve the quality of alumina over existing
fossil fuel-based processes though a combination of a high heating rate and avoided contamination
by combustion products. Preliminary projections of the performance of the solar calcination process
with a scaled up SVR, based on dimensionless analysis of the operation of the device at laboratory-
scale, suggest that complete conversion of the gibbsite particles to smelter grade alumina could be
achieved with the possibility also of lower reactor temperatures and improved e�ciency relative to
that of the present laboratory-scale investigation. This suggests that the use of a refractory-lined
steel SVR vessel for this solar-driven process has the potential to avoid the discharge of ��� kg-CO�

per tonne-alumina of combustion-derived emissions for the calcination stage of the conventional
Bayer process, at least during those periods when the solar resource is available. However, further
work is needed to better understand the economic feasibility of such a process, together with the
technical feasibility of performing the alumina calcination process with a whole CST system over
longer periods.

�.� Recommendations for future work

The further development of vortex-based solar particle receiver-reactor technology will require
investigations into the following areas.

• Assessment of the in�uence of higher regimes of particle loading (within the four-way coupling
regime) on the aerodynamics and heat transfer mechanisms of the two-phase vortex �ow will
be useful for the validation of heat transfer models and will provide important understanding
of the requirements to ensure stability of the vortex �ow for a range of receiver scales. This
is because the heat transfer modelling of the thermal performance in the present thesis
identi�ed potential bene�ts of higher particle loading (ṁp/ṁair > �, � > �⇥ ����) to the
thermal e�ciency of the device. However, the data available for the performance of such a
device in this four-way coupling regime are limited. Furthermore, both the residence time
and solar calcination investigations were limited to operation with low particle loading
within the one and two-way coupling regimes ṁp/ṁair < �, � < �⇥ ����), so that the new
understanding of the particle residence time behaviour and alumina calcination performance
is limited to these lower regimes of particle loading. These higher loading assessments may
require in situ measurements of particle/gas temperature and particle concentration, together
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with the extension of the present RTD measurement technique to enable the tracer pulse
response to be recorded during steady-state operation in high mass loading regimes.

• Experimental visualisation of the two-phase gas-particle vortex �ow �eld within SVRs will
provide a deeper understanding of the sensitivity of particle trajectories within the device
to the gaseous �ow �eld. Chapter � infers particle trajectories within the SEVR based on a
combination of particle residence time measurements, analysis of dimensionless parameters
and CFD modelling, without directly measuring the particle motion within the device. Exper-
imental methods, such as particle image velocimetry, are required to directly track particle
�ows within SVRs as well as to provide data for model validation.

• Investigation into the impact of a range of particle residence time distributions on the thermal
performance of a SVR will provide useful information as to the required tuning of the RTD
to achieve certain performance targets for the device (e.g. a given particle outlet temperature,
or a given reaction extent). Chapter � presents the �rst direct measurements of particle
RTD in such an entrained �ow solar particle receiver, from which a compartment model
has been developed to describe the residence this time behaviour for the range of operating
conditions assessed in the present thesis. This compartment model is a useful design tool that
could be incorporated into simpli�ed receiver heat transfer models (such as that presented in
Chapter �) to assess the in�uence of realistic particle RTDs on the thermal performance of the
receiver. Furthermore, such a simpli�ed heat transfer model that incorporates a compartment
model for residence time behaviour could be combined with kinetic data of the alumina
calcination reaction to develop models that predict the solar alumina calcination process
performance in SVRs under a range of alternative operating conditions and receiver tilt
angles.

• The work presented in the main chapters of this thesis considers idealised spherical and
monodisperse particles that enable assessments to be made about the in�uence of particle size
on the performance of SVRs. However, particles of non-spherical shape and of polydisperse
size distribution are also a common occurrence in many industrial and natural processes.
Anisotropic particles translate, orient and rotate in turbulent �ows in a way that is di�erent
to and much more complex than spherical particles (Voth & Soldati ����). In a SVR, such
particles will have a di�erent response to the vortex gas �ow �eld and will likely exhibit
di�erent particle residence time characteristics, compared to spherical particles. Therefore,
future work can potentially assess the thermal performance and particle residence time
performance of SVRs that operate with anisotropic and polydisperse particles.

• It is recommended that future work assesses the potential for windowless operation of a SVR,
which may require that the receiver operates with negative pressure (relative to ambient)
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�. Summary & Outlook

to minimise particle egress. This could potentially be achieved with the use of a vacuum
pump downstream of the receiver outlet port. It would be useful for future assessments to
characterise the extent to which particles egress or air ingresses through the aperture with a
systematic assessment of a range of operating and geometric parameters. Such an investigation
could be extended to provide new understanding of the in�uence of windowless receiver
operation on the particle RTDs within the receiver, together with new understanding of the
impact of windowless operation on the solar calcination of alumina process.

• Understanding the impact of long term SVR operation on the particle properties will also be
important for the potential scale up of such a device. That is, how does continuous cycling
through the vortex �ow of an SVR in a high �ux concentrated solar radiation environment
impact a particle in terms of its optical properties and its attrition? Particle comminution
will likely be inevitable with such a continuous process, and so the impact of the resulting
�nes on the receiver and CST system will need to be investigated. Furthermore, abrasion of
the receiver walls by the two-phase vortex �ow should also be investigated.
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for the reference case geometry and operating conditions (Table �.�), for varying
mass �ow rates of the particle and air phases. . . . . . . . . . . . . . . . . . . . . . ��

�.�� Calculated axial temperature distributions of the receiver wall, Tw, the particle
phase, Tp, and the air phase, Tair, for the SVR with front entry �ow con�gura-
tion and two di�erent values of particle size, dp = �� and �� µm. Geometry and
operational conditions of the reference case were used. . . . . . . . . . . . . . . . . ��

���



List of Figures

�.�� The dependence on particle diameter, dp, of the performance of the SVR with
reference case geometry and operating conditions, and for four di�erent values of
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A B S T R A C T

We report a first-order assessment of a novel vortex-based solar particle receiver and the sensitivity of its thermal
performance to a number of key operational parameters. This assessment is made with a one-dimensional nu-
merical model developed here to adapt the zonal method to calculate heat and mass transport within the en-
closure of the solar vortex receiver (SVR) and to incorporate radiative and convective heat transfer between the
particle phase, the air phase and the receiver wall together with re-radiative and conductive loss from the
receiver. This simplified one-dimensional model allows for the systematic assessment of first order trends of mass
and energy balance within the SVR and is used here to advance understanding of the dominant mechanisms
controlling its thermal performance. Sensitivity studies of the thermal performance of the SVR reveal that the
receiver can be configured to operate as either an air-heater or a particle-heater, depending primarily on the
particle mass loading. For the present SVR configuration, the critical value of mass loading, mp/mair ≈ 1 was
found to define the boundary, above which the device acts as a particle heater, and below which it acts as an air
heater. Furthermore, an assessment of the two-phase flow direction found that a counter-flow (relative to the
incident concentrated solar radiation) tends to result in a higher efficiency than a co-flow direction. The first
order trends of the sensitivity of thermal performance of the SVR to the particle and air mass flow rates, particle
size and receiver length were also assessed, finding that the ratio of receiver thermal input to heat capacity of the
two-phase flow has a controlling influence on the thermal efficiency of the SVR, particularly with the front entry
configuration. Overall receiver thermal efficiencies of up to 88% were predicted for the SVR operating with high
mass flow rates of both particles and air, but it is expected that the thermal efficiency of the device for all
operating conditions assessed here would increase with an increase in receiver scale from the laboratory-scale
device considered here.

1. Introduction

New technologies are required to achieve operating temperatures
up to and above 1000 °C with concentrated solar thermal (CST) energy.
This is because solar receivers in current commercially available sys-
tems are limited to ∼600 °C due to radiative flux limitations arising
from the use of indirect irradiation and the temperature limitations of
the heat transfer medium (Ho, 2016). Temperatures in the range
700–1000 °C are being sought to enable the use of new advanced power
cycles for concentrating solar power (CSP), such as Brayton cycles with
recuperation and combined bottoming cycles as well as supercritical-
CO2 cycles (Besarati and Goswami, 2017; Stein and Buck, 2017). Op-
erating temperatures of a similar range and even higher are also re-
quired for the application of solar energy into high temperature

thermochemical processes via process heat, such as alumina and lime
calcination (Davis et al., 2017; Flamant et al., 1980; Steinfeld et al.,
1992), the gasification of carbonaceous feedstocks (Lichty et al., 2010;
Z'Graggen et al., 2006), metal reduction (Kräupl and Steinfeld, 2001;
Lapp et al., 2012) and the production of solar hydrogen (Kodama and
Gokon, 2007; Perkins and Weimer, 2009; Sattler et al., 2017; Steinfeld,
2005). Solid particles are a heat transfer medium which, due to their
high surface area per unit mass and capacity for direct irradiation, offer
the potential to achieve receiver exit temperatures of over 1000 °C to-
gether with a low-cost storage medium (Ho, 2016; Ho and Iverson,
2014; Tan and Chen, 2010; Wu et al., 2014). However, little is known of
their thermal performance during transient operation over long periods,
which requires models of sufficient accuracy to estimate energetic
performance with first-order accuracy and numerical simplicity to
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allow a model to be solved for half-hour time-steps for multiple years
(Saw et al., 2017). The overall objective of the present investigation is
therefore to develop a one-dimensional model of a particle receiver
with first-order accuracy of energetic performance for potential appli-
cation in system models within high temperature power and thermo-
chemical process systems.

One class of solar particle receiver technologies that has received
significant attention employs direct irradiation to heat particles that are
transported by a carrier gas within a vortex flow in a cylindrical cavity,
termed the solar vortex receiver (SVR). Vortex-based solar particle re-
ceiver-reactors have been used to experimentally demonstrate several
solar thermochemical processes (Davis et al., 2017; Hirsch and
Steinfeld, 2004b; Steinfeld et al., 1992; Z'Graggen et al., 2006). They
have the advantage of highly efficient heat transfer to the particle phase
due to direct irradiation, as demonstrated by a high chemical conver-
sion with residence times on the order of seconds (Davis et al., 2017;
Z'Graggen et al., 2006). A vortex-based solar particle receiver is one
device that enables the heating of particles to temperatures of more
than 1000 °C with CST, but can be configured in many alternative ways.
A simple one-dimensional model is useful to allow a wide range of
configurations to be assessed rapidly within a system during transient
operation, which is necessary because transients have a first order
impact on performance in solar thermal systems (Kueh et al., 2015).
The optimal configuration of a solar thermal particle receiver cannot be

determined in isolation from other components but must be calculated
together with that of the pneumatic conveying system, thermal storage
system and hybridisation system (Nathan et al., 2017a,b), because their
thermal performances also vary with turn-down. Hence, determining
the transient performance of the SVR within a system of complex
components requires a model that is sufficiently simple to avoid ex-
cessive computational expense and sufficiently accurate to account for
the dominant physical processes within them. However, no first order
model of the SVR is presently available. The aim of the present in-
vestigation is therefore to meet this need for a first-order model of the
SVR.

A large number of solar thermochemical investigations have been
undertaken previously using a SVR in which the concentrated solar
radiation enters through a transparent quartz window aligned normal
to the axis of a cylindrical cavity, while a gas transporting particles is
introduced tangentially at the window-end of the cavity and both the
particles and gases emerge axially from the rear of the cavity (Davis
et al., 2017; Hirsch and Steinfeld, 2004b; Müller et al., 2017; Z'Graggen
et al., 2007; Z'Graggen et al., 2006). The residence time of a 5 kW re-
actor is on the order of seconds and has achieved temperatures over
1000 °C. However, these experimental demonstrations were each con-
ducted with a single geometric configuration, so that no information is
available about how the performance may vary with changes to the
relative dimensions. In addition, an alternative configuration of the SVR

Nomenclature

A area [m2]
cp constant pressure specific heat capacity [J/kg K]
D diameter [m]
dp particle diameter [µm]
Eb blackbody emissive power [W]
F radiation shape factor
H rate of enthalpy change [W]
h coefficient of heat transfer [W/m2 K], specific enthalpy [J/

kg]
J radiosity [W/m2]
k thermal conductivity [W/mK]
L total length of the receiver [m]
m1p mass of one particle [kg]
m mass flow rate [kg/s]
Np number of particles
Np number flow rate of particles [1/s]
Nu Nusselt number
n number of axial discretisations
Q rate of heat transfer [W]
Qs solar radiative power input [W]
q heat flux [W/m2]
qs solar radiative flux input [W/m2]
r radial coordinate [mm]
Re Reynolds number
T temperature [K]
U velocity [m/s]
V volume [m3]
V volumetric flow rate [m3/s]
z axial coordinate [mm]
α receiver cone angle [°], absorptivity
� emissivity
�max maximum absolute difference between two consecutive

iterations
� linear radiation extinction coefficient [1/m]
�th overall thermal efficiency [%]
ρ density [kg/m3]
σ Stefan-Boltzmann constant

� residence time [s]
� particle to air volume fraction
χair-p energy absorption ratio

Subscripts

air air phase
ap aperture (fictive surface)
back the back entry configuration
c cavity
d-b the down-beam face of an element (relative to the direc-

tion of the concentrated solar radiation input)
end end wall
fr front wall
front the front entry configuration
i a given element
j a given element
i− 1 the element up-beam of a given element, i
i+1 the element down-beam of a given element, i
in inlet
measured from experimental measurements
modelled from with the present numerical model
nom nominal
out outlet
p particle phase
r receiver
u-b the up-beam face of an element (relative to the direction of

the concentrated solar radiation input)
w receiver wall
∞ surroundings

Abbreviations

CFD computational fluid dynamics
CSP concentrating solar power
CST concentrated solar thermal
SVR solar vortex receiver
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has recently been investigated with a view to mitigating a key challenge
to the original configuration associated with particle deposition on the
window. Chinnici et al. (2015) proposed that by introducing the vortex
gas-particle flow at the opposite end of the receiver cavity to the
aperture and altering the geometry of the cavity (the cone angle and
aperture-to-cavity diameter ratio) the propensity for particles to be
transported through the aperture, and toward the window, is sig-
nificantly reduced. The efficacy of the aerodynamic mechanism that
facilitates the reduction in transport through the aperture has been
demonstrated through validated combination of experiments and
computational fluid dynamic (CFD) modelling (Chinnici et al., 2015;
Chinnici et al., 2016). However, no previous study of the influence on
the thermal performance of the two-phase gas-particle flow direction
(front entry or back entry) within the SVR is available in the literature.
Since it is expensive and time-consuming to fabricate and experimen-
tally compare the performance of multiple receiver geometries and
configurations, simplified models, which enable timely comparison of
the thermal performance of many different cases, are required.

Several models of the heat transfer within entrained flow solar
particle receiver-reactors have been developed, spanning simple one-
dimensional models to more complex three-dimensional CFD models.
These are complementary because CFD models are generally too com-
putationally expensive to be used to assess a large number of receiver
configurations and operating cases. In contrast, a one-dimensional
model of the particle receiver operation can provide powerful insights
into the dominant mechanisms influencing the thermal performance,
before narrowing down to a limited number of configurations that
justify the use of more detailed and computationally-expensive CFD
models. Previous examples of first order models include the assessment
by van Eyk et al. (2016) of an entrained flow solar reactor for the ga-
sification of coal. They adapted a long furnace model (Kasule et al.,
2012) to incorporate high-flux solar radiation in a reactor with a one-
dimensional axial flow of gas and coal particles. Such lower dimension
models (Kasule et al., 2012; van Eyk et al., 2016) have proven useful for
sensitivity studies of a large number of configurations but are not well
suited to assess the influence of geometry on heat transfer in a relatively
short reactor. In contrast, the zonal model has been used to assess re-
latively short devices in which radiative heat transfer is important. The
method has been used to predict gas and refractory wall temperature
profiles in a furnace (Hottel and Cohen, 1958), a rotary kiln (Jenkins
and Moles, 1981) and, in a modified form, to investigate radiation ex-
change associated with the solid particle phase in the furnace of a coal
boiler (Cañadas et al., 1990). In each of these cases, radiation is treated

as non-directional, as is typical of combustion. Solar concentrators,
however, provide highly directional concentrated solar radiation to the
receiver-reactor. Therefore, the zonal method of analysis needs to be
modified to incorporate high-flux directional solar radiation as the heat
input to the enclosure, so that its influence on the two-phase gas-par-
ticle flow within the receiver and the receiver’s enclosure walls can be
assessed. The directionality of concentrated solar radiation can alter-
natively be modelled with the use of advanced Monte Carlo and finite
volume modelling techniques, as has been developed for the steam
gasification reaction of carbonaceous particles in the SVR (Z'Graggen
and Steinfeld, 2008a,b; Z’Graggen and Steinfeld, 2009). These models
have been validated at 5 kW laboratory-scale and have been used to
conduct extensive sensitivity analyses of molar extent of reaction and
thermal efficiency to key input parameters, such as solar thermal input,
feedstock feed rates and particle size. Despite significant modelling
efforts characterising the solar steam-gasification of carbonaceous
feedstocks in the SVR, there is a need for less computationally-intensive
models of the sensible heating of a range of particle sizes in such a
vortex-based solar particle receiver, which can be used to assess the
influence of receiver geometry on the distribution of temperature and
modes of heat transfer, while incorporating the directionality of the
concentrated solar radiation input.

To meet these needs, the overall objective of the present paper is to
assess the first-order trends of mass and energy balance within the SVR
with a one-dimensional heat transfer model of the device. Specifically,
this paper aims to assess the trends in thermal performance of the SVR
as a function of the particle/gas flow rates, particle loading and size,
receiver geometry and flow direction. The SVR can be configured to
heat either the particle phase or the gas phase as the primary energy
carrier and useful heat can also be recovered from the other phase
through a secondary heat exchanger. Therefore the overall thermal
efficiency incorporating enthalpy changes of both the particle and air
phases between the inlet and the outlet of the receiver are assessed
here, together with the partitioning of solar energy absorption between
the particle and air phases, and the air and particle temperature rise
through the receiver.

2. Methodology

2.1. Model description and assumptions

The one-dimensional heat transfer model presented here adapts the
zonal method of Hottel and Cohen (1958) and Hottel and Sarofim

Fig. 1. Schematic diagrams of (a) the solar vortex receiver (SVR) showing concentrated solar radiation entering the receiver through the aperture, together with two
tangential inlets for air and particles; and (b) the simplified model, showing the discretisation regime used in the present numerical model. The n cylindrical and
conical volume elements are enclosed by n cylindrical and conical wall surface elements as well as by the additional surfaces of the aperture and the front wall. The
temperature of the particle and air phases as well as the wall temperature of a given element, i, are also shown.

D. Davis et al. 6RODU�(QHUJ\���������������²���

���



(1967) for application to the solar vortex receiver (SVR). This method
requires that a simple one-dimensional flow pattern and particle dis-
tribution within the receiver cavity be known or assumed. The en-
closure is then discretised into a number of volume zones (containing
gas and particle phases) and surface zones that are small enough to be
considered isothermal. A consideration of the energy balance for each
of the zones (or elements) results in a set of simultaneous equations that
can be solved to determine a one-dimensional distribution of particle,
gas and wall temperatures within the receiver.

Fig. 1a presents a simplified schematic representation of the SVR
first employed for the solar gasification of carbonaceous feedstocks
(Z'Graggen et al., 2006). This shows that concentrated solar radiation
enters the cylindrical receiver cavity through a circular aperture. The
two-phase vortex flow of particles and air is established with two tan-
gentially-oriented inlets located at the front of the receiver and the
vortex flow proceeds to the rear, axially-oriented exit.

Fig. 1b presents the simplified SVR internal geometry and the dis-
cretisation regime for the present numerical model, considering only
the internal volume of the cylindrical cavity. The receiver internal vo-
lume is discretised into n elements along the axial coordinate of the
receiver, z, where each element, i, comprises a cylindrical or conical
disk of air and particles in a two-phase combination. Each disk element,
i, is bounded by a cylindrical or conical wall element. For an element, i,
the width of the volume and surface zones is equal to L/n, while their
diameter is equal to Dc for those in the cylindrical section of the receiver
and 2(L− z)tanα+ Dend in the conical section of the receiver. Within
an element i, the particle phase is of a uniform temperature, Tp,i, as
shown in Fig. 1b. Similarly, the air phase is Tair,i and the wall is treated
as isothermal at temperature Tw,i. The additional aperture, front and
end surfaces are treated also as isothermal surfaces and included in the
energy balance equations. While the receiver pictured in Fig. 1a has two
tangential inlets, the one dimensional discretisation of the receiver
(Fig. 1b) does not take into account the inlet conditions or distinguish
between the two inlets. That is, the mass flowrate of particles and gas
into the first discretised element (i=1) models the total mass flow rate
from the two tangential inlets of the practical receiver.

To incorporate the influence of the three-dimensional receiver
geometry on the one-dimensional axial distribution of radiative heat
transfer within the receiver, the present model calculates the radiative
shape factors for the internal walls of the SVR as a function of the re-
ceiver geometry – Dap, Dc, L, α and Dend shown in Fig. 1b. In addition to
the n discretised cylindrical or conical wall surface elements, three
additional surfaces are required to enclose the receiver cavity: the
aperture surface (a disk), the front wall (an annulus surrounding the
aperture disk) and the end wall (a disk). The shape factors between all
discretised receiver walls, wi, and the aperture, front and end walls are
then calculated assuming diffuse radiation and using the reciprocity
relation, to be:

=F

F F F F F
F F F F F

F F F F F
F F F F F
F F F F F

,

w w w w w ap w fr w end

w w w w w ap w fr w end

ap w ap w ap ap ap fr ap end

fr w fr w fr ap fr fr fr end

end w end w end ap end fr end end

1 1 1 2 1 1 1

2 1 2 2 2 2 2

1 2

1 2

1 2 (1)
where =F 1j

n
i j for all i. For i=w1,… wn, fr, end, the radiation shape

factors Fi-j were calculated according to analytical equations for the
equivalent geometry (Buschman and Pittman, 1961; Feingold, 1978;
Hamilton and Morgan, 1952; Leuenberger and Person, 1954; Sparrow
and Jonsson, 1963). Details of these calculations are provided in the
Supplementary material.

The model is based on the following assumptions:

(1) The gas-particle flow proceeds in one direction only, along paths
parallel to the receiver’s axial axis (z-axis) with constant mass flow

rates (plug flow). The residence time of particles, �p, in the receiver
is therefore considered to be equal to the nominal air residence
time, i.e. �p= �nom= Vr/V air (where Vr is the total internal volume
of the receiver and V air is the volumetric flow rate of air corrected
for temperature). The number of particles within the receiver at a
given instant, Np, is then calculated as follows:

= =N N
m
m

,p p p
p

p
p

1 (2)
where Np is the number flow rate of particles into the receiver,mp is
the mass flow rate of the particle phase and m1p is the mass of a
single particle. Since the actual flow within the SVR is swirling, an
alternative interpretation of this assumption is that the residence
time is controlled by the axial component of the flow, or that the
influence of the characteristic recirculation zone (Chinnici et al.,
2017) is small. This assumption is expected to be reasonable for
configurations with relatively low Swirl number, but the model will
under-estimate both the residence time and the number density of
particles within the receiver at larger Swirl numbers and will also
assume the wrong axial flow direction within sub-volumes (such as
along the axis), although the bulk flow direction remains correct.
This limitation could be addressed in future versions of the model
by adjusting the residence time and number density based on other
input parameters, such as geometry and Stokes number. To modify
the flow in the axial direction due to the recirculation zone would
require a recirculation model to be developed. However, any of
these additional improvements would also require additional data
that are not yet available, so that they are not incorporated here.

(2) The particles assessed here are limited to dp < 100 µm, which is
small enough to be transported in suspension and to follow closely
the gas streamlines within the SVR. That is, the characteristic
Stokes number of the two-phase flow is less than unity and the
particles approach being flow tracers, providing justification to the
assumption that �p= �nom. Such particle sizes are typical of sus-
pension flow devices such as entrained flow gasifiers and flash
calciners in the cement and alumina industry for which particles are
conveyed pneumatically (Jenkins and Bertrand, 2001; Kasule et al.,
2012). It can therefore additionally be assumed that the role of
particle deposition onto the walls of the receiver is small. The
particles are assumed to be spherical with a monodisperse size
distribution for any given case.

(3) Particles are assumed to be uniformly distributed within each dis-
cretised volume element. Each volume element has an equal
number of particles, such that Np,i=Np/n, where Np,i is the number
of particle in a given element, i, and n is the number of volume
elements into which the receiver internal volume is discretised. This
one-dimensional simplification equates to an assumption that the
dominant gradient in energy flux is axial, which is consistent with
knowledge that the radiation is absorbed by the particles as it pe-
netrates axially into the device. This could readily be extended in
the future to account for radial gradients, but would require addi-
tional data that are not yet available. This assumption of a one-
dimensional distribution of particles is expected to be reasonable
for cases in which the two-phase flow is maintained in one- and
two-way coupling regimes (Elghobashi, 1994), which corresponds
to a particle to gas mass ratio, mp/mair < 2 for the present condi-
tions. To make this distinction, the boundaries between the regimes
is shown on the figures, where data in the four-way coupling regime
is shown in dashed lines to provide insight into likely trends in this
regime.

(4) The aperture was modelled as an opaque fictive surface of known
radiosity, Jap, that is equal in flux magnitude and direction to the
incident concentrated solar radiative flux, following the modelling
method of (Tescari et al., 2013). The directional distribution of
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radiosity from the fictive aperture surface was weighted according
to available experimental data for concentrated solar radiation
entering a cylindrical cavity through a circular aperture, based on a
7 lamp solar simulator focussed at the aperture plane of the SVR.
That is, for each geometrical receiver configuration assessed in this
investigation, Fap-j was calculated with the use of a Monte Carlo ray
tracer, CUtrace, which is freely available online at MATLAB Central
(Rowe et al., 2015). It is further assumed that no mass transfer
occurs through the aperture (no convective heat loss through the
aperture) and that any thermal effects of the secondary con-
centrator are negligible. The method of treating the aperture as a
fictive surface is justified by Tescari et al. (2013), who found no
significant difference in the predicted temperature distributions of a
laboratory-scale solar rotary kiln compared with those from a more
computationally-intensive discrete ordinates method of radiation
modelling. Note that the difference between the assumption of di-
rectional radiation from the fictive aperture surface and diffuse
radiation (as with the internal discretised surface elements) is
presented in Fig. 5 for the model validation. The assumption of
directional radiation provides better validation of the model.

(5) Concentrated solar radiation emitted by the fictive aperture surface
is absorbed either by the particles in suspension or by the receiver
walls. The linear radiation extinction coefficient �, is also used to
model the rate at which the concentrated solar radiation intensity
decreases along the axial coordinate of the receiver due to this
absorption by the particle phase and the receiver walls. This is
calculated as follows:

= d
N
V4
,p p

p

r

2
(3)

where dp is the particle size, and �p is the emissivity of the particle.
The linear radiation extinction coefficient is used due to the one-
dimensional discretisation of the receiver volume, so that the dif-
ference in solar radiative intensity between two axial locations is
equal to the solar radiation absorbed by the particles and wall
surface between the two locations, following van Eyk et al. (2016).

(6) Thermal radiation interchange between particles both within a
given discretised volume and between volumes is assumed to be
small relative to the incident concentrated solar radiation (Haugen
and Mitchell, 2015). This is because for the present conditions the
two-way coupling regime applies, that is, the SVR operates with
particle mass loadings of mp/mair < 2, corresponding to particle-
to-air volumetric loadings of �=V p/V air < 2× 10−4, according
to mp/mair =(V p/V air)(ρp/ρair). Further support for this assump-
tion can be found in the study by Jafarian et al. (2012) who found

that convective cooling dominates over radiation heat transfer
with a wall for individual particles of dp < 100 µm within con-
ditions relevant to the SVR. For these reasons and for the purpose
of a simplified heat transfer model, inter-particle radiation is ne-
glected in the present model, as was similarly assumed in the
development of a one-dimensional model of an entrained-flow
solar reactor for the gasification of coal (van Eyk et al., 2016).

(7) Thermal radiation heat transfer between the wall elements was
calculated in one dimension using the radiosity method with
shape factors calculated for the three-dimensional receiver geo-
metry. The fictive aperture surface is considered as a black body
absorber, whose radiosity matches the concentrated solar radia-
tion receiver input. Its incident radiation from all other cavity wall
elements is equal to the re-radiation losses of the receiver. The
particle phase is assumed not to participate in the thermal radia-
tion heat transfer between the internal walls because the low va-
lues of mass loading mp/mair < 2 (corresponding to volumetric
loading, V p/V air < 2× 10−4) are in the two-way coupling re-
gime and because the intensity of thermal radiation from the walls
is much lower than that entering through the aperture.

(8) Particle-to-wall radiative heat transfer is limited to within each
element. The surface area of this emission is equal to the total
surface area of particles within the element and all of this emission
is intercepted by the wall surface of the element. This is an over
estimate of the rate of radiative heat transfer between the particles
and the wall of the element.

(9) Radiation emission and absorption by the particle phase, the re-
ceiver wall and the aperture are considered to be equal over all
radiation wavelengths. Furthermore, both the particles and re-
ceiver walls are treated as grey bodies, for which Kirchhoff’s
identity holds, i.e. �= α. Their emissivities and absorptivities are
here assumed to be constant and independent of temperature.

(10) The gas phase is transparent, so that it does not participate in
radiation interactions.

(11) Each particle has a uniform temperature (i.e. there is no tem-
perature gradient within any particle) as justified by the calcula-
tion of the Biot number for the particles directly irradiated by a
concentrated source of thermal radiation following previous work
(Jafarian et al., 2013; Maag et al., 2009). This calculation was
made for the case of largest particle size and greatest radiative
intensity of the present investigation.

(12) Although the simple flow field proceeding in one direction only
does not consider the inlet conditions of a practical SVR, it is as-
sumed that the SVR operates in a fully-turbulent regime, as was
the case for the validation experiments (Davis et al., 2017;

Fig. 2. Schematic diagram of the two one-dimensional flow configurations assessed with the present model, with (a) a front entry, in which the flow proceeds from
the front to the rear of the receiver (elements 1 to n); and (b) a back entry configuration, in which the flow proceeds from the rear to the front of the receiver
(elements n to 1).
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Z'Graggen et al., 2006). Reynolds number will increase further
with scale up.

It should be noted that these assumptions allow for the development
of a simplified one-dimensional heat transfer model of the SVR for the
identification of first order trends of mass and energy balance.
Nevertheless, limitations to these assumptions exist particularly those
of uniform distribution of particles and the neglect of inter-particle
radiation, for cases of large volumetric loading. For this reason, model
results presented for cases of mass loading,mp/mair ≥ 2 (approximately
corresponding to volumetric loading �≥ 2× 10−4), are shown with
dashed lines, indicating higher degree of uncertainty. The trends pre-
sented nevertheless provide a valuable insight into the thermal per-
formance of the SVR.

2.2. Energy conservation equations

The energy conservation equation for the receiver cavity walls is
formulated using the radiosity method, in which the net radiant energy
absorbed by the wall of an element i, is balanced by heat lost to the air
through convection and to the surroundings by conduction through the
receiver walls. This equation can be written as follows:+ + =Q Q Q Q Q 0.ap w i w w i p w i w air i w i, , , , , (4)

The energy conservation equations for the air and particle phases
are formulated by accounting for the enthalpy change of mass trans-
ported across an element, i, due to various heat transfer mechanisms
within the element, i. For the particle and air phases respectively, the
energy balance can be written as follows:= +H Q Q Q Q ,p i ap p i p p i p air i p w i, , , , , (5)

= +H Q Q .air i p air i w air i, , , (6)
Fig. 2a presents the flow configuration for the case in which the

two-phase air-particle flow proceeds from the front to the rear of the
receiver (front entry). For this case, the enthalpy change across element
i (with datum state, h=0, at ambient temperature, T∞) is quantified
for the particle phase as follows:= =H H H m c T T m c T T( ) ( ),p i p i p i p p p i p i p p p i p i, , , 1 , , , , , 1 , 1

(7)
and for the air phase as follows:= =H H H m c T T

m c T T

( )

( ).
air i air i air i air p air i air i

air p air i air i

, , , 1 , , ,

, , 1 , 1 (8)
Fig. 2b presents the alternative case in which the two-phase air-

particle flow proceeds from the rear to the front of the receiver (back
entry). The enthalpy change across element i in this case is the differ-
ence in enthalpies from i+1 to i.

The specific formulation of the heat transfer terms in Eqs. (4), (5)
and (6) can be explained as follows. The equation=Q A F J eap w i ap ap w ap z, i

i i (9)
accounts for the solar radiative power emitted from the fictive aperture
surface (which in reality enters through the aperture from the optical
concentrator) that reaches the wall surface of element i. The imposed
radiosity of the aperture surface, Jap, is equivalent in flux magnitude
and direction to concentrated solar radiation, such that Qs=AapJap
where, Qs is the input solar energy to be modelled and Aap is the re-
ceiver aperture area. The shape factor, Fap wi, incorporates the direc-
tivity of the radiosity from the aperture along the one-dimensional
discretisation of surface and volume elements (following assumption 4),
while the exponential term accounts for the reduction in solar radiation
intensity due to absorption up-beam of element i along the one-di-
mensional discretisation of the receiver. The radial component of the

radiation path length in the exponential term of equation (9) was
considered in the development of the model, however, it was found to
have negligible impact on the temperature distributions calculated
through the receiver, and therefore negligible impact on the trends
presented here. To maintain the one-dimensionality of the present heat
transfer model, the radial component is not included here.

The equation

=Q A F J A J F(1 )w w i
j i ap

n

w i j j w i i i,
,

i i
(10)

accounts for the net thermal radiation exchange between all wall ele-
ments, j, and the wall surface of element i, including the wall element
itself and the end and front surfaces of the cavity, but not including the
aperture radiosity (which is defined in Eq. (9)). Following assumption 7
the re-radiation losses of the receiver are calculated as=Q A F Jw ap i

n
w w ap ii i .

The equation=Q N d h T T( )p w i p i p p w i p i w i, ,
2

, , , (11)
accounts for the thermal radiation interaction between the particles in
element i and the wall surface of element i, following assumption 8,
where the radiative heat transfer coefficient is defined as hp-
w,i= σ�p(Tp,i2+ Tw,i2)(Tp,i+ Tw,i).

The equation=Q h A T T( )w air i w air w i w i air i, , , , (12)
describes the heat lost from the cavity walls by forced convection to the
vortex flow of air, where the convective heat transfer coefficient is
calculated using the heat transfer correlation for cyclones:
NuDin=0.042ReDin0.8 (Szekely and Carr, 1966). Such a correlation was
similarly used by Hirsch and Steinfeld (2004a) in their radiative
transfer model of a vortex flow of methane in a cylindrical cavity and
applies for vortex flow in the fully turbulent regime. Although the re-
ceiver inlet conditions are not directly considered in the model, the
dimensions of the inlet are accounted for through the Nusselt and
Reynolds numbers in the heat transfer correlations. These are calcu-
lated with an effective diameter, Din, that gives an inlet velocity,
Uin=20m/s, from each of two circular jets according to the explicit
relationship: Din=[(2/π)× (V air,in/Uin)]1/2.

The equation=Q h A T T( )w i w w i wi, , (13)
accounts for the heat lost from the cavity walls by conduction through
the wall to the surroundings. The overall heat transfer coefficient for
heat lost to the surroundings is assumed to be uniform along the re-
ceiver, hw-∞=20W/m2 K. While this is reasonable for the small-scale
laboratory receiver chosen for validation, the conduction heat losses
can be minimised by sufficient insulation and by upscaling toward
commercial devices. Furthermore, conductive heat losses will not be
uniform over the receiver, as surface sections near the focal plane of the
concentrated solar radiation such as a secondary concentrator may re-
quire active cooling. It is expected that lower values of hw-∞ could be
achieved with larger scale of SVR, resulting in relatively higher overall
efficiency of the device. The sensitivity of thermal performance to the
value of hw-∞ is provided in the Supplementary material.

The equation=Q A F J e A F J e A F J eap p i ap ap i ap z ap ap i ap z ap ap w ap z, u b
i iu b

d b
i id b i

i i
-

-
- -

(14)
describes the amount of solar radiation absorbed by the particles in
element, i. This is equal to the amount of radiation entering the up-
beam face of the element, iu-b, less the radiation absorbed by the wall of
the element i and the radiation exiting the down-beam face of the
element, id-b, as shown in Fig. 3. Radiation intensity from the aperture
decreases along the axial direction of the receiver at a rate determined
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by the extinction coefficient, �, which is a function of the number of
particles in the elements up-beam of a given element and the total
volume of the elements up-beam of a given element, i. Following the
assumption that each element has an equal number of particles,
Np,i=Np/n, the radiation intensity at any axial location, zi, in the dis-
cretised receiver can be determined. This is used in Eqs. (9) and (14) to
determine the rate of solar energy absorption by the receiver wall and
the particle phase, and the spatial distribution of this absorption.

The equation
=Q N d h T T( )p air i p i p p air i p i air i, ,

2
, , , (15)

accounts for the heat transferred to the air phase in each element by
convection from the particle phase. It is assumed that convection heat
transfer between particles and air occurs as forced convection over a
sphere, where hp-air,i=(Nu× kair,i)/dp, and Nu=2 according to the
empirical relation for no-slip velocity between the particle and the air
(Jafarian et al., 2013). The area, over which the convective heat
transfer occurs is equal to the sum of the particle surface area of the
total number of particles in the element, i.

It should be noted that the heat transfer term for inter-particle ra-
diation, Qp-p,i in Eq. (5), is ignored here, following assumption 6.

2.3. Particle and air properties

The particles assessed in the present investigation are assumed to
have similar properties to CARBO-HSP, a high temperature ceramic
material that has been used previously in investigations of solar particle
receivers (Siegel et al., 2014; Siegel et al., 2015). The particle density
and emissivity, ρp=2000 kg/m3 and �p=0.93, are based on those of
CARBO-HSP (Siegel et al., 2014). The temperature-dependent relation
for the specific heat capacity, cp,p, used here is based on that of alu-
minium oxide due to the wider range of temperatures for which cp,p
data are available (Chase et al., 1998). These values of cp,p are never-
theless close to those of CARBO-HSP for the data that are available (Ho
et al., 2017; Siegel et al., 2015). Following the assumption that the
particle sizes investigated here are small enough to closely follow gas
streamlines and thus �p = �nom, the particle sizes under consideration
are limited to under 100 µm (Z'Graggen and Steinfeld, 2008a). For the
present study, air was used as the transport gas conveying particles in
suspension through the receiver. All thermophysical properties of the

air phase and their temperature dependencies were provided by
Hilsenrath (1955).

2.4. Solution technique

Fig. 4 presents a flow chart describing the solution algorithm used in
the present numerical model to attain a steady-state solution to a given
set of input parameters. The energy conservation equations (3), (4) and
(5) were rearranged to obtain explicit equations for Ji, Tp,i and Tair,i, for
all discretised elements, i=1… n (as well as for Jap, Jfr, Jend). The re-
sulting equations were then solved iteratively for each element and all
cavity wall surfaces using a Gauss-Seidel technique with the use of
MATLAB. With each iteration new values for Tp,i and Tair,i were calcu-
lated as well as new Tw,i from Ji according to:

Fig. 3. Schematic representation of concentrated solar radiation emitted from
the fictive aperture surface and either absorbed by the particles or the wall of a
given element, i, or passing through to down-beam elements. Shown are the
boundaries for the up-beam (iu-b) and down-beam (id-b) faces of element i.

Fig. 4. Solution algorithm flow chart for the present numerical heat transfer
model.
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To ensure adequate convergence, iterations were terminated when
the maximum absolute difference between two consecutive tempera-
ture values, �max, was< 10−6. It was found that the solution of the
energy balance equations and resulting temperature distributions was
independent of the number of axial elements for n=500 discretisa-
tions. This was number was used for each case assessed here.

2.5. Performance parameters

The thermal performance indicators of the SVR are the overall
thermal efficiency, �th, the energy absorption ratio, χair-p, and the par-
ticle and air phase outlet temperatures, Tp,out and Tair,out. These per-
formance parameters are defined as follows:

• The overall thermal efficiency of the receiver accounts for the heat
absorbed by both the particle and the air phase, which are both
considered to be useful. The efficiency of downstream components
of the system would need to be incorporated in a system model,
which lies outside the scope of the present paper. Hence the effi-
ciency of the receiver only is defined as follows:
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• The energy absorption ratio is the ratio of heat absorbed in the air
phase through the receiver to the heat absorbed by the particle
phase, defined as:

= H

H
.

air p

air

p (19)

• The particle and air outlet temperatures are defined as the steady
state particle and air phase temperatures resulting from the steady-
state solution in the last discretised receiver element (i= n), which
is: =T T ,p out p n, , (20)

=T T .air out air n, , (21)
Note that for the case of the back entry flow direction (Fig. 2b) the
outlet temperatures are the steady state solution temperature in the
first receiver element (i=1).

3. Model validation and reference case

The accuracy of the model was validated by comparison with ex-
perimental measurements for 16 separate cases of the solar sensible
heating of air in the solar vortex reactor (SVR). Table 1 lists the geo-
metric and operational conditions of the experimental measurements,
which were used as the input parameters to the present heat transfer
model. The overall conduction heat loss coefficient for the SVR used in
the present validation cases, hw-∞, was previously reported to be vari-
able along the receiver axial direction (Z'Graggen, 2008). Table 1 also
presents the reference case geometric and operational conditions for the
following sensitivity study, together with the range over which these
values were varied from those of the reference case.

The model results for the validation cases are compared with tem-
perature measurements taken in 8 locations: two air measurements
with Al2O3-shielded thermocouples 20mm inside (towards the central
axis) from the inner wall of the SVR at axial locations z=52mm and

162mm, and 6 wall measurements at axial locations z=50mm,
115mm (with three angular locations) and 190mm (with two angular
locations). For the comparison, the wall temperature measurement at
each axial location, z, was calculated as the average of all wall ther-
mocouple readings at that axial location and corrected for the tem-
perature gradient through the Inconel wall, such that the measurements
represented internal wall temperatures.

Fig. 5 compares measurements taken with the SVR for one experi-
mental validation case and the prediction of the present numerical model
with the two different assumptions of directional and diffuse radiation
emitted by the fictive aperture surface (as outlined in assumption 4 in
Section 2.1). It can be seen that the model with directional radiation
assumption predicts a wall temperature over the range 459–1408 K with
maximum temperature at z=97mm. It can also be seen that the model
overestimates the measured wall temperature at measurement locations,
z=115mm, and 190mm, however the hottest part of the predicted wall
temperature distribution is located near the middle of the receiver, as

Table 1
Geometric and operational input parameters to the present model for the re-
ference 16 validation cases and the sensitivity study reference case together
with the variation in input parameters for the following sensitivity study.
Input parameter Validation case values Reference

case value
Sensitivity study variation

Geometric
Dap [m] 0.050 0.050 –
Dap/Dc [–] 0.516 0.516 –
L/Dc [–] 2.547 2.55 1.00–4.00
α [°] 45 45 –
Operational
Flow direction Front entry Front entry Front/back entry
qs [kW/m2] 1086–2151 2000 –
mair [kg/s] 1.95–4.32× 10−4 4.00× 10−4 1.41–11.31× 10−4
mp/mair [–] – 1 0.354–1.414 (and 2–5.657)
dp [µm] – 40 10–80
Tin [K] 290 300 –
hw-∞ [W/m2K] 12–142 20 –
�w [–] 0.8 0.8 –

Fig. 5. A typical comparison between the measurements taken with the SVR
and the numerical model calculated with the assumption of either directional or
diffuse radiation from the fictive aperture surface. For this case, the solar ra-
diative power input, Qs = 2315.8 kW, and mass flow rate of air,
mair = 2.59× 10–4 kg/s. Errors from all cases are shown in Table 2.
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was similarly measured with the wall thermocouple measurements. Good
agreement can also be seen between air temperature measurements at
measurement locations, z=52mm, and 162mm and the predicted
temperature profile of air in the receiver with the directional radiation
assumption. In this validation case (and each other validation case) the
rear air thermocouple measurement was higher than the front mea-
surement, which provides justification for the use of the directional ra-
diation assumption. On the other hand, it can be seen for the diffuse
radiation assumption that the model predicts the air to be of lower
temperature at the rear measurement location compared to the front.
Similarly, the hottest part of the wall temperature distribution is pre-
dicted to occur at the front of the receiver, which is not borne out in the
temperature measurements made for each validation case.

A summary of the mean absolute relative error in the present model
compared to 16 cases of experimental measurement of the solar sensible
heating of air in the SVR is listed in Table 2. It can be seen that the
standard deviation of the absolute relative errors between the model
and experimental measurement varies over the range 4.5% and 10.9%
for the data that are available. This is deemed to be sufficient for the
present purposes. It should be noted that the mean errors presented in
Table 2 are lower than those resulting from the model with the as-
sumption of diffuse radiation from the aperture. No experimental
measurements of particle temperatures within the SVR are available for
the present validation.

4. Results & discussion

4.1. Reference case configuration performance

Fig. 6 presents the calculated dependence of the thermal perfor-
mance of the SVR on the mass flow rate of air for a series of values of

particle mass loading, as obtained from the present numerical model.
Here, the reference case geometry is assessed (Dap=0.050m, Dap/
Dc=0.516, L/Dc=2.55, α=45°) with front entry flow direction and a
constant solar thermal input qs=2000 kW/m2 (Qs=3.927 kW), par-
ticle size dp=40 µm, and inlet temperature Tin=300 K. Fig. 6a pre-
sents the dependence of �th on mair for nine different values of particle
mass loading,mp/mair . For each value ofmair assessed here in the range
1.414–11.31× 10−4 kg/s, mp is varied to assess the particle mass
loading, mp/mair , in the range 0.354–1.414 (together with
mp/mair =2.000–5.657 presented with dashed lines to represent a
higher level of uncertainty as discussed in assumption 3 in Section 2.1).
Lines of constant thermal input to total heat capacity of the two-phase
flow, Qs/(mpcp,p+maircp,air), are also plotted on Fig. 6a. It can be seen
that a decrease in this ratio, Qs/(mpcp,p+maircp,air), has the effect of
increasing �th, which is consistent with expectation because increasing
mass flow rates at a constant energy input will decrease the tempera-
ture rise of the two-phase flow by an energy balance. This in turn results
in lower thermal losses and a higher efficiency. Furthermore, for a
given Qs/(mpcp,p+maircp,air), there is a negligible change in �th, for the
range of mass loading values considered here. This indicates that, al-
though the particle and air phases undergo heating by different me-
chanisms at different rates, heat transfer to and between the particle
and air phases is fast enough for the performance of the SVR to be most
strongly correlated with the total heat capacity of the particle and air
throughput rather than the relative mass of each stream. It can also be
seen that �th increases both with mp/mair for all values of mair and with
mair for all values of mp/mair . This is because in both cases the input
heat is absorbed by a greater mass flow rate of either particles or air,
resulting in lower temperatures through the receiver and, in turn, lower
thermal losses. It should also be noted that the modest values of thermal
efficiency reported here are consistent with the small thermal scale of

Table 2
Model comparison with experimental measurements from the 16 validation cases of the solar sensible heating of air in the SVR.
Measurement Mean absolute relative error, |(Tmodelled− Tmeasured)|/Tmeasured Minimum absolute relative

error
Maximum absolute relative
error

Standard deviation of absolute
relative errors

Tw,z=50mm 9.0% 0.4% 16.5% 4.6%
Tw,z=115mm 25.9% 14.8% 48.2% 8.9%
Tw,z=190mm 17.0% 6.6% 27.4% 6.7%
Tair,z=52mm 17.0% 2.0% 37.2% 10.9%
Tair,z=162mm 5.4% 0.2% 14.1 4.5%

Fig. 6. Assessment of the operation of the SVR with reference case geometry (Dap=0.050m, Dap/Dc=0.516, L/Dc=2.55, α=45°), and for a constant solar thermal
input, qs=2000 kW/m2 (Qs = 3.927 kW), dp=40 µm, Tin=300 K, for varying mass flow rates of the particle and air phases. Presented are (a) the receiver thermal
efficiency, �th, with lines of constant ratio of thermal input to total heat capacity of the two-phase flow, Qs/(mpcp,p +maircp,air); and (b) the energy absorption ratio,
χair-p, also with lines of constant ratio of thermal input to total heat capacity of the two-phase flow; as a function of mass flow rate of air,mair , for nine different values
of mass loading, mp/mair . The trends for mp/mair ≥ 2, are presented with dashed lines due to higher levels of uncertainty as noted in assumption 3.
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the experiment (Davis et al., 2017; Z'Graggen et al., 2006) and that an
increase in this efficiency is expected with an increase in thermal scale.

Fig. 6b presents the dependence of χair-p on mair for nine different
values ofmp/mair . Lines of constant thermal input to total heat capacity
of the two-phase flow,Qs/(mpcp,p+maircp,air), are also plotted. It can be
seen that the dominant variable influencing χair-p is the particle mass
loading, with the fraction of absorbed solar energy that is partitioned
with the particle phase increasing with mp/mair for constant
Qs/(mpcp,p+maircp,air). It is significant that for a mass loading of
mp/mair =1, χair-p is approximately equal to 1 for the cases considered
here. This means that the incident solar energy is transferred in ap-
proximately equal proportions to the two phases. That is, for
mp/mair ≤ 1, the receiver acts as an air heater, while for mp/mair > 1,
it acts as a particle heater. In addition, to achieve efficient operation,
the recovery of energy from both streams needs to be considered.

Further insight into the trends presented above can be gained by
assessing the temperature distributions within the SVR for certain cases.
Fig. 7 presents the calculated axial temperature distributions of the
receiver wall, Tw, the particle phase, Tp, and the air phase, Tair, for a
constant solar thermal input, qs = 2000 kW/m2 (Qs=3.927 kW), a
mass loadingmp/mair = 1, and three different ratios of thermal input to
total heat capacity of the two-phase flow, Qs/(mpcp,p+maircp,air). These
three values of Qs/(mpcp,p+maircp,air)= 15.7, 5.54 and 1.96× 103 K,
correspond to particle and air mass flow rates of mp=mair =1.414,
4.000 and 11.31× 10−4 kg/s, respectively. It can be seen that the
temperatures within the receiver decrease at each axial location with a
decrease in Qs/(mpcp,p+maircp,air), consistent with the trend presented
in Fig. 6a of increasing �th with a reduction in temperature. The model
predicts nominal residence time for these cases of �nom=2.42, 1.00 and
0.55 s, respectively (calculated as �nom= Vr/V air, where V air is eval-
uated at mean air phase temperature). The reduction in �nom with an
increase in mair corresponds to a decrease in the temperatures of the
particles, air and walls. It can be seen for the highest case of
Qs/(mpcp,p+maircp,air) both the particle and air phases undergo the

majority of their temperature rise within the front 25mm of the re-
ceiver. The two phases reach maximum temperatures of Tp=1909 K
and Tair=1862 K at axial coordinate z=81mm and 89mm, respec-
tively, and then cool with further distance to reach Tp,out=1714 K and
Tair,out=1725 K. The cooling is attributed to heat loss through the
walls. In contrast, the rate of heating is lower for the cases of lower
Qs/(mpcp,p+maircp,air), so that the peak temperatures occur further to-
ward the rear of the receiver. It is also evident that for each case, the
particle phase is heated at a faster rate than the air phase in the front
sections of the receiver and also reaches a higher peak temperature.
This indicates that heat is absorbed by the particle phase and then
transferred to the air phase. However, in the rear section of the receiver
the particle and air phases approach equilibrium, tending towards the
same temperature. The overall thermal efficiency for the conditions
presented in Fig. 7 with Qs/(mpcp,p+maircp,air)= 15.7, 5.54 and
1.96× 103 K are �th=11.9%, 29.6% and 56.5%, respectively. This
trend is consistent with that of the wall temperature. A lower wall
temperature reduces both the re-radiation losses from the wall through
the aperture and the rate of conduction heat loss through the receiver
wall. It should be noted, that the small rise in temperature at
z > 210mm for each of the temperature distributions is caused by the
change in shape of the receiver. The conical section receives a larger
proportion of radiation from the aperture than the adjacent cylindrical
section due to the directional nature of the radiation and the com-
paratively larger radiative shape factors. In addition, the calculated
particle number density increases in the conical section due to the
smaller cross-sectional area. This results in a relatively greater pro-
portion of solar radiation absorption in the conical section, leading to a
higher particle temperature.

4.2. Influence of flow direction

Fig. 8a presents the calculated axial distributions of the tempera-
tures of the receiver wall, the particle phase and the air phase for the
front entry and back entry flow directions (shown in Fig. 2) with the
reference conditions (Table 1). For the front entry flow direction, the
two-phase flow enters at z=0mm and exits at z=247mm; and vice
versa for the back entry flow direction. It can be seen that, for the front
entry flow direction, the particle phase undergoes rapid heating to a
maximum temperature, Tp=1757 K at z=87mm, which then de-
creases slightly to an exit value of Tp,out=1571 K. The air phase un-
dergoes less rapid heating than the particle phase to reach a maximum
temperature, Tair=1694 K at z=104mm, which then also decreases
slightly to an exit value of Tair,out=1566 K. The difference in tem-
perature between the air and particle phases in the front half of the
chamber, z=0–140mm, is due to the greater rate of radiative heating
to the particle phase, than that of cooling by convection to the air
phase. However, for z > 140mm, the temperatures of both phases
approach that of the wall, indicating low rates of heat transfer due to
near equilibrium.

It can be also seen from Fig. 8a that, in contrast to the front entry
case, for the back entry flow direction, the particle and air phases are
heated at similar rates from z=247–210m. The particle phase reaches
a maximum temperature, Tp=1749 K at z=61mm and exits with
Tp,out=1717 K, while the air phase reaches a maximum temperature,
Tair=1664 K at z=61mm and exits with Tair,out=1588 K. While the
peak temperatures of the respective phases are similar for the two
configurations, the exit temperatures are higher for the back entry than
the front entry. In addition, the two phases are not in equilibrium at the
exit for the rear entry case, while they are for the front entry case. The
�th for the front and back entry flow configurations are 29.6% and
31.9%, respectively. This increase in efficiency for the back entry flow
configuration can be attributed to the higher particle exit temperature
because the particle phase undergoes greater heating in the front sec-
tions of the receiver than the air phase, and thus has higher temperature
at the exit. It should be noted that while the back entry flow case may

Fig. 7. Calculated axial temperature distributions of the receiver wall, Tw, the
particle phase, Tp, and the air phase, Tair, for a constant solar thermal input,
qs=2000 kW/m2 (Qs=3.927 kW), a mass loading mp/mair = 1, and three
different ratios of thermal input to total heat capacity of the two-phase flow,
Qs/(mpcp,p+maircp,air). Geometry and operational conditions of the reference
case were used: front entry configuration with Dap=0.050m, Dap/Dc=0.516,
L/Dc=2.55, α=45°, dp=40 µm, Tin=300 K. These distributions are gener-
ated from the solution of the energy balance equations for each of the 500
discretised elements along the receiver’s axial coordinate, z.
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have favourable efficiency, it can also be seen that the particle phase
has a shorter residence time at elevated temperature (above 1500 K,
say). For the back entry case, the particle phase has temperature greater
than 1500 K only at axial locations z=0–121mm, whereas, for the
front entry case the particle phase has temperature greater than 1500 K
at axial locations z=34–247mm. The greater residence time at a given
elevated temperature for the front entry configuration may be bene-
ficial for the application of the SVR to reacting particles, which require
minimum residence time at a given temperature for adequate chemical

conversion. However, it is not an advantage for the heating of inert
particles.

Fig. 8b presents the calculated axial distributions of the thermal
losses via conduction through the wall, qw–∞, and re-radiation through
the aperture, qw–ap, for the front entry and back entry flow directions. It
can be seen that the biggest component of heat loss for both the front
and back entry configurations is by conduction through the receiver
wall. The calculated values for conduction heat loss integrated over the
internal surface area of the receiver are 51% and 47% of the solar
thermal input for the front and back entry configurations, respectively.
The distributions of these heat losses in Fig. 8b show that conduction
heat loss is greater at the back of the receiver for the front entry con-
figuration, while it is greater at the front of the receiver for the back
entry flow configuration, as is expected from the axial distributions of
receiver wall temperature presented in Fig. 8a. It can also be seen that
the majority of re-radiation losses from the receiver wall through the
aperture originate from the front sections of the receiver wall, due to
the radiative shape factors, while most of the re-radiation from the back
sections of the receiver wall intersect with the internal surface of the
receiver rather than the aperture. As a consequence, it can be seen that
re-radiation losses calculated with the present model are controlled by
wall temperatures in the front section of the receiver. Here, the front
entry configuration has reduced re-radiation losses compared with the
back entry configuration, calculated to be 15% and 18% of the solar
thermal input, respectively. The extent of thermal loss by re-radiation is
significantly lower than that by conduction for the present case, which
is consistent with the small size of the reactor. However, the present
model assumes a constant, conservative conduction heat loss coefficient
value (hw–∞= 20W/m2K), which could be minimised with the appli-
cation of sufficient insulation and also with an increase in thermal scale,
in which case re-radiation heat loss would become relatively more
important.

Fig. 9 presents the dependence on particle and air phase mass flow
rates of thermal efficiency of the SVR with the back entry flow con-
figuration as calculated with the present numerical model. Here, the
reference case geometry is assessed (Dap=0.050m, Dap/Dc=0.516, L/
Dc=2.55, α= 45°) with a constant solar thermal input qs=2000 kW/
m2 (Qs=3.927 kW), particle size dp=40 µm, and inlet temperature
Tin=300 K. It can be seen that, as for the front entry flow configuration
(Fig. 6a), �th increases asymptotically with increasingmair , for all values
of mp/mair (noting that trends for mp/mair ≥ 2 are presented with da-
shed lines due to the higher level of uncertainty as discussed in

Fig. 9. The thermal efficiency of the SVR with back entry flow configuration,
�th,back, with lines of constant ratio of thermal input to total heat capacity of the
two-phase flow, Qs/(mpcp,p +maircp,air), as a function of mass flow rate of air,
mair , for nine different values of mass loading, mp/mair . Assessments are made
for the reference case geometry (Dap=0.050m, Dap/Dc=0.516, L/Dc=2.55,
α=45°), and for a constant solar thermal input, qs = 2000 kW/m2

(Qs = 3.927 kW), dp=40 µm, Tin=300 K, for varying mass flow rates of the
particle and air phases. The trends for mp/mair ≥ 2, are presented with dashed
lines due to higher levels of uncertainty as noted in assumption 3.

Fig. 8. Calculated axial distributions of (a) the temperatures of the receiver wall, Tw, the particle phase, Tp, and the air phase, Tair; and (b) the thermal losses via
conduction through the wall, qw–∞, and re-radiation through the aperture, qw–ap; for the front entry and back entry flow configurations with reference case geometry
and operational conditions: Dap=0.050m, Dap/Dc=0.516, L/Dc=2.55, α=45°, qs=2000 kW/m2 (Qs=3.927 kW),mp/mair = 1,mp=mair =4.000× 10−4 kg/
s, dp=40 µm, Tin=300 K.
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assumption 3 in Section 2.1). The thermal efficiency tends towards a
maximum of 88% for the highest particle loading considered here,
mp/mair =5.657. In addition, the efficiency increases with mp/mair , so
that the device is most efficient with high particle loadings. It can also
be seen that, similar to the front entry flow configuration, a decrease in
the ratio Qs/(mpcp,p+maircp,air) has the effect of increasing �th. How-
ever, Fig. 9a shows here that at constant Qs/(mpcp,p+maircp,air) it is
beneficial to the thermal efficiency for the SVR to be operated with
higher particle loading. This implies that efficiency is dominated by the
heat transfer between the incoming concentrated solar radiation and
the particles, which directly absorb the radiation before leaving from
the front section of the receiver where the concentrated solar radiation
is most intense.

Fig. 10 presents the ratio of the receiver thermal efficiency for the
back entry configuration relative to the front entry case, �th,back/�th,front,
as a function of mair for nine different values of mp/mair (noting that
trends for mp/mair ≥ 2 are presented with dashed lines due to the
higher level of uncertainty). It can be seen that the back entry flow
configuration has a higher thermal efficiency for the majority of cases,
although it has a lower thermal efficiency for the cases with sufficiently
low particle loading mp/mair =0.354 and mair ≤ 8.000× 10−4 kg/s,
and for mp/mair =0.500 and mair ≤ 5.657× 10−4 kg/s. This is con-
sistent with general understanding of the difference between co-flow
and counter-flow heat exchangers. The counter-flow arrangement
achieves a higher outlet temperature, resulting in a greater thermal
efficiency, despite the trade-off between an increase in radiation losses
through the aperture. In contrast, for the low mass loading cases, the
heat exchange is dominated by heat transfer from the walls to the air, so
that the front entry configuration results in a counter-flow arrangement
relative to the high temperature rear section of the chamber (Fig. 8). It
can be seen that, for the cases of mair ≤ 2.828× 10−4 kg/s considered
here, �th,back/�th,front increases with particle loading, such that a

maximum value of �th,back/�th,front=1.72 occurs for mp/mair =5.657,
with mair =2.000× 10-4 kg/s. However, for higher mair it can be seen
that there is a critical mass loading, above which �th,back/�th,front de-
creases. For mair =4.000× 10-4 kg/s this value is mp/mair =4.000,
and for mair =5.657× 10-4 kg/s this value is mp/mair =2.828.

4.3. Influence of particle size

Fig. 11 presents the calculated axial distributions of the tempera-
tures of the receiver wall, the particle phase and the air phase for two
particle sizes, dp=40 and 80 µm, with reference case geometry, front
entry configuration andmp =mair = 4.000× 10−4 kg/s. It can be seen
that a decrease in the particle size increases the rate at which the
particle phase absorbs concentrated solar radiation in the front section
of the receiver, as expected. For example, within the first 50mm of the
receiver the 80 µm sized particle phase heats to 1446 K, while the 40 µm
size particle phase heats to 1633 K. This is consistent with the pro-
portionality relationship between radiation extinction coefficient and
particle size for a given mass of particles, which can be described as:
� � dp−1. The greater attenuation of concentrated solar radiation in the
front part of the receiver by the smaller particles results in higher
temperature and resulting higher wall temperature. However, the in-
fluence is small as the two-phase flow proceeds to the rear of the re-
ceiver, where the temperature of the particle and air phases approach
equilibrium. For z > 211mm the particle phase (and the air to a lesser
extent) undergoes heating for both dp=40 and 80 µm. This is due to
relatively larger radiation shape factors from the aperture to the conical
section of the receiver as well as increased concentration of particles. In
addition, the 80 µm particles undergo greater heating and thus leave
with higher temperature than the 40 µm particles. This is because the
solar radiation penetrates further into the receiver for the larger par-
ticles, such that its intensity is greater in the conical section of the re-
ceiver than for the smaller particle size. However, the net effect of in-
creasing the particle size is to translate the temperature distribution
toward the back of the cavity, which will lower radiative losses through
the aperture.

Fig. 12 presents the influence of particle sizes in the range 10–80 µm
on the thermal performance of the front entry configuration of the SVR,
for the reference geometry and operating conditions (Table 1). Fig. 12a
presents the dependence of �th on dp for four different values ofmp/mair

Fig. 10. The ratio of the thermal efficiency of the SVR with back entry con-
figuration relative to the front entry configuration, �th,back/�th,front, as a function
of mass flow rate of air,mair , for nine different values of mass loading,mp/mair .
Assessments are made for the reference case geometry (Dap=0.050m, Dap/
Dc=0.516, L/Dc=2.55, α=45°), and for a constant solar thermal input,
qs = 2000 kW/m2 (Qs=3.927 kW), dp=40 µm, Tin=300 K, for varying mass
flow rates of the particle and air phases. The trends for mp/mair ≥ 2, are pre-
sented with dashed lines due to higher levels of uncertainty as noted in as-
sumption 3.

Fig. 11. Calculated axial temperature distributions of the receiver wall, Tw, the
particle phase, Tp, and the air phase, Tair, for the SVR with front entry flow
configuration and two different values of particle size, dp=40 and 80 µm.
Geometry and operational conditions of the reference case were used:
Dap=0.050m, Dap/Dc=0.516, L/Dc=2.55, α=45°, qs=2000 kW/m2

(Qs=3.927 kW), mp/mair = 1, mp=mair =4.000× 10−4 kg/s, dp=40 µm,
Tin=300 K.
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spanning 0.5–4.0 (noting that trends formp/mair ≥ 2 are presented with
dashed lines due to the higher level of uncertainty). It can be seen that
increasing the particle size causes a significant increase in the overall
thermal efficiency of the process. Specifically, for mp/mair =1.000 an
increase in particle size from 10 µm to 80 µm results in a 18.2% im-
provement in thermal efficiency from 26.4% to 31.2%. This is con-
sistent with the temperature distributions presented in Fig. 11, which
imply a lower radiation loss through the aperture for the larger parti-
cles, whose temperatures peak further from the aperture.

Fig. 12b presents the dependence of the relative thermal losses by
conduction,Qw-∞/Qs, and re-radiation,Qw-ap/Qs, on dp for four different
values ofmp/mair . It can be seen that, for the four particle mass loadings
considered here, the particle size has the most significant influence on
the re-radiation loss, Qw-ap/Qs, which reduces with increasing dp as
identified previously. This is due to the slower initial temperature rise
as larger particles are introduced into the receiver and the resulting
shift of the temperature profiles downstream to the rear of the receiver,
where the receiver wall has smaller radiation shape factor with the
aperture. It can also be seen that particle size has less of an influence on
Qw-∞/Qs.

4.4. Influence of receiver length

Fig. 13 presents the axial distributions of temperature of the particle

and air phases, together with that of the receiver wall for three re-
ceivers of varying length, L/Dc=1.0, 2.5 and 4.0 (where the front entry
flow configuration is used and other geometries are those of the re-
ference case). It can be seen that, for each case, the particle phase is
heated rapidly in the front sections of the receiver where the incident
concentrated solar radiation is most intense. This, in turn, causes the air
phase to also heat rapidly. The rate of heating reduces with axial dis-
tance. For the case of shortest length, L/Dc=1.0, it can be seen that the
particle and air phases reach maximum temperatures towards the rear
of the receiver; Tp,max= 2191 K at z/L=0.77 and Tair,max= 1955 K at
z/L=0.85. Further down-beam (relative to the direction of the con-
centrated solar radiation input), their temperatures decrease only
slightly before exiting with temperatures, Tp,out=1944 K and
Tair,out=1936 K. The corresponding thermal efficiency is, �th=39.5%.
In comparison, the position of peak temperature is relatively further
upstream for receivers with a greater length, L/Dc=2.5 and 4.0, pro-
viding more distance for cooling to a progressively lower exit tem-
perature (Tp,max= 1764 K at z/L=0.36 for L/Dc=2.5 and
Tp,max= 1681 K at z/L=0.22 for L/Dc=4.0). This means that in-
creasing the cavity length above an optimal has a net effect of in-
creasing heat losses. It can also be observed that, for both L/Dc=2.5
and 4.0, the particle and air phase tend towards equilibrium with the
wall in the rear half of the cavity, which is a source of heat loss via

Fig. 12. The dependence on particle diameter, dp, of the performance of the SVR with reference case geometry (Dap=0.050m, Dap/Dc=0.516, L/Dc=2.55,
α=45°), for a constant solar thermal input, qs=2000 kW/m2 (Qs =3.927 kW), mair =4.000× 10−4 kg/s and for four different values of mass loading, mp/mair ,
with Tin=300 K. Presented are (a) the receiver thermal efficiency, �th; and (b) the relative thermal losses, Qw-∞/Qs and Qw-ap/Qs. The trends for mp/mair ≥ 2, are
presented with dashed lines due to higher levels of uncertainty as noted in assumption 3.

Fig. 13. Calculated axial temperature distributions of the receiver wall, Tw, the particle phase, Tp, and the air phase, Tair, in the SVR with front entry configuration and three
different values of length to diameter ratio, L/Dc. Other geometry and operational conditions of the reference case were used: Dap=0.050m, Dap/Dc=0.516, α=45°, qs =
2000 kW/m2 (Qs = 3.927 kW), mp/mair =1, mp = mair = 4.000× 10−4 kg/s, dp=40µm, Tin=300K.
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conduction and re-radiation. The extent of this heat loss increases with
length of the receiver. This is borne out by the values of overall thermal
efficiency for the processes: �th=30.1% and 20.0% for the receivers
with L/Dc=2.5 and 4.0, respectively. However, it should be noted that
the residence time of the two-phase flow at elevated temperature in-
creases with the length of the SVR. The model therefore provides a
means to optimise residence time and conduction heat losses to suit the
process. Additional assessments (in the supplementary information)
confirm that Tp,out and Tair,out decrease with increasing receiver length
for all values of mp/mair considered here. This has the effect of a con-
current decrease in �th with increasing receiver length.

5. Conclusions

The first order numerical model developed here to assess the fun-
damental aspects of heat transfer within a vortex-based solar particle
receiver has been found to yield good qualitative and reasonable
quantitative agreement with the available experimental data of opera-
tion of the device at laboratory-scale under solar simulated conditions.
The first order assessment of the sensitivity of thermal performance of
the solar vortex receiver to key geometric and operational parameters
revealed the following:

• The particle mass loading of the two-phase flow was found to be
important in defining whether the receiver acts primarily as an air-
heater or a particle heater. For the case analysed here in which there
is no particle recirculation, a critical value ofmp/mair ≈ 1 was found
to define the boundary, above which the device acts as a particle
heater, and below which it acts as an air heater. However, the cri-
tical value may increase for configurations with significant flow
recirculation. To maximise the overall efficiency of a system, it will
be necessary to consider the recovery of enthalpy from both the
particle and air streams.• The direction of the flow of particles relative to that of the con-
centrated solar radiation was found to have an important influence
on the efficiency. A counter-flow direction tends to increase the
efficiency relative to the co-flow direction for high mass loadings,
consistent with known trends in other counter-flow heat exchangers.
This configuration leads to higher exit temperature, primarily due to
reduced conduction losses and particle heating directly before
leaving from the front section of the receiver, where the con-
centrated solar radiation is most intense.• The ratio of receiver thermal input to heat capacity of the two-phase
flow controls the thermal efficiency of the SVR with front entry
configuration. This is because the incident solar energy is absorbed
by greater mass flow rates, resulting in lower temperatures and re-
duced thermal losses. However, for the back entry flow configura-
tion and a given ratio of thermal input to total heat capacity of the
two-phase flow, efficiency increases with the mass loadings because
efficiency is dominated by the heat transfer between the incoming
concentrated solar radiation and the particles in the counter-flow
arrangement.• The distribution of temperatures of the particles and walls within
the device was found to have an important secondary influence on
the radiation losses. A translation of the peak wall temperature to-
ward the back was found to reduce radiation losses through the
aperture and so increase thermal efficiency. This explains why op-
eration with larger particles, which absorb radiation less efficiently
and allow the incident concentrated solar radiation to penetrate
further into the receiver, thereby shifting peak temperatures to-
wards the rear of the receiver, results in higher efficiency.• The optimal cavity length is controlled by the balance between in-
creased solar energy absorption and increased conductive losses
through the wall. Hence, modelling is needed to optimise the con-
figuration on a case-by-case basis.
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Abstract 
We report a joint experimental, numerical and theoretical study of particle residence times in a novel vortex-based particulate vessel, the Solar 
Expanding Vortex Receiver-Reactor (SEVR). The tracer pulse response method is used to measure the particle residence time distribution (RTD) 
within a laboratory-scale SEVR, where the particle phase itself is used as the tracer. The operating parameters of particle size, gas volumetric flow 
rate and inlet velocity were systematically varied to assess their influence on the particle RTD and to determine the mechanisms controlling the 
behaviour of the two-phase flow in the SEVR. Two regimes of particle behaviour are identified, characterised by both the Stokes (Sk) and Froude 
(Fr) numbers. In the low Froude number regime (Fr < 4), the Stokes number of the two-phase flow at the radially-oriented receiver outlet has a 
controlling influence on the particle residence time. That is, an increase in Sk increases particle residence time. In this regime large particles have 
a longer residence time than smaller particles, as is desirable for the efficient processing of polydisperse particles. In the high Froude number 
regime (Fr > 4), the Stokes number has a weaker influence on the residence time than it does in the low Fr regime. In this regime the residence 
time decreases with higher Fr. It was also found that the particle RTD in the SEVR can be described by a compartment model that consists of a 
small plug flow reactor followed by a series of two interconnected continuously-stirred tank reactors (CSTRs). The two particle behaviour regimes 
are then accounted for by the degree of back-mixing between the two CSTRs, the low Fr regime having significant back-mixing and the high Fr 
regime having negligible. The wide variation in particle RTD characteristics across the two regimes of operation suggests a high level of flexibility 
of operation of the SEVR technology, which is advantageous in facilitating control in response to the natural variability of the solar resource. 

Keywords: Particle, residence time, RTD, solar particle receiver, solar vortex receiver, CST. 

1 Introduction 
The residence time distribution (RTD) of particles is widely used to 
characterise the performance of thermo-chemical particle reactors. 
The RTD of particles describes the probability distribution of the 
residence times of particles within a vessel for a given set of 
operational conditions, which is difficult to predict a priori without 
experimental data due to complexity of two-phase gas-particle 
flows. This is particularly the case in strongly recirculating flows 
such as those in swirling turbulent systems, owing to their non-linear 
behaviour (Allal et al., 1998; Lede et al., 1987; Li et al., 2008). One 
such swirling particulate device is a vortex-based solar particle 
receiver-reactor, in which particles are conveyed by a vortex flow of 
gas through the irradiation zone from a solar concentrator. This two-
phase gas-particle flow is confined within a cylindrical cavity in a 
device that has been demonstrated with several solar 
thermochemical applications at laboratory-scale (Davis et al., 2017; 
Steinfeld et al., 1992; Z'Graggen et al., 2006). Knowledge of the 
particle RTD within a vessel is needed because most particulate 
vessels do not conform well to the classical idealisation of either a 
well-stirred reactor, with uniform properties through the vessel, or a 
plug-flow reactor, in which all fluid and particles have the same 
residence time, (Danckwerts, 1995; Nauman, 2008). Furthermore, 
the behaviour of particles is likely to be different from that of the 
transporting gas (Lede et al., 1987), particularly for cases where the 
Stokes number of the gas-particle flow is greater than unity 
(Chinnici et al., 2015). The overall objective of the present paper is, 
therefore, to support the development of vortex-based solar particle 
receiver-reactors by providing both new experimental data and 
understanding of the particle RTD within them. 
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Vortex-based solar particle receiver-reactors, typically referred to as 
Solar Vortex Receivers (SVRs), have been demonstrated 
experimentally at laboratory-scale for the thermal decomposition of 
natural gas (Hirsch and Steinfeld, 2004), the steam-gasification of 
carbonaceous feedstocks (Z'Graggen et al., 2006) and the calcination 
of alumina (Davis et al., 2017). Each of these investigations was 
conducted with a configuration in which the concentrated solar 
radiation is introduced into a cylindrical cavity through an aperture 
sealed by a transparent quartz window to directly irradiate a 
suspension of reacting particles in a vortex flow of gas. The vortex 
gas-particle flow proceeds through the cavity and exits with elevated 
temperature reported of order 1000°C. This device has the advantage 
of highly efficient heat transfer to the particle phase due to direct 
irradiation, as demonstrated by the high values of chemical 
conversion reported for residence times on the order of seconds. 
However, no previous direct measurements of particle residence 
time within it have been reported. In the absence of measured data, 
previous assessments have relied on the nominal particle residence 
time, based on the ratio of receiver internal volume to gas volumetric 
flow rate (τnom = Vr/V̇gas). This value can be corrected for the 
dependence of density on temperature, and for the influence of 
chemical reactions on temperature and species. However, both the 
gas and particle phase residence times in a vortex flow configuration 
can differ significantly from this nominal residence time. 
Shilapuram et al. (2011) found that, for a solar cyclone reactor, the 
mean residence times of both particle and gas phases is significantly 
greater than the nominal value and that the particles exhibit a wide 
distribution of residence times that depend on the operating 
conditions. Therefore, it is desirable to characterise not only the 
mean residence time, τ̅p, but also the full function of the RTD. The 
normalised variance, σp

2 = σp,t
2/τ̅p

2, of the distribution has been 
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recommended by Buffham and Mason (1993) to be the single best 
measure of the extent of spreading of the RTD and has been adopted 
elsewhere (Gao et al., 2011). Furthermore, various thresholds have 
also been adopted to characterise the particle RTD, such as the time 
required for a given fraction of particles (e.g. 90% of the inlet 
stream) to exit the vessel. For this reason, we aim to characterise the 
full function of the distribution of particle residence times in a SVR 
for a series of operating conditions.  

An alternative configuration of SVR has recently been developed, 
with a view to capitalising on the high energy conversion efficiency 
of the original device developed by Z'Graggen et al. (2006), while 
also mitigating some of its limitations. The new configuration 
reduces the transport of particles through the aperture (Chinnici et 
al., 2015; Chinnici et al., 2016) and also generates a RTD that 
increases with the particle size for particles larger than a critical 
value characterised by the Stokes number (Chinnici et al., 2015). 
This is desirable because large particles require longer residence 
time for heating and reaction than small ones. The new 
configuration, termed the Solar Expanding-Vortex Particle 
Receiver-Reactor (SEVR), has a conical inlet section at the opposite 
end of the cylindrical cavity to the aperture and a radial outlet at the 
aperture end of the cavity (Chinnici et al., 2015). The different 
orientation of the outlet (radial) to that of the flow (tangential) is 
important to inhibit the exit of larger particles from the chamber due 
to their greater inertia. These proposed mechanisms have been 
partially validated by an experimental investigation into the flow 
field (Chinnici et al., 2016), but no direct assessments of particle 
RTD are available for either the SVR of the SEVR. Hence, a further 
aim of the present investigation is to assess the influence of the 
controlling parameters of particle size, gas flow rate and inlet 
velocity on the particle RTD within the SEVR. 

The influence of receiver orientation on the performance of SVRs is 
also of interest because the alignment of gravity relative to the axis 
of the SVR will influence both its optical and thermal performance. 
For example, Chinnici et al. (2015) proposed that a vertical 
orientation helps to recirculate particles to the base of the conical 
section where velocity is greatest to facilitate their recirculation. 
While the significance of the orientation on the optical performance 
of the solar concentrator is beyond the scope of the present 
assessment, we do note that both conventional tower-mounted 
configurations (Ho and Iverson, 2014) and beam-down solar 
concentrating systems are under development (Kodama et al., 2014; 
Yogev et al., 1998), together with many variations between these 
two extremes. In addition, no experimental measurements are 
available of the influence of orientation on residence time within any 
configuration of SVR. Hence, we also aim to assess the role of 
alignment relative to gravity of the SEVR on the particle RTD. 

Methods with which to measure particle residence time within a 
vessel have advanced from those measuring only a mean value (Lede 
et al., 1987; Li et al., 2008; Szekely and Carr, 1966) to those 
measuring the full distribution of residence times in micro-detail. 
Particle RTDs are typically measured by detecting the concentration 
with time of tracer particles using techniques such as 
phosphorescence (Harris et al., 2002), colour (Kieviet and Kerkhof, 
1995), ferromagnetism (Guío-Pérez et al., 2013), chemically-doping 
(Kang et al., 1989), difference in electrical permittivity (Cai et al., 
2014) and size (Mitsutani et al., 2005). However, methods requiring 
the off-line detection of the tracer (Kang et al., 1989; Kehlenbeck et 
al., 2002; Kieviet and Kerkhof, 1995; Mitsutani et al., 2005) have 
temporal resolution on the order of 10−2 – 100 Hz, which is 
insufficient for the SVR, whose residence time is on the order of 
seconds. Optical measurement of particles offer a fast response, 
inline and non-intrusive method of tracer detection that can be based 
on light emission, scattering or extinction (Amaral et al., 2015). 
Phosphorescent tracers were employed by Harris et al. (2002) to 
measure the particle RTD in the riser of a circulating fluidised bed, 
but this method requires correction for the time-decay of 
phosphorescence. Lede et al. (1987) and Allal et al. (1998) used a 
combination of a light source and photoelectric sensors to measure 
the outlet pulse-response of particles injected into a cyclone reactor 

and a vertical tube reactor, respectively by measuring the extinction 
of light due to particles passing an illuminated zone at the reactor 
outlet. Such a method is suitable for operation in dilute particle 
volume fraction regimes so that the injection of particles has 
negligible impact on the steady-state gas flow (Elghobashi, 1994). 
The assessment by Lede et al. (1987) measured single particles and 
thus only reported mean residence times, while Allal et al. (1998) 
measured particle RTDs with particles whose properties were not 
monodisperse, making it impossible to isolate the effect of particle 
diameter from that of turbulence on the RTD. However, specialised 
particles with monodisperse properties are now available (Lau and 
Nathan, 2016), which offers the possibility of developing the light 
extinction method to isolate the influence of particle size on the RTD 
within a vessel. For this reason, a further aim of the paper is to 
develop a method to measure the particle RTD using inlet and outlet 
optical extinction measurements of a pulse of monodisperse particles 
introduced to the inlet of the device. 

Simple flow models of reactors typically assume either a uniform 
residence time in a plug flow reactor, PFR, or perfect mixing of the 
flow in a continuously-stirred tank reactor, CSTR, (Danckwerts, 
1995; Nauman, 2008), although real receiver-reactors deviate from 
these ideal flows. Hence it has become common to use the 
compartment modelling approach to model a real device as the sum 
of ideal flow reactors (PFRs and CSTRs) by comparison with 
measured RTDs. This analytical approach advances understanding 
of the device and provides a useful design tool (Gao et al., 2012), 
having been applied to circulating fluidised beds (Guío-Pérez et al., 
2013; Kehlenbeck et al., 2002) and a liquid-solid classifier 
(Mitsutani et al., 2005). They are also useful for fault-finding, such 
as identifying stagnancy and bypassing (Nauman, 2008). Stagnancy 
is associated with a region of the flow with a much longer residence 
time than average and can be identified by a long tail in the RTD, 
while bypassing is associated with a region of much shorter 
residence time and can be identified by a sharp peak much shorter 
than the mean (Levenspiel, 1999; Nauman, 2008). A further aim of 
the present investigation is, therefore, to seek to decompose the 
measured particle RTDs of the SEVR into a combination of ideal 
reactors. 

In summary, the aim of the present investigation is to determine the 
influence of the controlling parameters on the particle RTD within 
the Solar Expanding Vortex Receiver by systematic and independent 
variation of particle size, inlet velocity and gas volumetric flow rate 
during the steady-state operation of a laboratory-scale SEVR. To 
enable this, we aim to develop a pulse response method of particle 
RTD measurement using inlet and outlet optical extinction 
measurements. The present investigation has been undertaken with 
gravity aligned in the same direction as the axis as the simplest 
configuration, while alternative orientations of gravity at various 
angles to the axis will be reported separately. More specifically, we 
aim to identify the influence of key non-dimensional parameters on 
the mechanisms controlling particle behaviour within the SEVR and 
the resulting influence on measured particle residence times. 
Additionally, this paper aims to assess the similarities of vortex-
based solar particle receivers to the operation of common ideal 
reactors with a view to relating this to the large-scale dynamics of 
the device. 

2 Methodology 
The particle residence time distribution within the Solar Expanding 
Vortex Receiver (SEVR) was measured by injecting a short pulse of 
particles, the concentration of which was directly measured at the 
inlet to and outlet from the SEVR cavity following the well-
established tracer pulse response method described by Levenspiel 
(1999) and Fogler (2006). Here, the particle phase acts both as the 
tracer and the medium being traced, as the pulse of particles is 
injected into an empty vessel. This is considered valid because the 
SEVR operates with a very small particle inventory inside the vessel. 
That is, the particle-to-air volume fraction is < 10−4, so that the 
particle phase has negligible effect on the flow field of the gas phase, 
as has been the case in previous assessments of vortex-based solar 
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2.4 Key non-dimensional parameters 
The key non-dimensional parameters influencing the isothermal 
multi-phase flow within the solar vortex receiver are the Reynolds 
number, Re, the Stokes number, Sk, and the Froude number, Fr. The 
air flow rates have been chosen to ensure that the inlet jet (with 
constant inlet jet diameter) is always in the turbulent regime (Rein = 
ρairUinDin/μair > 8000). This ensures relevance to industrial scale 
operation of the device. However, the Stokes and Froude numbers 
are systematically varied. 

The Stokes number, which characterises how closely a particle will 
follow the gas streamlines through the receiver, is calculated for a 
given particle size at a given zone in the chamber as follows: 

 Sk =
D4,4

>EF

18HIJKLF
, (6) 

where ρp is the particle density, dp is the particle diameter, μair is the 
air dynamic viscosity, Uf is the characteristic fluid velocity scale of 
the flow at a given zone in the chamber and Df, is the characteristic 
fluid length scale of the flow at a given zone in the chamber. These 
zones (shown in Figure 2) are the inlet flow, the conical and the 
cylindrical sections of the receiver, the corner at the cone-cylinder 
intersection, and the outlet flow, of which the corresponding Uf and 
Df, values are presented in Table 3. The characteristic velocities 
within the receiver are taken to be the maximum tangential velocity 
of the air flow field in the z/L plane, as calculated with CFD (and 
shown in Figure 4b), while the characteristic length scales are taken 
to be the receiver diameter at the relevant z/L plane. For the Stokes 
number evaluated at the receiver outlet, the nominal outlet velocity 
was used, while the characteristic length scale was taken to be two 
times the outlet diameter. The outlet flow, at which point the vortex 
flow contracts to exit the receiver, features a range of velocity and 
length scales. However, for simplicity an average length scale of 
2Dout is used to evaluate the Stokes number at the outlet, based on 
estimates of the gas flow field with the CFD model. Likewise, the 
flow tends towards the nominal outlet velocity, Uout = V̇air/Aout, so 
this is the single value used to evaluate Skout. Although the exact 
calculated values of Skout will differ from those of the actual flow, 
the residence time trends presented as a function of Skout are 
expected to be reliable. 

The Froude number characterises the relative importance of the 
inertial centrifugal force (Fcent = mpUφ

2/R) acting on a particle due to 
the circular motion of the two-phase vortex flow compared to that of 
the external gravitational field (Fg = mpg). The Froude number is 
calculated at a given zone in the chamber as the ratio of these two 
forces, according to: 

 Fr =
EO
>

PQ
, (7) 

where g is the standard acceleration due to gravity, Uφ is the 
characteristic tangential velocity of the flow at a given zone in the 
chamber and R is the characteristic radius of the circular motion of 
the two-phase flow at a given zone in the chamber. The zones 
(shown in Figure 2), for which the Froude number is evaluated, are 
the conical and the cylindrical sections of the receiver, together with 
the corner at the cone-cylinder intersection. The values of Uφ and R 
used in each of these zones are presented in Table 3. For simplicity, 
the Froude numbers presented here are considered to be independent 
of particle size. This is because Uφ is estimated from the air flow 
field only without accounting for the slip between the particles and 
the air phase. This implies that the Froude numbers overestimate 
slightly the influence of inertial forces because the tangential 
velocity of the particles will be less than that of the air phase. This 
overestimate is greatest for larger particles, due to their greater 
amount of slip, and is estimated from CFD to be approximately up,φ 
≈ 0.8uφ. That is, Fr is over-estimated by up to 36% by ignoring the 
slip velocity in Equation (7). Nevertheless, the relative trends in Fr 
are expected to be reliable. 

3 Results 
3.1 Measurements of the particle RTD 
Figure 5 presents four measured particle RTDs within the SEVR for 
particle diameter dp = 80 µm and inlet velocities in the range Uin = 
25.4 – 41.3 m/s with constant inlet diameter, Din = 6 mm, so that 
Uin = V̇air / (2 ´ (p/4) ´ Din

2). The corresponding nominal air 
residence times are in the range τnom = Vr/V̇air = 2.4 – 3.9 s. The 
distributions have been smoothed for clarity with a moving point 
average spanning 0.125 s of measured data. Each RTD curve can be 
described qualitatively to rise quickly to a maximum within 2 
seconds of residence time and then to decrease more slowly. For 
each case also, a significant proportion of particles have a residence 
time much longer than the peak value. That is, the distributions are 
positively skewed. The slope of the initial increase to a maximum 
E(t) value increases with Uin (and lower τnom), while the length of the 
tail of the distribution increases with lower Uin (and higher τnom), 
suggesting significant particle recirculation within the SEVR, 
particularly for lower flow rates and inlet velocities. It can 
additionally be noted that the Uin has a similar influence on the 
particle RTD in the SEVR to that of the superficial gas velocity in 
the riser of a square cross-section fluidised bed, whose particle 
RTDs bear a resemblance to those of the SEVR (Harris et al., 2003). 

 

Table 3: The characteristic velocity and length scales used to evaluate the Stokes and Froude numbers in various zones of the receiver in the present 
study. The location of these zones within the receiver are shown in Figure 2. 

Zone 
Sk Fr 

Velocity, Uf Length, Df Velocity, Uφ Length, Rzone 

Inlet  
(z/L = 0 – 0.04) Uin = V̇air/2Ain Dbase - - 

Cone  
(z/L = 0.04 – 0.29) 

uφ,max in z/L plane (estimated 
with CFD) Dcone 

uφ,max in z/L plane (estimated 
with CFD) Dcone/2 

Cone-cylinder corner  
(z/L = 0.29) 

uφ,max in z/L plane (estimated 
with CFD) Dc 

uφ,max in z/L plane (estimated 
with CFD) Dc/2 

Cylinder  
(z/L = 0.29 – 1) 

uφ,max in z/L plane (estimated 
with CFD) Dc 

uφ,max in z/L plane (estimated 
with CFD) Dc/2 

Outlet  
(z/L = 0.85) Uout = V̇air/Aout 2Dout - - 
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Figure 6: Measured particle RTDs in the SEVR for three values of Skout (three particle diameters, dp = 20, 40 and 80 µm), with constant inlet 
diameter, Din = 6 mm, and two values of inlet velocity and Froude number: (a) Uin = 30.7 m/s, Frcyl = 3.8; and (b) Uin = 41.3 m/s, Frcyl = 6.9. The 
values of Skout and Frcyl scale with Uin and Uin

2, respectively, according to Equations (6) and (7) and Table 3. The distributions have been smoothed 
for clarity with a moving point average spanning 0.125 s of measured data. 

Table 4: The Stokes and Froude numbers of the two-phase flow evaluated at various zones within the SEVR for three particle diameters, dp = 20, 
40 and 80 µm and two values of inlet velocity: (a) Uin = 30.7 m/s; and (b) Uin = 41.3 m/s. 

(a) Uin = 30.7 m/s 

Zone 
Sk Fr dp = 20 µm dp = 40 µm dp = 80 µm 

Inlet (at z/L = 0.02) 0.95 3.78 15.13 - 
Cone (at z/L = 0.06) 0.21 0.85 3.40 299.5 

Corner (at z/L = 0.29) 0.01 0.06 0.23 3.6 
Cylinder (at z/L = 0.69) 0.01 0.06 0.23 3.8 
Outlet (at z/L = 0.85) 1.21 4.86 19.44 - 

(b) Uin = 41.3 m/s 

Zone Sk Fr dp = 20 µm dp = 40 µm dp = 80 µm 
Inlet (at z/L = 0.02) 1.27 5.09 20.36 - 
Cone (at z/L = 0.06) 0.29 1.14 4.58 542.8 

Corner (at z/L = 0.29) 0.02 0.08 0.30 6.6 
Cylinder (at z/L = 0.69) 0.02 0.08 0.31 6.9 
Outlet (at z/L = 0.85) 1.64 6.54 26.16 - 

 

In the low Froude number regime (Frcyl < 4), the significantly longer 
τ̅p of larger particles (high Skout) can be explained by the expansion 
of the vortex flow through the cone of the SEVR, which results in 
the particles losing a significant fraction of their kinetic energy as 
they reach the cone-cylinder corner and the cylindrical section of the 
receiver. The relatively low Froude number of the flow also implies 
that particles are not entirely distributed close to the wall of the 
receiver, but that they can also be entrained into the central reversed 
flow zone and recirculated to the bottom of the cone. That is, for the 
receiver orientation considered here, gravity serves to recirculate 
larger particles into the most intense part of the vortex flow. This 
recirculation mechanism augments the trend for larger particles to 
be preferentially retained within the receiver and have longer 
residence time than smaller particles, which follow gas streamlines 
more closely. This is termed here the Froude-Stokes regime of 
SEVR operation, characterised by low Froude numbers and a strong 
influence of Skout on particle residence time. 

As Frcyl increases, it is apparent from Figure 7b that the influence of 
Skout in increasing τ̅p becomes weaker. This can be explained by the 
increasing importance of the inertial centrifugal force (both at the 
cone-cylinder corner and in the cylindrical section) acting to 
maintain particles in vortex suspension flow preferentially 
distributed near to the walls of the cylindrical chamber. In this case, 
Frcyl scales with Uin

2, such that an increase in Uin from 20.0 to 
41.3 m/s causes an increase in the strength of the centrifugal inertial 
force relative to that of gravity by a factor of 4.2. Therefore, although 
the larger particles are less likely to exit the radial outlet than the 
smaller particles due to their higher Skout, they are also less likely to 

enter the central reversed flow zone. This serves to decrease the 
mean residence time of all particle sizes within the receiver as a 
relatively smaller amount of particle recirculation is observed, with 
particles (of all sizes considered here) being retained near to the 
walls, and thus near to the SEVR outlet. This regime of SEVR 
operation, characterised by high Froude numbers and a weak 
influence of Skout on particle residence time, is termed here the 
cyclonic regime because particles tend to be centrifuged near to the 
wall of the receiver, as is the case in particle cyclones. 

Figure 7c presents τp,90 as a function of Frcyl and Uin, from which it 
can be seen that τp,90 follows a similar trend to that of τ̅p. It can be 
seen that, in the Froude-Stokes regime with Frcyl < 4, τp,90 is greater 
for larger particle sizes, with a maximum of τp,90 = 20.8 s (compared 
with τ̅p = 9.7 s) for dp = 80 µm and Frcyl = 1.6. That 10% of particles 
have residence more than twice as long as the mean residence time 
highlights the significant recirculation of large particles in this low 
Froude number regime of operation. With increasing Frcyl, the 
values of τp,90 for each dp converge to ~ 4 s, corroborating the finding 
that in the cyclonic regime of operation, Skout has a weaker influence 
on the behaviour of particles within the SEVR. 

Figure 7d presents the dependence of σp
2 on Frcyl and Uin. For dp = 

80 µm, the σp
2 values are relatively consistent in the range 0.43 – 

0.62. These values indicate that the mixing pattern of larger particles 
within the SEVR is intermediate between those of an ideal 
continuously-stirred tank reactor (CSTR), for which σp

2 = 1, and an 
ideal plug flow reactor (PFR), for which σp

2 = 0 (Fogler, 2006; 
Levenspiel, 1999). In addition, over the range of values of Frcyl 
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Table 5: The operational details and corresponding parameters used in Equations (8) and (9) to describe the measured particle RTDs with analytical 
compartment models, together with the coefficient of determination between experimental and analytical RTDs. 

Din [mm] dp [µm] Frcyl Uin [m/s] Particle behaviour regime δ ε R2 

6 80 

2.6 25.4 Froude-Stokes 0.085 0 0.96 
5.2 36.0 Transitional 0.080 0.1 0.96 
6.9 41.3 Cyclonic 0.070 3 0.98 
7.9 44.2 Cyclonic 0.070 5.5 0.98 

6 20 
3.8 30.7 Froude-Stokes 0.13 0 0.95 
5.2 36.0 Cyclonic 0.094 6 0.99 
6.9 41.3 Cyclonic 0.094 6 0.99 

5 80 

3.2 30.6 Froude-Stokes 0.076 0 0.96 
4.4 35.7 Transitional 0.071 0.01 0.95 
6.0 41.6 Transitional 0.070 0.12 0.96 
6.7 44.1 Cyclonic 0.070 6.5 0.96 

7.5 80 

3.0 25.3 Froude-Stokes 0.11 0 0.95 
4.4 30.6 Transitional 0.10 0 0.95 
6.0 35.8 Transitional 0.080 0.02 0.96 
8.1 41.5 Cyclonic 0.055 6.5 0.96 

 

4 Discussion of key findings 
Table 6 summarises the key features of the two regimes of particle 
behaviour identified in the present investigation, incorporating the 
experimental, numerical and compartment modelling analyses. 
Additionally, Figure 11 presents simplified representations of the 
behaviour of the SEVR deduced from the experimental and 
numerical analyses, including the three-dimensional flow-field 
within the SEVR (Figure 11a) and the predominant particle 
trajectories of operation in the Froude-Stokes and cyclonic regimes 
(Figure 11b and Figure 11c, respectively). It can be seen from Figure 
11a that a key feature of the air flow field other than the main outer 
vortex flow is the central reversed flow zone. The response of the 
particles to the flow depends on their Stokes number, while the 
Froude number has an additional influence on the trajectories of 
particles within the SEVR device. 

It can be seen from Table 6 that the boundary of the Froude-Stokes 
regime identified here is Frcyl < 4. In this behaviour regime small 
particles are preferentially distributed in regions of maximum 
tangential velocity through the receiver. As larger particles enter the 
receiver, they are directed toward the wall by their inertia, but then 
also become more uniformly distributed through the cylindrical 
section of the receiver. At the radial outlet, the larger particles are 
less likely than smaller particles to follow the strong flow gradients 

and, as a result, have longer residence time than small particles (τ̅p,LP 
> τ̅p,SP). It has however also been deduced that due to the low Froude 
number at the cone-cylinder corner and in the cylindrical section of 
the receiver, particles have a significant likelihood of entering the 
central reverse flow zone of the SEVR to be recirculated in the 
direction augmented by gravity into the most intense part of the 
vortex flow. For this reason, experiments show that the lower the 
Froude number, Frcyl, the greater the influence of the Stokes number, 
Skout, in increasing the particle residence time, τp. These predominant 
particle trajectories of small particle following gas streamlines and 
large particles undergoing recirculation via the central reversed flow 
zone are illustrated in Figure 11b. It is worth noting that this 
mechanism provides validation to that proposed by Chinnici et al. 
(2015) in a previous numerical investigation of a SEVR 
configuration similar to that investigated here. However, the role of 
gravity in recirculating large particles in the low Froude number 
regime has been identified here. In terms of compartment models, 
the experimental particle RTDs can be closely described by a small 
plug flow reactor in series with two CSTRs with back-mixing so that 
the mixing behaviour of the two CSTRs can be considered to be that 
of a single larger CSTR. This back-mixing accounts for the 
recirculation phenomena that is characteristic of the low Froude 
number particle behaviour regime and occurs predominantly with 
larger particles. 

 

Table 6: Summary of the key features of the two particle behaviour regimes for the SEVR in a vertical orientation, including details from 
experimental, numerical and theoretical analyses 

Regime Boundary Experimental findings Compartment model 
descriptions Key features 

Froude-Stokes  
(low Froude 

number) 
Frcyl < 4 

• Particles with large Skout preferentially 
retained within SEVR, longer τp 

• Lower inertial centrifugal force allows 
particles to enter central recirculation zone. 

• Gravitational field in vertical orientation 
augments particle recirculation mostly for 
larger particles, which have longer 
residence time. 

• A small plug flow reactor in 
series with 2 CSTRs that 
have back-mixing. 

• τ̅p,LP > τ̅p,SP 
• τp90,LP >> τp90,SP 

Cyclonic (high 
Froude number) 

Frcyl > 4 

• Skout has weak influence on τp. 
• Particles less likely to enter central 

recirculation zone due to large centrifugal 
inertial force. 

• A small plug flow reactor in 
series with 2 CSTRs that 
have negligible back-
mixing. 

• τ̅p,LP ~ τ̅p,SP 
• τp90,LP ~ τp90,SP 
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than 5 and often greater than 1000 (Cortés and Gil, 2007; Hoffmann 
and Stein, 2007). This gives further support for the deduction that 
the critical value separating the two regimes is Frcyl » 4. 
Nevertheless, it should be noted that the transition between the two 
regimes occurs over a range of Froude numbers around this critical 
value. Furthermore, the magnitude of the deduced critical value will 
be sensitive to the magnitude of the characteristic length and velocity 
scales, which have been estimated with a CFD model. 

The wide variation in particle RTD characteristics across the two 
regimes of operation, as influenced by inlet velocity, air volumetric 
flow rate and particle size, suggests a high level of flexibility of 
operation of the SEVR technology. Typically, the time required to 
thermally process a particle will depend on its size. Therefore, the 
Froude-Stokes regime of operation, in which τ̅p,LP > τ̅p,SP, has 
potential for use in processing polydisperse groups of particles. The 
Froude-Stokes regime is also potentially advantageous to reactions 
in which the solid particles are destroyed (e.g. the solar gasification 
of solid fuel). This is because it is desirable that a large particle is 
preferentially retained within the reactor until it has completely 
reacted. As the particle reacts its size/density will reduce so that the 
particle becomes more likely to exit the reactor. Alternatively, for 
processes that require a uniform product quality (e.g. the calcination 
of alumina), particles should be processed with uniform residence 
time. The more uniform particle RTDs that were identified to be 
characteristic of the cyclonic regime of operation may be more 
suitable for such an application of the SEVR. Finally, for a SEVR 
operating in either particle behaviour regime, the residence time 
could potentially be altered by changing Uin, V̇air, which is 
advantageous in facilitating control in response to the natural 
variability of the solar resource. 

5 Conclusions 
A method for directly measuring the residence time distribution of 
the particle phase has been demonstrated in a laboratory-scale 
vortex-based solar particle receiver-reactor. The systematic 
assessment of the influence of particle size, inlet velocity, and air 
volumetric flow rate on the particle RTD has revealed two regimes 
of particle behaviour, a low Froude number regime, where Stokes 
number is also important, and a high Froude number regime, 
dominated by centrifugal inertial forces in a similar manner to 
cyclonic separators. 

In the low Froude number regime of operation, termed the Froude-
Stokes regime, the characteristic Froude number of the vortex within 
the cylindrical section of the receiver is less than four, i.e. Frcyl < 4. 
The characteristics of this regime of operation are: 

• the Stokes number of the two-phase flow at the outlet from 
the device has the greatest influence on the residence time 
of particles. Increasing Stokes number increases the 
residence time of particles due to their greater inertia, 
particularly in the vicinity of the radially-oriented outlet, 
making them more likely to be recirculated within the 
vessel. 

• the low Froude number implies that gravity is also 
important, which, for the vertical orientation, increases the 
likelihood that particles will be returned to the base of the 
vessel with the central reversed flow zone of the vortex. 

Within the above regime, for a vertical orientation, both mechanisms 
work synergistically to preferentially increase the residence time of 
larger particles, relative to smaller particles. 

The high Froude number regime of operation, termed the cyclonic 
regime, occurs for Frcyl > 4 and is characterised by the greater 
centrifugal inertial force acting on the particles. The characteristics 
of this regime of operation are: 

• the centrifugal inertial force acting on the particles due to 
their tangential velocity is large enough to preferentially 
distribute particles near to the wall of the receiver. This 
keeps them out of the central reversed flow zone generated 
by the vortex. 

• the close proximity of the particles to the outer wall means 
that particles are more likely to exit the receiver and have 
shorter residence time than if they are recirculated through 
the central reversed flow zone.  

It was also found that, in both regimes of operation, an increase in 
the inlet diameter of the SEVR causes a decrease in residence time 
for a given value of Froude number. This is because the Froude 
number scales with velocity, so that increasing the diameter requires 
an increase in volumetric flow rate to maintain the Froude number, 
which decreases the nominal residence time of the transporting air 
phase. 

It was also found that the particle residence time behaviour within 
the SEVR can be well described with a compartment model 
consisting of a small plug flow reactor followed by a series of two 
interconnected CSTRs. For operation in the Froude-Stokes regime 
(low Froude number) the experimentally observed particle 
recirculation phenomenon is accounted for with back-mixing 
between the two CSTRs. For the cyclonic regime of operation (high 
Froude number) back-mixing between the CSTRs is negligible. 
Deviations from ideal reactor behaviour in terms of bypass and 
stagnation were very limited under the range of operating conditions 
investigated here. 

Nomenclature 
A Area [m2]. 
D Diameter (a characteristic length scale) [m] 
dp Particle diameter [µm]. 

E(t) The residence time (or exit age) probability distribution function [1/s]. 
E(θ) The dimensionless residence time distribution. 

F Force [N]. 
Fr Froude number. 
g Acceleration due to gravity [m/s2]. 

i(t) Inlet concentration of tracer at a time, t. 
L Length [mm]. 
m Mass [kg]. 

o(t) Outlet concentration of tracer at a time, t. 
r Radial coordinate [mm]. 
R Radius of the receiver at a given cross-section [m]. 
R2 Coefficient of determination. 
Re Reynolds number. 
Sk Stokes number. 
t Time [s]. 
U Velocity (a characteristic velocity scale) [m/s]. 
u Component of total velocity, U [m/s] 
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u(θ − δ) The Heaviside unit step function, with dimensionless time delay δ. 
V Volume [m3]. 
V̇ Volumetric flow rate [m3/s, slpm]. 
z Axial coordinate [mm]. 
α Receiver cone angle [°]. 
δ Dimensionless time delay. 
ε Volume ratio of the two CSTRs of the compartment model. 
θ Dimensionless time, θ = t/τ̅p. 
μ Dynamic viscosity [kg/ms]. 
ρ Density [kg/m3]. 

σp
2 Normalised variance, σp

2 = σp,t
2/τ̅p

2. 
σp,t

2 Calculated variance of E(t) [s2]. 
τ Residence time [s]. 

τnom Nominal residence time, τnom = Vr/V̇gas [s]. 
τ̅p Mean particle residence time [s]. 

τp,90 90th percentile particle residence time [s]. 
φ Angular coordinate [°]. 

Subscripts 
air Air phase. 

base Receiver base. 
c Receiver internal cavity. 

cent Centrifugal inertial 
correction Correction for distance between true in/outlet and measurement location. 

cone Receiver cone section. 
corner Corner at the receiver cone-cylinder intersection. 

cyl Receiver cylindrical section. 
f Fluid. 
g Gravitational 

gas Gas input to a device. 
in Inlet. 
LP Large particles. 
max Maximum value along the radial axis. 
nom Nominal. 
out Outlet. 
p Part`icle phase. 
r Receiver. 

Radial component. 
SP Small particles 
z Axial component. 
φ Tangential component. 

Abbreviations 
CFD Computational fluid dynamics. 
CST Concentrated solar thermal. 

CSTR Continuously-stirred tank reactor. 
PFR Plug flow reactor. 
RTD Residence time distribution. 

SEVR Solar expanding vortex receiver-reactor. 
SVR Solar vortex receiver-reactor. 
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Abstract 
We present the first experimental assessment of the influence of receiver tilt angle on the particle residence time distribution (RTD) of a two-phase 
solar particle receiver. The tracer pulse response method is used to measure the particle RTD within a laboratory-scale vortex-based solar particle 
receiver, with the particle phase itself used as the tracer. The experimental parameters of particle size, transporting gas inlet velocity and a range 
of receiver tilt angles – spanning 180° from vertically upward to downward facing – were systematically varied to determine the influence of key 
controlling parameters on the particle RTD within the receiver. It was found that the Stokes number of the two-phase flow evaluated at the receiver 
outlet, Skout, has a controlling influence on the residence time and that the influence of the receiver tilt angle is significant for large particles (Skout 
> 10) but weak for small particles (Skout ~ 1). This implies that it is preferable to operate tower-mounted systems (i.e. with downward facing 
receiver tilt angles) with Skout ~ 1. Furthermore, a preliminary scale-up assessment suggests that the influence of tilt angle on the residence time of 
particles 200 µm and smaller will be insignificant for a nominal 50 MW-scale receiver, which will provide flexibility in the design of industrial-
scale devices. Finally, the residence time behaviour for the range of tilt angles assessed can be well described by an analytical compartment model 
consisting of a small plug flow reactor, followed by two continuously-stirred tank reactors in parallel with a second plug flow reactor. 

Keywords: solar particle receiver, vortex flow, residence time, RTD, tilt angle, CST. 

1 Introduction 
Understanding the influence of the receiver tilt angle on the 
performance of solar cavity receivers is a necessary component in 
the development of optimal concentrating solar thermal (CST) 
systems. This is because the receiver tilt angle relative to gravity has 
a bearing, not only on the heat and mass transport within the receiver 
itself, but also on the layout of the heliostat field and the height of 
the tower on which the receiver is mounted (Behar et al., 2013; Ho, 
2017; Ho and Iverson, 2014; Li et al., 2016). While many 
investigations of the influence of receiver tilt angle on the thermal 
performance have been performed for single-phase gas cavity 
receivers, particularly with respect to their convective losses 
(Clausing, 1983; Lee et al., 2018; Leibfried and Ortjohann, 1995; 
Wu et al., 2010), this is not true for two-phase devices that employ 
a gas-particle suspension flow within the cavity. In such solar 
particle receivers the particle mass transport has potential to be 
strongly influenced by the direction of gravity. One measure of this 
particle mass transport performance of a solar particle receiver is the 
particle residence time distribution (RTD) within the receiver, which 
describes the probability distribution of residence times a particle 
spends within the receiver for a given set of operational conditions 
(Danckwerts, 1995; Fogler, 2006; Levenspiel, 1999). However, no 
data is presently available as to the influence of the cavity tilt angle 
of a suspension flow solar particle receiver on its particle RTD. 
Furthermore, as an alternative to the tower-mounted systems, beam-
down receivers are also under development (Kodama et al., 2014; 
Yogev et al., 1998), for which the receiver will be oriented upwards, 
together with many variations between the two extremes of beam-
up and beam-down. Hence, the objective of the present investigation 
is to support the further development of suspension flow solar 
particle cavity receivers by providing first-of-a-kind measurements 
of the influence of a wide range of receiver tilt angles on the RTD 
of particles within the cavity. 

                                                             
* Corresponding author: Dominic Davis, dominic.davis@adelaide.edu.au 

The vortex-based solar particle receiver-reactor, typically referred to 
as the Solar Vortex Receiver (SVR), is a particle receiver concept in 
which the alignment of gravity relative to the direction of particle 
mass transport is important. In this class of receiver, particles are 
conveyed by a vortex flow of gas through a zone of direct, 
concentrated solar radiation within a cylindrical cavity with a 
circular aperture at one end (Chinnici et al., 2015; Steinfeld et al., 
1992; Z'Graggen et al., 2006). SVRs have been demonstrated 
experimentally at laboratory-scale for a number of different solar 
thermochemical particle reactions, in which the concentrated solar 
radiation is typically introduced into the cavity through an aperture 
sealed by a transparent quartz window (Hirsch and Steinfeld, 2004; 
Kräupl and Steinfeld, 2001; Z'Graggen et al., 2006). These devices 
achieve highly efficient heat transfer to the particle phase due to 
direct irradiation as demonstrated by the high values of chemical 
conversion reported for residence times on the order of seconds 
(Davis et al., 2017; Müller et al., 2017; Z'Graggen et al., 2006). In 
addition, SVRs also have the potential to operate without a window, 
so that the cavity is open to the aperture (Chinnici et al., 2015; 
Steinfeld et al., 1992). Whether the SVR operates atmospherically-
open or as a closed system with a window, detailed data for both 
cases is required, including RTD measurements in a closed system. 
However, all previous thermochemical assessments of SVRs have 
been performed with the cylindrical cavity oriented horizontally so 
that gravity acts normal to the central axis. This introduces some 
potential differences to tower-mounted cavities in which the axis of 
the receiver is likely to be directed with a downward tilt to align it 
with the heliostat array. Hence there is a need to investigate the effect 
of orientation on particle residence time.  

A new type of SVR, termed the Solar Expanding Vortex Receiver 
(SEVR), has recently been developed with a view to capitalising on 
the high energy conversion efficiency of previous prototypes whilst 
also mitigating some of their limitations (Chinnici et al., 2015). 
These limitations of the SVR design concept have been identified as 
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a particle residence time distribution that is approximately 
independent of the particle size, and a tendency of particles to egress 
through the aperture and deposit onto the sealing window or be lost 
to the environment (Chinnici et al., 2015). The SEVR prototype 
reverses the axial flow direction relative to the aperture to reduce 
particle flow through the aperture by an order of magnitude, and also 
features a radially-oriented outlet that helps to recirculate larger 
particles to the base of the receiver where velocity is greatest to 
increase their residence time. Chinnici et al. (2015) also identified 
some potential advantages of a vertical orientation of the SEVR in 
further augmenting the retention of large particles within the 
receiver to increase their residence time relative to small particles, 
notwithstanding other advantages of the tower-mounted receiver 
orientation. Recent experimental measurements have confirmed the 
potential of the device to increase the residence time of large 
particles relative to smaller ones for the vertical orientation relevant 
to beam-down solar concentrating systems (Davis et al., 2019). This 
is a potential benefit to processing polydisperse particles, of which 
larger particles require a longer residence time to undergo a given 
extent of heating or reaction than smaller particles. However, no 
experimental measurements of the influence of the orientation on 
residence time have been reported previously for any type of SVR. 
Hence, we aim to assess the role of alignment relative to gravity of 
the SEVR in influencing the particle RTD. 

Previous work has found that the SEVR can be configured to operate 
in two different flow regimes: The Froude-Stokes regime and the 
cyclonic regime (Chinnici et al., 2015; Davis et al., 2019). In the 
Froude-Stokes regime, the residence time of larger particles can be 
increased due to their higher inertia that inhibits them from leaving 
the receiver, which can also be augmented by gravity for certain 
orientations (Chinnici et al., 2015; Davis et al., 2019). This applies 
where a characteristic Froude number of the two-phase gas-particle 
flow is below a threshold value. In the cyclonic regime the particle 
behaviour is somewhat analogous to that in a cyclone, so that 
particles are centrifuged toward the wall of the receiver when the 
characteristic Froude number is above a certain threshold (Davis et 
al., 2019). In this regime, the residence time is relatively independent 
of particle size and is shorter than for the Froude-Stokes regime due 
to the reduced significance of recirculation (Davis et al., 2019). 
However, these two regimes have only been reported for the vertical 
orientation, so that there is a need to expand this understanding for 
other orientations. Hence an additional aim of the present paper is to 
expand understanding of the two regimes of operation for the SEVR 
with a range of tilt angles other than vertical. 

In summary, the overall objective of this work is to provide new 
understanding of the influence of receiver tilt angle on the residence 
time distributions of particles within a solar particle receiver. 
Specifically, this paper aims to assess how the alignment of the 
central axis of the SEVR relative to gravity affects the RTD of 
particles with large and small inertia, for operation within the low 
and high Froude number regimes. It has become common to use a 
compartment modelling approach to model a real device as the sum 
of ideal flow reactors by comparison with measured RTDs. This 
analytical approach advances understanding of the device and 
provides a useful design tool. Hence, we also aim to describe the 
influence of receiver tilt angle on the residence time behaviour of 
particles in the SEVR with a compartment model. Finally, we aim to 
project the particle residence time characteristics of a scaled-up 
SEVR by providing a preliminary scaling analysis of the particle 
RTD measurements from a laboratory-scale SEVR. The 
measurements presented here are for the SEVR operating with 

isothermal room temperature conditions because of the need to 
understand the isothermal particle residence time behaviour before 
assessing the effects of temperature and buoyancy. 

2 Methodology 
2.1 Experimental technique 
The particle residence time distribution within the Solar Expanding 
Vortex Receiver (SEVR) was measured for various orientations 
relative to the direction gravity with the tracer pulse response 
method described by Levenspiel (1999) and Fogler (2006) and 
illustrated in Figure 1. The experimental technique follows that 
described previously by Davis et al. (2019) with the key features 
reported here. This technique injected a short pulse of particles into 
the cavity of the SEVR, so that the particle phase acts both as the 
tracer and the medium being traced. The particles were injected into 
an empty vessel while maintaining a steady-state flow of gas. As the 
particle pulse concentration measurement at the inlet approaches a 
perfect Dirac delta function, the recorded outlet concentration of 
particles approaches being a direct measure of the particle RTD, 
E(t). 

Before each measurement, 0.3 g of particles was loaded into the 
particle basket connected to the secondary feeder air line with the 
valve closed. Steady-state vortex flow conditions were then 
established with equal amount of compressed air introduced into the 
two tangential inlets. The particle pulse was then injected by opening 
the valve to introduce the particles into the air lines without 
disrupting significantly the total amount of air injected into the 
receiver cavity. The temporal concentration of particles was 
measured directly throughout this process at the inlet to, and outlet 
from, the SEVR with time-resolved laser extinction measurements. 
This was performed with a laser and photodetector, both mounted 
perpendicularly to the inlet and outlet tubes, through which the 
particles were transported (Figure 1). The passage of particles 
through the inlet and outlet tubes attenuates the laser and this 
attenuation scales with the particle number density for particles of 
uniform diameter. The particle RTD, E(t), for a given case, was then 
obtained by deconvolving the inlet and outlet particle concentration 
measurements. A series of average E(t) distributions were then 
obtained from 12 repeated measurements to reduce the influence of 
fluctuations generated by the turbulent swirling processes, as well as 
the discrete nature of the particles being measured. Each of the 
distributions used in the average was normalised by the area 
bounded by the distribution, so that ∫ "($)&$ = 1

)

*
. To identify the 

number of repetitions required in calculating the average E(t), 40 
repetitions of one operational case were conducted. The statistical 
parameters, the mean particle residence time, the 90th percentile 
particle residence time and the normalised variance of the 
distribution were calculated from the distributions averaged from an 
increasing number of repetitions. It was found that 12 repetitions 
were required to obtain values of the parameters that converged 
closely to those from 40 repeated measurements. In calculating the 
parameters from an increasing number of repetitions greater than 12, 
the maximum deviation from the statistical parameters calculated 
from 40 repetitions was found to be 1.2%. The E(t) distributions 
presented here therefore approach the converged probability 
distribution functions of particle residence times within the SEVR 
and it can be said that the statistical parameters characterising the 
RTDs presented here have an approximate relative error of 1.2%. 
These experiments were conducted with isothermal flow conditions 
and with particles and gas at room temperature. 
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Figure 4 presents three statistical measures of the particle RTDs, the 
mean particle residence time, τ̅p, the 90th percentile particle residence 
time, τp,90, and the normalised variance, σp

2, as a function of ψ, for 
each of the conditions shown in Table 1b. It can be seen from Figure 
4a that the dependence of τ̅p on ψ is stronger for the larger particle 
size, dp = 80 µm, than for dp = 20 µm. Specifically, the τ̅p for dp = 
20 µm decreases with an increase from ψ = −90º to −60°, but then 
remains almost constant with a further increase in ψ. This implies 
that the alignment of gravity with the axis of the SEVR does not play 
a significant role for this particle size, due to their smaller inertia. 
That is, their residence time is controlled by their response to the 
vortex flow field, rather than their response to changes in the 
direction of gravity. In contrast, the τ̅p for dp = 80 µm decreases to a 
significant extent with an increase from ψ = −90º to +90°, indicating 
that the alignment of gravity does play a role for these larger 
particles. This can be attributed to a reduction in the component of 
gravitational force resisting axial motion in the positive z direction 
as the tilt angle increases from ψ = −90º to 0°, and, additionally, the 
increase in the component of gravitational force augmenting axial 
motion as the tilt angle increases from ψ = 0º to +90°. Importantly, 
for ψ greater than approximately +30°, gravity augments the axial 
motion in the positive z direction towards the outlet to such an extent 
that the τ̅p is less than that of the smaller particles. That is, due to 
their weaker response to the vortex flow field, the change in the 
direction of gravity with a change in ψ has a significant influence on 
the residence time of dp = 80 µm particles. This highlights the 
sensitivity of the particle residence times to the orientation of the 
receiver for particles of size dp = 80 µm, which undergo a greater 
reduction in mean residence time with increasing tilt angle than do 
the particles of size dp = 20 µm. 

Figure 4a also shows that a negative receiver tilt angle (ψ < 0°), i.e. 
when gravity resists axial motion in the positive z direction, 
enhances recirculation of particles by gravity towards the base of the 
conical section of the receiver. This trend is strong for the dp = 80 
µm particles and weak for the dp = 20 µm particles. The smaller 
particles exhibit a weaker increase in τ̅p and recirculation with 
decreasing ψ for Uin = 36.0 m/s and only exhibit longer residence 
time for the vertical ψ = −90º orientation with the lower velocity 
case, Uin = 30.7 m/s. The difference in τ̅p between the two particle 
sizes increases with lower Uin, as is characteristic of the Froude-
Stokes regime, which was previously reported for the single tilt angle 
of ψ = −90º (Davis et al., 2019). It is noteworthy that this trend 
persists also for the alternative negative tilt angles of ψ = −60º and 
−30º. Although the two values of Uin assessed here differ by only 
17%, the increase from Uin = 30.7 to 36.0 m/s results in τ̅p decreases 
for dp = 80 µm of 41%, 33% and 34% for ψ = −90º, −60º and −30º, 
respectively. However, for dp = 20 µm, there is no noticeable 
influence of Uin on the τ̅p for any ψ, which can potentially be 
attributed to the small difference in Uin assessed. Previous work 
reported that the value of τ̅p for dp = 20 µm and ψ = −90º decreases 
by 32% for a 34% increase from Uin = 30.7 to 41.3 m/s (Davis et al., 
2019). It can therefore be expected that for the negative receiver tilt 
angles, higher values of Uin would decrease the values of τ̅p for both 
particle sizes, but also that the difference between the values of τ̅p of 
both particle sizes would also decrease, as is characteristic of the 
Froude-Stokes regime (Davis et al., 2019). Overall, the SEVR 
configuration selected here has the potential to operate with a 
particle residence time that increases with particle size for a range of 
negative receiver tilt angles. This is a potential benefit to the 
processing of polydisperse particles, because larger particles need a 
longer residence time to undergo a given extent of heating or 
reaction than smaller particles. 

Figure 4b shows that τp,90 is strongly dependent on ψ for dp = 80 µm, 
while it is almost independent of ψ for dp = 20 µm, which is 
consistent with the trend of τ̅p. The greatest τp,90 values were 
measured for dp = 80 µm, Uin = 30.7 m/s and ψ = −90º, −60º and 
−30º (τp,90 = 15.2, 14.7 and 14.2 s, respectively). This indicates that, 
for these conditions, gravity enhances the recirculation of large 
particles towards the base of the conical section of the SEVR so that 
they are re-entrained by the most intense part of the vortex flow. The 

values of τp,90 for dp = 80 µm, decreases with ψ to a minimum at ψ = 
+90º with values of τp,90 = 0.85 and 0.79 s for Uin = 30.7 and 
36.0 m/s, respectively. These values are only a factor of 1.4 greater 
than their respective mean residence times, indicating that there is 
little particle recirculation of larger particles within the SEVR, for 
positive tilt angles. The values τp,90 for dp = 20 µm are relatively 
consistent in the range 1.7 to 3.0 s for ψ ≥ −60º, indicating that the 
alignment of gravity relative to the axis of the receiver has no 
significant effect on the extent to which 20 µm particles recirculate 
within the SEVR, in contrast to the effect of receiver tilt angle on the 
larger 80 µm particles. 

Figure 4c presents the dependence of σp
2 on ψ. It can be seen that, 

for the conditions assessed, the normalised variance and mixing 
behaviour of the SEVR varies between that of a well-stirred reactor 
(for which σp

2 = 1) and that of a plug flow reactor (for which σp
2 = 

0), following Danckwerts (1995), Levenspiel (1999) and Fogler 
(2006). The normalised variance increases from σp

2 = 0.90 with ψ = 
−90º to a maximum of σp

2 = 1.23 with ψ = 0º for dp = 80 µm and Uin 
= 30.7 m/s, which correspond to the cases in Figure 4a and b 
featuring longest residence time and greatest extent of particle 
recirculation. This indicates that the large-scale recirculation for 
particles of this size within the SEVR with ψ ≤ 0º is close to the 
mixing behaviour of an ideal continuously-stirred tank reactor 
(CSTR). It should be noted that, for dp = 80 µm, Uin = 30.7 m/s, and 
the two tilt angles, ψ = −30º and 0°, the normalised variance values 
are σp

2 > 1, which indicates a slight departure from an ideal reactor, 
as also indicated by the highly skewed RTDs for these cases (as 
shown in Figure 3a and b). This can be attributed to a departure from 
the steady recirculation that occurs when particles return to the most 
intense region of the vortex for the negative tilt angles, ψ ≤ −60º. In 
contrast, the particles that fall to the bottom of the cylinder for ψ = 
−30º and 0° undergo unsteady recirculation by the less intense region 
of the vortex flow, resulting in a less uniform RTD with σp

2 > 1. For 
dp = 80 µm and positive tilt angles, an increase in ψ causes a decrease 
in σp

2 to a minimum of 0.10 with ψ = +90º and both Uin, indicating 
that the flow pattern of dp = 80 µm particles approaches a plug flow. 
This is also evident from the RTDs plotted in Figure 3a and b. In 
contrast, for the smaller particles, dp = 20 µm, and both Uin, the value 
of σp

2 decreases from a maximum at ψ = −90º of σp
2 = 0.62 and 0.51 

for Uin = 30.7 and 36.0 m/s, respectively, but is then relatively 
consistent around ~0.32 ± 0.10 for ψ ≥ −30º, for both Uin. This 
indicates that for these conditions there is not significant variation 
of the particle residence time, which is a potential benefit to 
processes that require uniform residence time for all particles (e.g. 
for uniform product quality in the calcination of alumina process). 
Taken together, the trends presented in Figure 4c suggest that the 
mixing behaviour of 20 µm particles is significantly less influenced 
by the receiver tilt angle than are the larger 80 µm particles, which 
varies between the extremes of well-stirred and plug flow mixing 
behaviours. 

Figure 5 presents the mean residence time of the measured particle 
RTDs, τ̅p, as a function of Skout, for five values of receiver tilt angle 
in the range, ψ = −90° to +90°, and for two Froude numbers 
evaluated in the cylindrical section of the receiver, Frcyl = 3.8 and 
5.3 (generated with Uin = 30.7 and 36.0 m/s, respectively). These 
two values of Frcyl correspond to the Froude-Stokes and cyclonic 
regimes of particle behaviour within the SEVR. The data for ψ = 
−60° and +60° are not presented in Figure 5 for clarity. 

For the negative tilt angles, ψ = −90° and −30°, it can be seen that 
the particle residence time is controlled by both the particle inertia 
at the receiver outlet (Skout) and the influence of gravity. That is, for 
both Frcyl = 3.8 (Figure 5a) and Frcyl = 5.2 (Figure 5b), τ̅p increases 
with Skout, due to the increased inertia of a particle at the radially-
oriented outlet that inhibits it from leaving the receiver. For the 
Froude-Stokes regime, this increase is more pronounced because, in 
addition to the effect of increased inertia, gravity plays a greater role 
in resisting the axial motion in the positive z direction and 
recirculating the particles to the bottom of the receiver. This results 
in significantly longer residence time. For the cyclonic regime, the 
inertial centrifugal force is of greater importance in influencing 
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Figure 7 presents the dimensionless particle RTDs, E(θ), measured 
for the larger particle size, dp = 80 µm, for Uin = 30.7 m/s and for the 
receiver tilt angles ψ = −60°, −30°, 0° and +90°. It can be seen that 
the measured dimensionless RTDs deviate significantly from the 
previously developed compartment model described by Equation 
(7), due to the prominence of a peak in the measured distributions at 
dimensionless time, θ ≈ 0.1 – 0.2. This peak is visible for ψ = −60°, 
−30° and 0° (Figure 7a, b and c) and appears at a significantly shorter 
dimensionless time than the than the peak in the dimensionless 
RTDs for dp = 20 µm (Figure 6). This type of peak in the distribution 
is associated with a pathway through the reactor alternative to the 
well-mixed CSTR path identified previously. Aerodynamically, the 
alternative path is associated with a different flow regime, such that 
larger particles follow a different path to the flow, resulting in less 
particle recirculation and shorter mean residence times. 
Analytically, such an alternative path can be approximated by a PFR 
(Levenspiel, 1999). 

To account for the deviations from the compartment model 
described above that occur for dp = 80 µm and ψ > −90°, a modified 
compartment model configuration is proposed here. This modified 
compartment model consists of a small PFR (as previously) 
followed by two parallel branches, one containing the two CSTRs in 
series (as previously) and the other branch containing a PFR. The 
analytical equation to describe the modified compartment model of 
small PFR followed by a CSTR and PFR in parallel can be expressed 
as follows:  
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where β is the fraction of particles taking the path to the CSTR, 
(1 − β) is the fraction of particles taking the path to the PFR (with 
dimensionless space-time equal to δ2) and θCSTR is the dimensionless 
space-time of the CSTR. It should be noted that the two CSTRs in 
series from the compartment model describing dp = 20 µm is here 
modelled as a single CSTR for simplicity. Also the PFR on the 
parallel branch (with (1 − β) fraction of particles) is modelled as N 
CSTRs in series, where N is the number of CSTRs that best 
approximates the residence time of the parallel PFR component of 
the compartment model (Fogler, 2006). The compartment model 
expressed by Equation (8) describes the residence time behaviour 
for dp = 80 µm, Uin = 30.7 m/s and all alternative receiver tilt angles 
ψ > −90°, as can be seen from the analytical dimensionless RTDs 
also presented in Figure 7. 

The values of the parameters used in Equation (8) to describe the 
dimensionless RTDs for dp = 80 µm are listed in Table 3. These 
values were also determined by fitting the analytical RTD described 
by Equation (8) to the experimentally measured dimensionless 
RTDs, with a coefficient of determination R2 always higher than 
0.94. It can be seen from Table 3 that β decreases so that the relative 
proportioning of two-phase flow to the PFR branch increases with 
both Uin and the tilt angle from ψ= −60° to +90°. This implies that 

the fraction of large particles that bypass the recirculation (i.e. to 
take the PFR branch) increases with the tilt angle. The significance 
of the bypass is greatest for ψ = +90° (Figure 7d), where all of the 
particles tend towards a plug flow response. This deduction is also 
consistent with the values of the normalised variance presented in 
Figure 4c and with the values β = 0 and N = 17 for dp = 80 µm and 
ψ = +90° (Table 3). The analytical distribution in Figure 7d is almost 
symmetrical about θ = 1 as is the case for an ideal PFR. Furthermore, 
for N CSTRs in series, the RTD can be assumed to be representative 
of a plug flow reactor for N ≥ 10 (Levenspiel, 1999). While not 
pictured in Figure 7, the modified compartment model and Equation 
(8) were also found to apply for the higher inlet velocity case, Uin = 
36.0 m/s and dp = 80 µm for each value of ψ. 

Figure 8 presents a schematic representation of the unified 
compartment model describing the particle RTD behaviour of the 
SEVR for the range of receiver tilt angles assessed here and for Uin 
= 30.7 and 36.0 m/s, and dp = 20 and 80 µm. For each case, the 
values of the parameters used in Equations (7) and (8) are listed in 
Table 3. The influence of receiver tilt angle on the residence time 
behaviour of the SEVR in the present study can be described with 
this compartment model as follows: 

• For all ψ, dp and Uin (assessed here), the flow passes 
through the small PFR1, which represents the time taken 
for particles to fulfil the reactor inventory. The space-time 
of the PFR1 component, δ1, generally decreases with Uin. 

• For ψ = −90° and both dp = 20 and 80 µm, β = 1, so that 
the residence time behaviour of particles of both sizes is 
represented by particles taking only the CSTR path to pass 
through the receiver undergoing significant extents of 
particle recirculation (Equation 7). In the low velocity, 
Froude-Stokes regime there is back-mixing between 
CSTR1 and CSTR2 so that they behave as a single CSTR, 
while for the higher velocity, cyclonic regime, the back-
mixing is negligible. 

• For all ψ ≥ −90° and dp = 20 µm, β = 1, so that the 
residence time behaviour of smaller particles is 
represented by particles taking only the CSTR branch and 
the extent of their recirculation is not significantly 
influenced by the receiver tilt angle (Equation 7). 

• For ψ = −60°, −30°, 0°, +30°, +60° and dp = 80 µm, β ≠ 1, 
so that the residence time behaviour of larger particles is 
represented by some fraction of particles taking the shorter 
parallel PFR2 branch (Equation 8). The fraction of 
particles taking the PFR2 branch increases with both ψ and 
Uin. Furthermore, the behaviour of the PFR2 branch tends 
towards that of an ideal PFR with increasing ψ, as N 
increases from 3 to 11 for an increase from ψ = −60° to 
+60°. 

• For ψ = +90° and dp = 80 µm, β = 0, so that the residence 
time behaviour of larger particles is represented by 
particles taking only the PFR2 branch and the particle RTD 
is representative of a purely plug flow reactor (Equation 
8).  
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Table 3: The operational details and corresponding values of the parameters used in Equations (7) and (8) to describe the measured particle RTDs 
with analytical compartment models. 

ψ [°] dp [µm] Frcyl Uin [m/s] δ1 ε δ2 N β 

−90 
80 3.8 30.7 0.09 0 - - 1 

5.2 36.0 0.08 0.1 - - 1 

20 3.8 30.7 0.13 0 - - 1 
5.2 36.0 0.094 6 - - 1 

−60 
80 3.8 30.7 0.05 - 0.17 4 0.84 

5.2 36.0 0.08 - 0.18 4 0.89 

20 3.8 30.7 0.25 3 - - 1 
5.2 36.0 0.2 1.5 - - 1 

−30 
80 3.8 30.7 0.04 - 0.12 3 0.47 

5.2 36.0 0.06 - 0.17 3 0.64 

20 3.8 30.7 0.24 1.6 - - 1 
5.2 36.0 0.21 1.6 - - 1 

0 
80 3.8 30.7 0.21 - 0.21 4 0.42 

5.2 36.0 0.18 - 0.18 4 0.48 

20 3.8 30.7 0.24 1.9 - - 1 
5.2 36.0 0.24 2 - - 1 

+30 
80 3.8 30.7 0.25 - 0.35 3 0.20 

5.2 36.0 0.22 - 0.35 4 0.26 

20 3.8 30.7 0.23 1.01 - - 1 
5.2 36.0 0.22 2.55 - - 1 

+60 
80 3.8 30.7 0.26 - 0.55 10 0.18 

5.2 36.0 0.16 - 0.63 11 0.26 

20 3.8 30.7 0.24 1.1 - - 1 
5.2 36.0 0.26 1.1 - - 1 

+90 
80 3.8 30.7 0 - 1 17 0 

5.2 36.0 0 - 1 17 0 

20 3.8 30.7 0.22 1.01 - - 1 
5.2 36.0 0.15 1.01 - - 1 

 

3.3 Preliminary scaling analysis 
A preliminary scaling analysis is presented here with the goal of 
providing insights into the mechanisms controlling the particle 
residence time behaviour of a nominal industrial scale SEVR. Table 
4 presents the nominal thermal scale of the present laboratory-scale 
SEVR device, Q̇s

 = 5 kW, compared with that of a SEVR scaled up 
to a nominal industrial scale of Q̇s

 = 50 MW. The preliminary sizing 
of the nominal industrial device has been determined by assuming 
constant solar thermal heat flux, so that the aperture area scales 
linearly with the thermal input (Aap ∝ Q̇s) and by assuming geometric 
similarity, so that all receiver dimensions scale with the square root 
of the thermal input (Dc ∝ Q̇s

1/2). By further assuming that the SEVR 
is scaled with constant inlet velocity and constant efficiency (i.e. that 
mass flow rates scale linearly with thermal input, ṁp, ṁair ∝ Q̇s), it 
can be seen from Table 4 that the nominal residence time of the 
scaled-up receiver is two orders of magnitude longer than that of the 
laboratory-scale receiver (with a four order of magnitude increase in 
thermal scale). The choice of constant velocity scaling is reasonable 
for flow with particles in suspension because velocity cannot be 
reduced significantly without resulting in particles no longer being 
carried in suspension and also cannot be increased significantly 
without resulting in both excessive fan power requirements and 
excessive erosion. It should be noted that this preliminary scaling 
analysis is intended to provide insight into the controlling 
mechanisms at larger scale, rather than providing a guide to the 
design of a scaled-up SEVR, which is a complex process that 
requires data at larger scale. 

It can also be seen from the preliminary scaling analysis presented 
in Table 4 that particles of the same size in the scaled industrial 
receiver have lower values of both Frcyl and Skout by two orders of 
magnitude because dimensions of the receiver scale with the square 
root of thermal input, Dc, Dout ∝ Q̇s

1/2. That is, this scaled-up SEVR 
would operate with relatively low Froude number and therefore the 
Froude-Stokes regime of operation would be more likely. 
Furthermore, for this scaling, the particle size is an order of 
magnitude larger to achieve the equivalent Froude-Stokes 

behaviour. That is, a particle size of dp = 200 µm would have the 
same Skout ~ 1 in the larger device as the dp = 20 µm particles in the 
laboratory-scale device, although the nominal residence time is two 
orders of magnitude greater. This implies that the influence of the 
tilt angle of the scaled-up SEVR on the residence time of particles 
will be insignificant for particles dp < 200 µm, indicating that the 
particle residence time characteristics of a tower-mounted SEVR 
using particles of this size will be constant, regardless of the required 
tilt angle for a given heliostat field layout. This potentially provides 
flexibility for incorporation of the scaled-up SEVR into CST 
systems with a range of tilt angles and is significant because many 
current industrial processes operate with particles of approximately 
this size. It should also be noted that alternative commonly used 
materials for particles in solar thermal receivers (e.g. ceramic 
particles) will likely have different density to the polymer particles 
used in the present study. This implies that the dimensionless Stokes 
numbers of alternative particles (with alternative size and density) 
will need to be compared to gain insight into the likely residence 
time characteristics of alternative particles in a scaled-up SEVR. 

The influence of higher operating temperatures on the particle 
residence time characteristics of a scaled-up SEVR can be estimated 
by also assuming constant velocity scaling and geometric similarity. 
Under these assumptions, the largest impact of increasing operating 
temperatures would be the change in gas-phase properties, most 
notable, the gas density and viscosity. For example, an operating 
temperature of 1000 K would reduce air density, and hence mass 
flow rate, in the scaled-up SEVR by a factor of 3.3 relative to room 
temperature (300 K). Although this will decrease the gas-phase mass 
flow rate, the effect on the particle RTD is expected to be minimal. 
The particle residence time is expected to be more significantly 
influenced by the gas-phase velocity, which is a function of the gas 
volumetric flow rate, rather than the mass flow rate. However, the 
increase in operating temperatures will typically increase gas-phase 
viscosity, which in turn will decrease the characteristic Stokes 
number, Skout (because Skout ∝ µair

−1 with constant Uin, ρp, dp and 
geometry). For instance, an increase in operating temperatures from 
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300 K to 1000 K will decrease Skout by a factor of 2.3. The impact of 
this decrease in Skout is difficult to predict in general, because the 
influence of Stokes number is typically non-linear, such that a factor 
of 2.3 is expected to influence the two-phase flow only where 
Skout ~ 1 (Lau and Nathan, 2014; Lau and Nathan, 2016). That is, for 
cases where Skout >> 1 the effect of higher operating temperatures is 
expected to be small, while for cases where Skout ~ 1, the reduction 
in Skout with higher operating temperatures will result in the particle-

phase RTD more closely matching the gas-phase residence time. In 
summary, a change in operating temperature is only expected to 
significantly influence the particle RTD characteristics for cases 
where Skout ~ 1. However, experimental data are required to truly 
assess the impact of temperature on the particle residence time 
within the SEVR. 

 

Table 4: Comparison of key operational and dimensionless parameters of the Solar Expanding Vortex Receiver (SEVR) at the present laboratory-
scale with the equivalent values from a preliminary scaling analysis of the receiver at a nominal industrial scale. The preliminary scaling analysis 
assumes constant inlet velocity, volumetric loading and heat flux through the aperture, as well as geometric similarity of the SEVR. 

 SEVR at laboratory-scale  SEVR scaled to industrial-scale 
Q̇s [kW] 5  50 × 103 
Dc [m]a 0.19  19 
Uin [m/s]b 30.7 36.0  30.7 36.0 
τnom [s]c 3.2 2.7  320 270 
Frcyl

d 3.8 5.3  0.038 0.053 
Skout for dp = 20 µme, f 1.2 1.4  0.012 0.014 
Skout for dp = 80 µme, f 19.4 22.8  0.194 0.228 
Skout for dp = 200 µme, f ~120 ~140  ~1.2 ~1.4 
Skout for dp = 800 µme, f ~1940 ~2280  ~19.4 ~22.8 
a Dc ∝ Q̇s

1/2; 
b Constant velocity scaling; 
c (Vr/V̇air) ∝ (Q̇s

3/2/Q̇s), τnom ∝ Q̇s
1/2; 

d Frcyl ∝ Q̇s
−1/2; 

e Skout ∝ Q̇s
−1/2, (Skout ∝ dp

2); 
f Constant particle density scaling. 

4 Conclusions 
The systematic variation of receiver tilt angle with two inlet 
velocities, and two particles sizes has revealed that alignment of the 
central axis of the SEVR relative to gravity has a significant 
influence on the particle RTD for large particles (Skout > 10), while 
it is relatively weak for small particles (Skout ~ 1). This implies that 
it may be preferable to operate a tower-mounted SEVR (ψ > 0°) with 
Skout ~ 1, so that the receiver’s particle residence time characteristics 
are independent of the tilt angle and the range of possible heliostat 
field and central tower system configurations. 

It was found that the residence time of higher Stokes number 
particles relative to those of order unity is increased by upward 
facing receiver orientations (i.e. with negative tilt angles, ψ < 0°) due 
to their increased inertia at the radially-oriented outlet and the 
influence of gravity in recirculating particles to the bottom of the 
receiver. For these upward facing orientations and the conditions 
assessed here, the increase in particle residence time with higher 
Stokes numbers is strong for operation in the low Froude number 
Froude-Stokes regime, while the increase is weaker for operation in 
the higher Froude number cyclonic regime, due to the greater 
importance of the inertial centrifugal force in retaining particles in 
suspension flow near to the receiver outlet. It was further found that, 
for downward facing receiver orientation (i.e. positive tilt angles, ψ 
> 0°), the particle residence time decreases with increasing Stokes 
number, which can be attributed to the weaker response to the vortex 
flow of particles with higher Stokes number. These higher Stokes 
number particles therefore, have a more direct path to the exit due to 
the effect of gravity, than smaller particles which are entrained 
within the vortical flow for a longer duration. This effect was found 
to occur for both Froude numbers assessed, so that for ψ > 0°, 
residence time trend of the high and low Froude number regimes is 
the same. 

From a reactor design point of view, it was found that, for the largest 
particles assessed (dp = 80 µm), increasing the tilt angle of the device 
switches between well-stirred mixing conditions to plug flow 
particle RTD characteristics, as the normalised variance of the 
particle RTD for larger particles tends towards zero. The mixing 
behaviour of the smallest particles assessed (dp = 20 µm) were found 
to have intermediate mixing behaviour between well-stirred and a 
plug flow, which is independent of the tilt angle. A compartment 
model was found to describe this behaviour, consisting of a small 
PFR followed by two parallel branches, one containing two CSTRs 
in series and the other containing a PFR. The smaller particle 
residence time behaviour is described exclusively with the first PFR 
and the CSTR branch of the compartment model. The proportioning 
of the larger particles between the two parallel branches is dependent 
on the tilt angle, such that negative tilt angles favour the CSTR and 
undergo significant recirculation and long residence times, and 
positive tilt angles favour the PFR with shorter residence times. This 
compartment model provides an indication of the particle residence 
time behaviour in the present laboratory-scale SEVR and is a useful 
design tool. However additional validation of the model over a wider 
range of conditions and scales is required. 

A preliminary scaling analysis of the present receiver configuration 
scaled to a nominal industrial scale of 50 MW has shown that 
particles of size 200 µm and smaller would have residence time 
behaviour similar to the smallest particles considered in the present 
experimental assessment with Skout ~ 1. That is, the influence of 
receiver tilt angle on the residence time of particle with dp < 200 µm 
would be small, which indicates flexibility for incorporation of the 
scaled-up SEVR into CST systems. Although the design of a scaled-
up receiver is a complex process requiring further data of operation 
at larger scale. 
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Nomenclature 

A Area [m2]. 
D Diameter (a characteristic length scale) [m] 
dp Particle diameter [µm]. 

E(t) The residence time (or exit age) probability distribution function [1/s]. 
E(θ) The dimensionless residence time distribution. 
Fr Froude number. 
g Acceleration due to gravity [m/s2]. 
L Length [mm]. 
ṁ Mass flow rate [kg/s]. 
N Number of CSTRs in series used to model a PFR. N ≥ 10 representative of PFR. 
Q̇s Nominal thermal input to receiver [W].  
r Radial coordinate [mm]. 

R2 Coefficient of determination. 
Sk Stokes number. 
t Time [s]. 
U Velocity (a characteristic velocity scale) [m/s]. 
u Component of total velocity, U [m/s] 

u(θ − δ) The Heaviside unit step function, with dimensionless time delay δ. 
V Volume [m3]. 
V̇ Volumetric flow rate [m3/s, slpm]. 
z Axial coordinate [mm]. 
α Receiver cone angle [°]. 
β Fraction of particles taking compartment modelling CSTR branch. 

δ1, δ2 Dimensionless space-time of the compartment modelling plug flow reactors, PFR1, PFR2. 
ε Volume ratio of the two CSTRs of the compartment model. 
θ Dimensionless time, θ = t/τ̅p. 

θCSTR Dimensionless space-time of the compartment modelling CSTR component. 
μ Dynamic viscosity [kg/ms]. 
ρ Density [kg/m3]. 

σp
2 Normalised variance, σp

2 = σp,t
2/τ̅p

2. 
σp,t

2 Calculated variance of E(t) [s2]. 
τ Residence time [s]. 

τnom Nominal residence time, τnom = Vr/V̇gas [s]. 
τ̅p Mean particle residence time [s]. 

τp,90 90th percentile particle residence time [s]. 
φ Angular coordinate [°]. 
ψ Receiver tilt angle (horizontal: ψ = 0°; down facing: ψ > 0°, upward facing: ψ < 0°) [°]. 

Subscripts 
air Air phase. 
ap Aperture. 

base Receiver base. 
c Receiver internal cavity. 

cone Receiver cone section. 
cyl Receiver cylindrical section. 
in Inlet. 

max Maximum value along the radial axis. 
nom Nominal. 
out Outlet. 
p Particle phase. 
r Receiver. 
φ Tangential component. 

Abbreviations 
CST Concentrated solar thermal. 

CSTR Continuously-stirred tank reactor. 
PFR Plug flow reactor. 
RTD Residence time distribution. 

SEVR Solar expanding vortex receiver-reactor. 
SVR Solar vortex receiver-reactor. 
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Solar-driven alumina calcination for CO2
mitigation and improved product quality†
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Graham J. Nathan *a

We report on the first-of-a-kind experimental demonstration of the calcination of alumina with concen-

trated solar thermal (CST) radiation at radiative fluxes up to 2190 suns using a 5 kW novel solar transport

reactor. Aluminium hydroxide was calcined at nominal reactor temperatures over the range 1160–1550 K

to yield chemical conversions of up to 95.8% for nominal residence times of approximately 3 s. Solar

energy conversion efficiencies of up to 20.4% were achieved. The mean pore diameter and specific

surface area of the solar-generated alumina with the greatest chemical conversion were 5.8 nm and

132.7 m2 g−1, respectively, which are higher values than are typical for industrial alumina production. In

addition, the product is dominated by the γ-phase, which is desirable for the downstream processing to

aluminium. This suggests that CST can improve the quality of alumina over existing fossil fuel based pro-

cesses though a combination of a high heating rate and avoided contamination by combustion products.

Furthermore, the solar-driven process has the potential to avoid the discharge of combustion-derived

CO2 emissions for the calcination stage of the conventional Bayer process, which is typically 165 kg-CO2

per tonne-alumina.

1 Introduction
The use of concentrated solar thermal energy (CST) for high-
temperature thermal processing of minerals has the potential
to reduce reliance on fossil fuels and hence also to reduce
greenhouse gas (GHG) emissions.1,2 The calcination stage of
alumina refining with the Bayer process is potentially well
suited to the application of CST because it is a highly
endothermic process that proceeds at ∼1273 K, which is
readily achievable with solar tower technology. In addition, the
calcination process is not sensitive to some ingress of air,
which raises the possibility that direct irradiation of particles
may be achievable without the need for a window to comple-
tely seal a solar reactor. However, the technical feasibility of
this process is yet to be evaluated experimentally. The overall
objective of this investigation is therefore to assess and

demonstrate the technical feasibility of alumina calcination
with direct irradiation via CST.

Alumina is an intermediate product in the production of
aluminium and is also a product in its own right. Alumina
refining accounts for approximately 27% of the primary energy
used in aluminium production, over 90% of which is provided
by the combustion of fossil fuels.3 A total of 115.2 million
tonnes of alumina was produced globally in 2015 at an average
energy intensity of 11.9 GJ per tonne-alumina, representing a
significant contribution to GHG emissions.4 Calcination is the
last step of the Bayer process, which heats the hydrated
alumina (aluminium hydroxide or gibbsite, Al(OH)3) from the
precipitation stage, to drive off the water of hydration and
form anhydrous alumina (aluminium oxide, Al2O3). It is an
energy-intensive process, which has historically been con-
ducted with the use of fossil fuels and a rotary-kiln.5 However,
since the oil crisis of the 1970s, with the resulting increase in
the cost of fuels, stationary calciners (circulating fluidised bed,
gas suspension and fluid-flash calciners) have been favoured
over rotary-kilns due to their significantly reduced fuel con-
sumption.6,7 The process heat requirements of modern indus-
trial calciners and estimated resulting CO2 emissions (calcu-
lated from the combustion of methane) are now approximately
3 GJ per tonne-alumina and 165 kg-CO2 per tonne-alumina
product, respectively, for which the predominant fuel is
natural gas.8,9 Today, the increasing cost of fuels continues to
be a driver for technological development of more fuel
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efficient alumina calciner technology.10 With the price of
natural gas forecast to increase in some locations such as
Australia,9 and with the global need to reduce GHG emissions,
there is strong incentive to seek alternative energy sources
such as CST for process heat.11 This provides the motivation
for the present investigation.

The calcination of alumina is a thermal decomposition
chemical reaction, which proceeds endothermically according
to the following reaction:

2AlðOHÞ3 ! α‐Al2O3 þ 3H2O;Δh̄
°
calcination ¼ þ185:2 kJmol%1:

ð1Þ

Modern plants typically process alumina (generally in the
gibbsite form) within flash calciners using particles of
∼100 µm in diameter transported in a gas suspension through
the reactor with residence times on the order of a few seconds.
A solar reactor that processes powders of similar size to a flash
calciner is the solar vortex transport reactor. This employs a
vortex flow to transport particles in suspension through an
irradiation zone where they undergo high heating rates to
drive a thermochemical reaction. Direct solar irradiation of
such a suspension of reacting particles is an efficient means of
heat transfer to the reactants.12–15 Furthermore, the tempera-
ture at which alumina calcination takes place in the Bayer
process, 1273–1373 K, is readily achievable in current commer-
cially available solar tower concentrators11 and is significantly
less than the 1750 K that has been achieved previously in the
solar vortex transport reactor used for solar gasification.16 The
potential for alumina to be calcined with CST has been
assessed with a packed bed of boehmite (an aluminium oxy-
hydroxide) in a crucible positioned at the focal plane of a
Fresnel concentrator by Padilla et al.17 They reported 75% con-
version after 10 minutes of exposure to solar radiation concen-
trated to 2644 suns and full conversion with exposure time of
90 minutes.17 However to date, no assessments have been
reported for the calcination of gibbsite in a practical reactor
under conditions relevant to flash calcination. The industrial
gibbsite calcination process shares similarities with the calci-
nation of limestone, which takes place at ∼1150 K and has pre-
viously been demonstrated with the application of CST.18–21

This demonstration has been performed with direct irradiation
in a cavity-receiver transporting a flow of entrained particles,18

which suggests that it may also be suitable for alumina calci-
nation. It is also noteworthy that the alumina calcination
process is sensitive to the gas-phase composition, which is one
reason that natural gas is a preferred fuel for alumina pro-
duction.22,23 The application of CST to the calcination process
has the potential to further improve product quality by elimi-
nating the possibility of contamination with combustion pro-
ducts and by reducing the significance of back-reactions from
the presence of H2O, which is a product of combustion. While
these reasons suggest that the alumina calcination process is
potentially well suited to solar processing, its technical feasi-
bility cannot be determined by implication. Due to the

complex, coupled nature of the process, it is necessary to
assess this experimentally with a prototype solar reactor.

When gibbsite is calcined, the solid reactant evolves
through various intermediate materials, including the mono-
hydrated aluminium oxyhydroxide and several transition
phases of alumina before the final, thermodynamically stable
α-alumina is formed at temperatures in the range
1375–1450 K.23,24 Both the type of intermediate transition
aluminas that are formed and their relative presence in the
alumina product depend particularly on the heating rate, par-
ticle size and the presence of water vapour in the reaction
atmosphere.25 Studies have previously proposed the gibbsite
reaction pathways according to these parameters,23,24,26 the
consensus of which is as follows:

(a) Fine gibbsite particles (<10 µm) decompose via χ-Al2O3,
an amorphous alumina, followed by κ-Al2O3 before reaching
the final α-Al2O3 phase;

(b) Coarse gibbsite particles (>100 µm) decompose via the
intermediate aluminium oxyhydroxide, boehmite (AlO(OH)).
Upon further heating this progressively decomposes to γ-, δ-,
and θ-Al2O3, before reaching the α-Al2O3 phase; and

(c) Gibbsite which undergoes the high heating rates of flash
calcination (4700–15 000 K s−1) thermally decomposes initially
to the amorphous χ-Al2O3 as in pathway (a) before crossing
over to pathway (b) and progressively forming γ-, δ-, θ-Al2O3,
and finally the α-Al2O3 phase.

The formation of the intermediate species, boehmite,
occurs in the range 380–575 K and is favoured by rapid
heating of coarse gibbsite particles, such that there is a high
local water vapour pressure within the large gibbsite par-
ticles.23 For the case where the gibbsite particles are small
enough for the water of hydration to be released without the
increase of internal pressure, boehmite does not evolve.23 Its
formation is also favoured by high water vapour pressures in
the transport air, as is typical of combustion gases in alumina
refinery calciners.24,27 On the basis that the use of CST will
avoid the presence of H2O as a combustion product, it can be
deduced that the substitution of combustion with CST will
inhibit the formation of boehmite. This would be beneficial
because boehmite contains structural hydroxyls that degrade
product quality for alumina smelting. The transition aluminas
are characterised by their large internal porosity and resulting
large surface area. They are thus useful for smelting and as
catalysts. In contrast, the highly ordered and stable crystalline
structure of the α-alumina phase makes it suitable for use in
abrasives, refractories and ceramics.26 The present investi-
gation focusses on the refining of alumina for the purpose of
smelting to produce primary aluminium. A study conducted
by Whittington & Ilievski24 suggests that the majority of refin-
ery-prepared smelter grade aluminas (SGAs) reacts via χ-Al2O3

(pathway c) to feature large proportions of the γ-Al2O3 phase.
The phase composition of numerous SGAs has previously been
determined with quantitative X-ray diffraction (XRD) analysis
to reveal that the product from stationary calciners comprises
60–90% γ-Al2O3 content while that from rotary-kiln calciners
comprises 60–70% γ-Al2O3 content.24 This was corroborated by
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Wind & Raahauge,28 who reported that in an industrial gas
suspension calcination system only 3–8% boehmite content
was found in the pre-calcination stages, and by Perander
et al.,29 who found that refinery-produced SGA was dominated
by the γ-Al2O3 phase. On this basis it can be anticipated that
the high heating rates inherent with solar processing will
favour reaction pathway (c) to form predominantly γ-Al2O3.
However, there is a need to assess the validity of this deduction
by experiment.

The fraction of residual water in the alumina product is
another important measure of product quality. This is because
residual water has the propensity to drive the adverse for-
mation of hydrogen fluoride gas during the downstream alu-
minium smelting process.30 It is important that alumina is cal-
cined to a sufficient extent for the residual water content to be
in the range 0.69–0.95 wt%.31 Alumina water content can be
present in both a chemically-bound state (as in the case of alu-
minium hydroxides, Al(OH)3 and AlO(OH)) and in a physically-
adsorbed state. It has been found that both types of moisture
in alumina contribute to hydrogen fluoride formation in the
downstream smelting process although the physically-
adsorbed moisture is more easily removed from alumina at
low temperatures below 473 K, while chemically-bound moist-
ure requires higher temperatures. The present investigation at
laboratory-scale features a single pass of gibbsite particles
through the solar reactor. There is thus a need to determine
the maximum extent of conversion (minimum moisture
content) that can be achieved with a single pass. There is also
a further need to assess the partitioning of any residual water
within the alumina product into these two types.

Two crucial measures of alumina product quality are its
mean pore size and specific surface area (SSA). This is
because, for the subsequent smelting process, the alumina
serves not only as the feedstock but also as the material with
which hydrogen fluoride (and other fluorine compounds) from
smelter gases are removed (via a dry-scrubbing process).28 The
SSA and mean pore size are the primary indicators of the
adsorption capacity of alumina, so that product quality is
enhanced both by a larger SSA and a larger mean pore size.32

Specifically, the subsequent process of aluminium smelting
requires that the characteristic pore diameter of the alumina
be an order of magnitude larger than the hydrogen fluoride
molecule (having a van der Waals diameter of 0.36 nm).32 This
is to ensure high adsorption of the hydrogen fluoride in the
dry-scrubbing process used in aluminium production.
Previous investigations have determined that, during the calci-
nation of gibbsite through the transition alumina, the SSA of
the material increases rapidly to a maximum (>300 m2 g−1) at
about 673 K, due to its microporous structure (average pore
size <2 nm). With higher temperatures, the extent of calcina-
tion increases, causing the average pore size to increase and
the SSA to decrease and generate a mesoporous structure.
Hence the final α-alumina has the lowest SSA of the various
alumina phases,6,7,23,33 and there is a trade-off between the
desire to obtain both a low residual water content and a high
SSA.29,34 It has been proposed, however, that under rapid

heating, such as tends to occur with flash calcination, the
structural rearrangement of the gibbsite calcination sequence
can be decoupled from the water removal.33 The high heating
rates possible with directly irradiated CST therefore offer the
potential to produce alumina with both favourable residual
moisture content and favourable microstructural properties.
There is thus a need to confirm whether or not this potential
benefit can be realised in practice through testing with a small
scale solar reactor.

To meet these needs, the primary aim of this paper is to
provide an insight into whether or not the solar-driven calcina-
tion of alumina is technically feasible. Specifically, the present
investigation aims to obtain detailed understanding of the
influence of key experimental parameters on the extent to
which alumina may be calcined in a solar vortex transport
reactor. It particularly aims to assess the influence of particle
residence time and reactor temperature on the alumina
product quality and to relate the performance of a laboratory-
scale reactor to a full-scale device. It also aims to assess the
impact of solar processing on the alumina moisture content
and the alumina microstructure (mean pore size and specific
surface area), which are primary measures of product quality,
and to deduce the transition alumina reaction pathway.

2 Experimental methodology
2.1 Solar reactor

The solar vortex transport reactor is shown schematically in
Fig. 1. This configuration was developed previously for the
gasification of petroleum coke16 and the cracking of natural
gas.35 It consists of a 200 mm-long, 100 mm-diameter ceramic
lined cylindrical cavity-receiver, enclosed by a 210 mm-long,
120 mm-diameter Inconel 601 shell and a water-cooled alu-
minium frustum with a 3 mm-thick transparent fused quartz
window. The flow of transport air and suspended Al(OH)3 par-
ticles is confined to the cavity-receiver and is directly exposed
to concentrated solar radiation entering through a 50 mm-dia-
meter aperture, with an apparent absorptivity estimated to
exceed 93%.36 The window is cooled and protected from par-
ticle deposition by two injected air flows: one entering radially
through a circular gap directed over the internal face of the
window (with flow rate 2–4 Ln min−1), and a second through
four tangential nozzles on the frustum (with flow rate 1–2 Ln
min−1). The combination of the two purge flows suppresses
the migration of particles into the frustum region. The vortex
transport gas flow of synthetic air was generated by two tan-
gentially arranged nozzles at the top (2–7 Ln min−1 air flow)
and the bottom (2–7 Ln min−1 air flow) of the cavity and
30 mm behind the aperture. The particles were fed to the
reactor through the tangential nozzle at the top of the cavity.

2.2 Reactants

Aluminium hydroxide particles in the gibbsite form with a
purity of 99% were used as the reactant. Fig. 2 presents the
particle size distribution of the Al(OH)3, whose mean was

Paper Green Chemistry

2994 | Green Chem., 2017, 19, 2992–3005 This journal is © The Royal Society of Chemistry 2017



15.5 µm as determined with laser scattering (HORIBA LA-950).
The SSA of the particles was found to be 1.3 m2 g−1, deter-
mined with Brunauer–Emmett–Teller method (BET, Belsorp-
max). Particles were entrained and fed using a fluidised bed
feeder designed to operate over the range 1–2 g min−1. Two
streams of air were used to control the feeding of the Al(OH)3
particles, one entering through a sintered plate at the bottom
of the feeder fluidising the particles, and a second flow
passing through a horizontal 5 mm-diameter carrier tube,

which is aligned approximately 30 mm below the top of the
static particle bed. A 1 mm hole in the upper surface of the
carrier tube was used to entrain particles into the carrier tube
air flow. The gibbsite mass feed rate was monitored online
with weight scales (Kern FKB).

2.3 Experimental arrangement

The experimental arrangement is shown in Fig. 3.
Measurements were performed with the High-Flux Solar
Simulator of ETH Zurich, which comprises an array of 7 high-
pressure Xenon arcs, each close-coupled with truncated ellip-
soidal specular reflectors. This provides an external source of
intense thermal radiation – mostly in the visible and IR
spectra – that closely approximates the heat transfer character-
istics of highly concentrating solar optical systems. The solar
radiative input power, Q̇s, was measured optically with a
Lambertian target and a calibrated CCD camera. Q̇s was varied
over the range 2.1–4.3 kW, which corresponds to mean solar
concentration ratios, C, through the aperture in the range
1070–2190 suns (1 sun = 1 kW m−2). Temperatures were
measured with type-K thermocouples at locations shown in
Fig. 1. A reference nominal reactor temperature, Treactor, was
measured with an Al2O3-shielded thermocouple located within
the cavity as shown in Fig. 1. The nominal wall temperature,
Twall, was calculated as the average of seven thermocouples
located on the outside of the Inconel shell (r = 61 mm),

Fig. 2 Size distribution of the reactant gibbsite particles fed to the
reactor.

Fig. 3 Experimental arrangement used to calcine alumina with the
high-flux simulated solar radiation: (T) thermocouples, (1) fluidised bed
feeder, (2) weight scales, (3) mass flow controllers, (4) piston valve, (5)
settling chamber (with particle collection), (6) hydrostatic over pressure
system, (7) optional steam generator unit, (a) radial window purge air, (b)
tangential window purge air, (c) carrier air, (d) fluidising air, (e) 2nd tan-
gential reactor inlet (no particles), (f ) fluidising air exhaust connects to
other gas flows.

Fig. 1 Schematic diagram of (a) the axial cross section; and (b) the front
view of the solar vortex transport reactor.
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covered with insulation, at various z–φ locations: (50 mm, 0°);
(115 mm, 0°; 90°; 180°; 270°); (190 mm, 0°; 180°). The total
transport air normal flow rate, V̇air,n, was controlled with elec-
tronic flow controllers (Bronkhorst HI-TEC). Dry synthetic air
was used as the transport air with normal flow rates, V̇air,n, in
the range 12.0–20.0 Ln min−1. Additionally, the gibbsite par-
ticle nominal residence time, τ, within the reactor was calcu-
lated from the cavity volume, V, and the total volumetric flow
rate of transport air and gas product, V̇air (V̇air,n corrected for
reactor temperature). The V̇air input of the present investi-
gation led to τ = 1.38–3.40 s. The similar value of nominal resi-
dence time in the present experimental facility to that of an
industrial device despite three orders of magnitude smaller
volume is attributed in part to much smaller ratio of the dia-
meter of the inlet pipe to that of the reactor and, in part, to
different methods of determining residence time. The Stokes
number of the particles was calculated to be, Sk = 0.19,
where:37

Sk ¼
ρpdp2Uin

18μDc
: ð2Þ

Since Sk ≪ 1, it is reasonable to assume that the residence
time of the particles is equal to that of the gas. The Al(OH)3
particles were fed to the reactor with constant feeder con-
ditions at ambient temperature and at mass flow rates, ṁAl(OH)3,
in the range 0.55–2.53 g min−1. The particle to air volume
fraction, ϕ, was controlled over the range 0.35 × 10–5–1.66 × 10–5

with changes to either V̇air or ṁAl(OH)3, and is defined as:

ϕ ¼
V̇AlðOHÞ3
V̇ air

: ð3Þ

The product particles were collected in a settling chamber
downstream from the reactor. The water vapor concentration
in the outlet air, ṁH2O, was measured online, downstream
from the settling chamber, with a dew point sensor (Vaisala
DMT346). Additionally, for one experimental run the water

vapour partial pressure in the reactor was controlled by adding
steam to the air flow of the second tangential inlet with an
electric steam generator (Bronkhorst F- 201C). The steam was
injected with a mass flow rate of ṁsteam = 1.17 g min−1 corres-
ponding to a vapour partial pressure of 68.6 mbar.
Measurements were taken at approximately steady-state and
isothermal (to within 26 K) conditions, which follows a period
of pre-heating to the desired temperature. Operating para-
meters were averaged over the duration of reactant particle
feeding. A summary of the operating conditions of the 19 nom-
inally steady-state experimental runs is provided in Table 1.

2.4 Product characterisation

Representative samples were taken from the collected particles
in the settling chamber for post-experimental analyses of the
following parameters: the loss on ignition (LoI) determined
from the relative mass change during thermogravimetric ana-
lysis (TGA, Netzsch STA 409 CD); the particle morphology
imaged by scanning electron microscopy (SEM, Philips XL30);
the phases present in the sample by X-ray diffraction data
(XRD, Rigaku MiniFlex 600 diffractometer), and the product
microstructure, which was in turn evaluated by measurement
of both SSA with the Brunauer–Emmett–Teller method (BET,
Belsorp-max) and pore size distribution with the Barrett–
Joyner–Halenda method (BJH, Belsorp-max).

Fig. 4 presents the relative mass changes for the reactant
Al(OH)3 and for a representative solar-processed sample col-
lected from the settling chamber as a function of the TGA
reference temperature, TTGA. This shows that the Al(OH)3
begins to decompose at about 500 K, following which the mass
loss increases to a maximum of 34.6 wt% corresponding to the
complete conversion of Al(OH)3 to Al2O3. Fig. 4 also shows that
a small quantity of adsorbed moisture from the cooled, solar-
processed alumina sample is released during its re-heating
from ambient temperature to 423 K. The mass of this process
can be quantified by the mass “Loss on Ignition” (LoI) in the

Table 1 Summary of operational conditions for the 19 nominally steady-state experimental runs

# Q̇s [W] V̇air,n [Ln min−1] ṁsteam [g min−1] ṁAl(OH)3 [g min−1] Treactor [K] Twall [K] ϕ [—] τ [s]

1 2285 20.03 — 1.12 1259 1114 0.57 × 10–5 1.74
2 2108 20.03 — 0.73 1213 1020 0.40 × 10–5 1.91
3 3642 20.03 — 0.95 1479 1246 0.43 × 10–5 1.56
4 2132 20.03 — 0.84 1226 934 0.51 × 10–5 2.08
5 2316 12.03 — 1.35 1258 1122 1.13 × 10–5 2.81
6 2117 12.03 — 1.39 1161 928 1.40 × 10–5 3.40
7 3773 12.03 — 1.45 1454 1272 1.07 × 10–5 2.47
8 2291 20.03 — 2.07 1230 1106 1.06 × 10–5 1.72
9 2211 20.03 — 1.33 1216 977 0.77 × 10–5 1.97
10 4224 20.03 — 1.98 1421 1258 0.89 × 10–5 1.51
11 3730 12.03 — 2.32 1480 1311 1.66 × 10–5 2.33
12 3383 17.03 — 1.26 1414 1227 0.68 × 10–5 1.84
13 3492 12.03 — 1.75 1408 1219 1.35 × 10–5 2.55
14 4262 19.85 — 2.53 1551 1371 1.05 × 10–5 1.38
15 3766 16.03 — 1.06 1456 1254 0.60 × 10–5 1.92
16 2362 16.03 — 1.14 1208 1051 0.76 × 10–5 2.29
17 2198 16.03 — 0.55 1179 943 0.41 × 10–5 2.58
18 3965 20.03 — 1.35 1459 1284 0.59 × 10–5 1.50
19 3832 20.03 1.17 0.85 1439 1262 0.35 × 10–5 1.43
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temperature range: 298–423 K, denoted here as LoIads. The
further mass loss of the solar-processed alumina from its
heating to higher temperatures corresponds to the mass per-
centage of unreacted Al(OH)3 in the solar-processed alumina.
The LoI over this second range, 423–1273 K is denoted as LoIX,
and is used in the present investigation to calculate the overall
molar conversion of Al(OH)3 to Al2O3, X, according to:

X ¼ 2nAl2O3

nAlðOHÞ3 þ 2nAl2O3

; ð4Þ

where, nAl2O3
and nAl(OH)3 are the molar quantities of alumina

product and unreacted Al(OH)3 in the solar-processed alumina
(as determined from LoIX). The ISO standard for reporting
alumina moisture content is by the LoI1273, evaluated over the
temperature range 573–1273 K.30,34,38 However, it has been
shown that the reactant Al(OH)3 begins to decompose at temp-
eratures below 573 K, which means that the LoI1273 underesti-
mates the amount of unreacted Al(OH)3. This provides justifi-
cation for the use of LoIads and LoIX in the present investi-
gation. Errors in the TGA measurements result from the large
SSA of transition aluminas and their reactivity with moisture
in the air. This error affects measurement of the LoIads most
significantly, but also affects the measurement of chemical
conversion, X. The relative errors in LoIads and X were deter-
mined to be ±3.3% and ±18.7%, respectively, based on repe-
titions of TGA tests and the maximum deviation from the
mean result.

3 Results & discussion
3.1 Steady-state operation

The operational conditions for the 19 nominally steady-state
experimental runs listed in Table 1 resulted in Treactor =

1161–1551 K and Twall = 928–1371 K.§ The solar energy conver-
sion efficiency, η, of the solar calcination process is defined to
account for the energy required for the endothermic calcina-
tion process, as well as the sensible heating of the reaction
products and the transport air, as follows:

η ¼ ΔḢ
Q̇s

¼
ḢTR

products % Ḣ°
reactant þ ΔḢair

Q̇s
: ð5Þ

Here the sensible heat of the transport air is included in
the useful energy because an industrial flash calcination
process recovers the majority of such sensible heat through
downstream heat exchangers, which are also used to pre-heat
the particles. That is, the present solar reactor needs to both
heat and react the particles, while they enter an industrial
reactor hot. The performance indicators, X and η were
measured to be in the range X = 84.8–95.8% and η =
8.8–20.4%, respectively. In terms of product quality para-
meters, the measured values of loss on ignition of adsorbed
moisture were LoIads = 5.9–14.1%, the measured values of SSA
were found to be in the range 132.7–226.6 m2 g−1 and the
mean pore size was measured to be in the range dpore =
2.54–5.75 nm.

Fig. 5 presents the outputs from a typical experimental run
(#9). Plotted are the temporal variations of Q̇s, Treactor, Twall,
ṁAl(OH)3, and ṁH2O. When the desired Twall was reached and
steady temperatures were measured, the particle feeding was

Fig. 4 Relative mass change of the reactant Al(OH)3 and a representa-
tive solar-processed alumina as a function of the reference TGA temp-
erature, TTGA, during a dynamic TGA run between 298 K and 1273 K in
synthetic air. The temperature ranges used in the present study for
determining LoIads and LoIX are indicated.

Fig. 5 Temporal variations of solar radiative power input, Q̇s, reactor
temperatures, Treactor and Twall, particle mass feed rate, ṁAl(OH)3, and
mass flow rate of evolved water within the outlet stream, ṁH2O, during a
representative solar experimental run (#9).

§X, η and XRD results are presented as functions of Twall rather than Treactor due
to the greater number of thermocouples contributing to the mean measurement
and the lesser influence of direct irradiation on the thermocouple reading.
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turned on. The period, 21–35 min, is considered to be nomin-
ally steady-state.

3.2 Extent of calcination and efficiency

Fig. 6a presents the dependence of X on Twall for all experi-
mental runs with four different values of V̇air,n. It is evident
that the reactor temperature has a controlling influence on the
extent of conversion, so that an increase in Twall results in
greater X. It can also be seen that a maximum chemical con-
version of 95.8% was obtained for Twall = 1371 K. Despite this
temperature being within the range typical of industrial flash
calciners (1273–1373 K),11 the conversion was below 100%.
This can be attributed both to the much smaller scale of the
reactor in the present study relative to industrial-scale calci-
ners and to the additional stages in industrial calcination
systems, incorporating both particle preheating stages and a
holding vessel, which together reduce the temperature rise and/
or residence time required for full conversion. Fig. 6b presents
the dependence of X on τ for three Twall. This shows that X is
increased by an increase in τ, although the influence is relatively
weak in comparison with that of Twall. The trend of increasing
X with longer τ is also consistent with well-established under-
standing of the alumina calcination reaction.23,24 The slightly
stronger influence of Twall than that of τ is further evident from
results of experimental run 14 with Twall = 1371 K, which
featured the greatest X despite having the shortest τ = 1.38 s.

Fig. 7 presents the dependence of η on V̇air (corrected for
reactor temperature), for four different values of Twall. A
maximum energy efficiency of 20.4% was achieved for this
reactor. It can be seen that η increases with a reduction in Twall
because both the conduction and re-radiation losses depend
on the reactor wall temperature. It can also be seen that, for a
given value of Twall, η increases with an increase in V̇air. This
implies that an increase in the flow rate of air and particles
causes a greater fraction of the radiation to be absorbed by the

reactant and transport air than by the walls, which increases
the ratio of useful heat to losses. The values of η for this
reactor are low relative to industrial-scale reactors but are com-
parable with those from other laboratory-scale reactors.16,20

This is because the ratio of internal surface area to internal
volume of the reactor decreases with an increase in scale,
causing a greater fraction of energy to be absorbed by the reac-
tants and transport air relative to the walls of the reactor,
which increases efficiency consistent with the results from
Fig. 7. In addition, large scale industrial reactors are designed
with heat integration and heat recovery systems to minimise
heat losses and maximise efficiency.

3.3 Product quality: residual moisture

Fig. 8 presents the LoIads as a function of ϕ for four different
values of Twall. It can be seen that, for each value of Twall, the

Fig. 7 The energy efficiency, η (defined in eqn (5)), of the present solar
calcination reactor as a function of the volumetric flow rate of transport
air, V̇air, for four different wall temperatures, Twall. See Table 1 for details.

Fig. 6 The extent of chemical conversion, X, as a function of (a) the average characteristic wall temperature, Twall, for four different air normal flow
rates, V̇air,n, and for experimental runs 1 to 17; and (b) the nominal particle residence time, τ, for three different average characteristic wall tempera-
tures, Twall. Also shown are the linear lines of best fit for the data points in the two temperature ranges.
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LoIads increases with ϕ. This can be explained by the increase
in the concentration of water vapour, the gas-phase product of
the reaction, due to an increase in volumetric loading of par-
ticles. That is, an increase in the partial pressure of
water vapour in the reactor increases the resistance to the
release of water into the gas phase. It can also be seen that
Twall has a second order influence on the LoIads, so that the
highest Twall = 1311 ± 60 K resulted in the lowest values of
LoIads.

Table 2 presents the influence of the addition of steam
(ṁsteam = 1.17 g min−1) to the transport air flow on LoIads, X,
and η, with all other operating conditions maintained nomin-
ally constant. It can be seen that the additional steam input,
resulting in a water vapour partial pressure of 68.6 mbar, has a
significant influence on the amount of surface moisture
adsorbed by the alumina product, consistent with the trends
in Fig. 8. More specifically, the LoIads was found to increase
from 5.91% (run #18) to 7.99% (run #19). This can be explained
by the increase in the partial pressure of water vapour in the
transport air, which inhibits the diffusion of chemically-
released water vapour into the gas phase. It also favours an
increase in the readsorption of water vapour onto the surface
of the alumina particle. For reference, the partial pressure of
water vapour generated by the complete combustion of
methane with 10% excess air is calculated to be 176.7 mbar,
which is more than twice the 68.6 mbar used in the present

experiment. Because methane is the dominant component of
natural gas, which is the most common fuel used for industrial
flash calciners, this implies that removing H2O from com-
bustion by solar calcination has the potential to provide a sig-
nificant benefit to product quality by reducing the partial
pressure of the gas-phase moisture. It can also be noted from
Table 2, that the increase of the partial pressure of water
vapour has no significant influence on X or η for the present
conditions.

3.4 Product quality: alumina microstructure

Fig. 9 presents SEM micrographs of the solid alumina product
from experimental runs (a) #4 (Twall = 934 K), (b) #11 (Twall =
1311 K), (c) #14 (Twall = 1371 K), and (d) #19 (Twall = 1262 K). It
is clear that slit-shaped pores have formed in the particles,
whose width increases with the value of Twall. From previous
work, this can be deduced to result from the calcination reac-
tion mechanism, in which the structural hydroxyls (–OH) that
hold gibbsite layers together are released rapidly as water
during the calcination process, causing the gibbsite layers to
split and form slit-shaped pores.6,39

Fig. 10 presents the mean pore diameter, dpore, and the
total specific pore volume, Vpore, of the solar processed
alumina as a function of X. It can be seen that both dpore and
Vpore increase with an increase in X, consistent with both the
SEM micrographs (Fig. 9) and the previous assessments for
non-solar calcination by Perander et al.6 For X = 95.8%, dpore
reaches up to 5.8 nm for run 14. It can also be seen from a
comparison with reported mean pore sizes of typical SGAs pro-
duced with industrial flash calciners (presented as the open
symbols in Fig. 10),28,32,34 the solar process generates larger
values of dpore for a given value of X than does the convention-
al process. Extrapolation suggests that dpore will continue to
increase with X, so that solar-processed alumina has potential
to achieve a larger mean pore size than the majority of conven-
tionally-processed aluminas, noting the exception for two
SGAs with pore size larger than 8 nm. It should also be
recalled that the solar-processed alumina has been calcined
with residence times in the order of a few seconds. This con-
trasts the industrial process, which also includes both a pre-
heating stage and a holding vessel to provide additional resi-
dence time for pore growth. That is, the solar process gener-
ates a higher product quality by this measure than does the
conventional processing, indicating potential to improve
hydrogen fluoride adsorption capacity in the downstream dry-
scrubbing process.

Fig. 11 presents the measured values of SSA for the solar-
produced alumina as a function of X. The figure shows that
SSA is nearly constant (mostly in the range 168–190 m2 g−1)
for lower values of X in the range 85–92%, but then decreases
with further increases in X to the minimum of 132.7 m2 g−1

for X = 95.8%. The present values of SSA are significantly
greater than previously reported values of SGA produced
industrially, as shown in Fig. 11.28 Nevertheless, more data are
required before a reliable comparison with the industrial data
can be made, owing to the different values of X for the experi-

Fig. 8 Mass percentage of adsorbed moisture, LoIads, in the product
from the solar reactor as a function of the particle to air volume fraction,
ϕ (defined in eqn (3)), for four different wall temperatures, Twall, for
experimental runs 1 to 17.

Table 2 The influence of addition of steam to the transport air on the
mass percentage of adsorbed moisture, LoIads, extent of chemical con-
version, X, and energy efficiency, η, based on experimental runs 18 and
19

ṁsteam/ṁair # LoIads X η

[—] [wt%] [mol%] [%]
0 18 5.91 94.5 14.0
0.045 19 7.99 94.0 14.2
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mental and industrial data, which is associated with the differ-
ence in scale of the facilities.

3.5 Product quality: X-ray diffraction analysis

Fig. 12 presents a series of XRD spectra of alumina powder
samples produced with different values of Twall, but at constant
V̇air,n = 20 Ln min−1 (ϕ = 0.40 × 10–5–1.06 × 10–5). For the case
with Twall = 934 K, the presence of unconverted reactant can be
seen from the discrete diffraction peaks corresponding to gibb-
site, notably from the two peaks of greatest intensity at 2θ =

18.3° and 20.3°. For higher values of Twall the discrete diffrac-
tion peaks of gibbsite reduce in intensity and are replaced by
the more diffuse diffraction peaks of the transition alumina.
The presence of some residual gibbsite in the alumina
samples, which each combine many alumina particles, indi-
cates that a fraction of the particles did not reach sufficient
temperature for long enough to convert all of the original gibb-
site. Given the wide size distribution of the particles, it is likely
that the residual gibbsite is preferentially partitioned in the
larger particles, which require the longest residence time for

Fig. 10 Mean pore diameter, dpore, and total specific pore volume,
Vpore, of the solar-produced aluminas as a function of the extent of
chemical conversion, X, for experimental runs 1 to 17. Also shown with
open symbols are the typical mean pore diameter of nine SGAs pro-
duced with industrial calciners as reported in the literature.28,32,34

Fig. 11 Specific surface area, SSA, of the present solar-produced
aluminas as a function of the extent of chemical conversion, X, for
experimental runs 1 to 17. Also shown is the typical X and SSA product
quality properties of SGA calcined in an industrial gas suspension
calciner.28

Fig. 9 SEM micrographs of solar-processed alumina obtained from experimental runs (a) #4 (Twall = 934 K), (b) #11 (Twall = 1311 K), (c) #14 (Twall =
1371 K), and (d) #19 (Twall = 1262 K) at 5000, 5000, 10 000, and 8000 magnification, respectively.
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complete conversion. However, further work will be required
to verify this. For Twall = 1020 K and 1114 K a broad diffuse
peak at 2θ = 42.8° can be seen, which corresponds to the
χ-Al2O3 phase.23,24,40 For Twall = 1258 K and 1371 K the χ-Al2O3

peak is not present and the dominant diffuse diffraction peaks
occur at 2θ = 19.4°, 31.9°, 37.6°, 39.3°, 45.7°, 60.6°, and 66.7°
corresponding to γ-Al2O3. This is corroborated by an additional
analysis of the samples by Fourier Transform Infrared
Spectroscopy (not shown), which found that the spectra from
the solar-processed alumina samples are characterised by a
broad distribution without sharp peaks. This is consistent
with the alumina having a complex disordered structure,
which is typical of χ-Al2O3 and γ-Al2O3.41,42 It should also be

noted that the XRD results from the two cases with the highest
Twall feature small discrete peaks corresponding to α-Al2O3

(2θ = 25.6°, 35.1°, 43.3°, and 57.5°), indicating that the
particles reached the temperature at which α-Al2O3 forms
(1375–1450 K). Although it is difficult to quantify the relative
presence of the transition aluminas due to their diffuse diffrac-
tion peaks,6,29 it is clear that γ-Al2O3 is the predominant phase
produced during solar calcination, while small amounts of the
α-Al2O3 phase were also observed. This is consistent with pub-
lished results from refinery-produced aluminas, in which the
dominant alumina phase is also γ-Al2O3, while α-Al2O3 makes
up 2–9% (see Table 3).31 Taken together, these results imply
that high temperature solar calcination favours the reaction
pathway of χ- to γ- to α-Al2O3 (pathway c23,24,26).

Fig. 13 presents XRD spectra of solar-processed
alumina samples produced with a range of values of Twall for
V̇air,n = 12 Ln min−1 (ϕ in the range 1.07 × 10–5–1.66 × 10–5). As
for Fig. 12, the samples produced at lower temperatures have
discrete diffraction peaks corresponding to gibbsite, which
also implies the presence of unreacted gibbsite. The general
trend is that the intensity of these peaks decreases with an
increase in both Twall and X. The exception to this is the
alumina sample processed with Twall = 1219 K, which exhibits
gibbsite diffraction peaks with lower intensity than those of
the two alumina samples processed with higher temperature.
It should also be noted from Fig. 13 that the only clearly
visible discrete diffraction peaks of gibbsite for the cases with
low Twall are those at 2θ angles of 18.3° and 20.3°. In contrast,
numerous discrete gibbsite peaks are visible for the alumina
samples produced with low values of Twall and larger values of
V̇air,n (Fig. 12). The evolution of χ-Al2O3 at Twall = 928 K and
Twall = 1122 K and the subsequent evolution of γ-Al2O3 is
evident for both the lower and higher values V̇air,n = 12 Ln min−1

and V̇air,n = 20 Ln min−1. However, diffraction peaks corres-
ponding to the intermediate aluminium oxyhydroxide, boeh-
mite, are also visible in the XRD traces of Fig. 13. The diffraction
peaks at 2θ values of 14.5° and 28.2° also correspond to
boehmite and are particularly evident from the samples cal-
cined with Twall = 1219 K and 1311 K. For the sample calcined at
Twall = 1311 K, the species that can be observed are
unreacted gibbsite, boehmite and, most predominantly, γ-Al2O3.
This indicates that, under these conditions, the calcination
reaction follows both the χ- to γ- to α-Al2O3 pathway (pathway c
as in Fig. 12) and the boehmite to γ- to α-Al2O3 pathway
(pathway b23,24,26). The same particle size distribution was used
throughout the present investigation, suggesting that the boeh-
mite formation is attributable to the increased concentration of
water vapour in the immediate presence of the reacting gibbsite
particles due to the lower value of V̇air,n, which can be deduced
to increase ϕ.

3.6 Projection to a 50 MW solar vortex transport reactor and
comparison of the product quality with the conventional
process

Table 3a presents the ratio of internal surface area to internal
volume of the reactor, AS/V, the thermal input of solar radi-

Fig. 12 X-ray diffractograms of gibbsite and solar-processed alumina
samples produced with a series of reactor temperatures (experimental
runs 4, 2, 1, 3, 10 and 14) with a constant normal flow rate of transport
air (V̇air,n = 20 Ln min−1). The reference raw gibbsite X-ray diffractogram
is also shown at 1/14th the intensity. Annotations show where the diffr-
action peaks correspond to reported diffraction peaks of gibbsite (g),
χ-Al2O3, γ-Al2O3 and α-Al2O3 (COD PDF Card No. 1011081, 2015530 &
1000017).
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ation, Q̇s, and the nominal particle residence time, τ, for the
case of greatest conversion in the present investigation.
Predicted values for the 50 MW industrial scale are
also shown, where the scale up procedure assumes constant C,
constant ϕ, constant input velocity, geometric similarity
and constant η (i.e. that ṁAl(OH)3 scales linearly with thermal
input). The resulting scale up proportionality relationships are
AS/V ∝ Q̇s

−1/2 and τ ∝ Q̇s
1/2. The assumption of constant input

velocity is reasonable because the minimum velocity is set by
the need to transport particles, while higher values are un-
desirable to avoid erosion. The assumption of constant
efficiency is conservative because the 100-fold reduction in AS/V
with the increase in scale will result in a significant reduction in
relative heat losses.43 Table 3a shows that, with these assump-
tions, the constant-velocity scale up results in a 100-fold increase
in τ. Even though this represents an over-estimate of the increase
in residence time because the scale-up process would also
increase the relative diameter of the inlet gas stream, this is
more than offset by the addition of the pre-heater and the
holding vessel in the industrial process. That is, scale-up can be
expected to increase X and/or reduce the value of Treactor relative
to the present laboratory-scale investigation.

Table 3b presents the parameters used to characterise the
product quality for the present alumina product with greatest
X (run #14), together with typical properties of SGA produced
in industrial flash calciners as reported in the
literature.24,28,29,31–34 This shows that the minimum LoI1273 of
1.20% achieved in the present investigation is somewhat
higher than the typical value of alumina produced in indus-
trial flash calciners. However, given that extent of conversion
increases with τ, it can be deduced that the LoI1273 would
decrease to <1% with scale up of the solar reactor, which
would comply with industrial requirements.28 Furthermore,
the additional incorporation of the preheating stages and
holding vessels employed in current industrial processes,
which provide sufficient residence time to achieve both a high

conversion and a high surface area, can be expected to allow
the solar reactor to be operated at lower temperature.28 It can
also be seen that the dominant alumina phase of the present
solar product is γ-Al2O3 with small amounts of α-Al2O3, which is

Fig. 13 X-ray diffractograms of solar-processed alumina samples pro-
duced with a series of reactor temperatures (experimental runs 6, 5, 13,
7 and 11), with a constant normal flow rate of transport air (V̇air,n = 12
Ln min−1). Annotations show where the diffraction peaks correspond to
reported diffraction peaks of gibbsite (g), boehmite (b), χ-Al2O3 and
γ-Al2O3 (COD PDF Card No. 1011081, 9009155 & 2015530).

Table 3 (a) Comparison of key operational parameters of the solar vortex transport reactor (SVR) at present laboratory-scale and the equivalent
values for a reactor at industrial scale, as scaled with constant inlet velocity and thermal efficiency. (b) Comparison of product quality parameters of
solar-calcined alumina for the case with the highest extent of conversion (run #14), together with typical properties of Smelter Grade Alumina (SGA)
produced with industrial flash calciners as reported in the literature24,28,29,31–34

SVR at laboratory-scale SVR scaled to industrial-scale

(a) Operational parameter comparison
Q̇s 5 kW 50 MW
AS/V 31.9 m−1 0.319 m−1

τ 1.38 s 138 s

Solar-processed alumina
(run #14) Ref. 24, 29 and 33 Ref. 28 Ref. 31 Ref. 32 Ref. 34

(b) Product quality comparison
LoI1273 1.20 wt% 0.7–0.8 wt% 0.69–0.95 wt% 0.3–1.5 wt% 0.72–1.05 wt%
α-Al2O3 content Small amounts 3–6 wt% 2–9 wt% 2–20 wt% 3.9–8.1 wt%
Gibbsite content Small amounts <0.1 wt% <0.1 wt% 0.56–2.65 wt%
Dominant alumina phase γ-Al2O3 γ-Al2O3 γ-Al2O3
SSA 132.7 m2 g−1 73–81 m2 g−1 72–80 m2 g−1 68–80 m2 g−1 68.1–76.1 m2 g−1

dpore 5.8 nm 6.6–8.8 nm 4.6–5.8 nm 5.7–11.2 nm
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consistent with that found in industrial processes. However,
traces of gibbsite were also found from the XRD in the present
samples of calcined solar alumina, which implies a poorer
quality than is required for SGA. On the other hand, the SSA of
the solar-processed alumina was found to be much higher than
typical for SGA, which is consistent with the small scale, since
SSA is expected to decrease with an increase in conversion. Of
particular note is that the mean pore size of the solar-calcined
alumina is in the upper range of industrially-produced alumina.
This represents a benefit from solar calcination of alumina over
conventional combustion-driven calcination.

4 Conclusions
The first-of-a-kind demonstration of the thermochemical calci-
nation of alumina with concentrated solar thermal radiation
has been undertaken with a solar vortex transport reactor. This
shows that it is technically possible to calcine alumina without
combustion and its concomitant CO2 emissions, at least
during those periods when the solar resource is available. The
extent of chemical conversion from aluminium hydroxide to
aluminium oxide was found to increase with the solar radiative
power input, and hence also with the reactor temperature, to a
value of up to 95.8% in this small laboratory reactor (4.3 kW of
solar radiative power and an average reactor wall temperature
of 1371 K). The reactor temperature was found to be the domi-
nant experimental variable controlling the extent of solar calci-
nation. It was also found that an increase in the nominal par-
ticle residence time has a secondary influence, also increasing
the extent of conversion. Solar energy conversion efficiencies
of up to 20.4% were measured for this small scale reactor, on
the basis that both the sensible and chemical heat are
included as the useful heat, which is consistent with the high
level of heat recovery from industrial processes. A higher
reactor temperature results in a drop in efficiency, due to
greater re-radiation and conduction losses. It is expected,
however, that the extent of calcination and energy efficiency
will increase with the scale up of a solar vortex transport
reactor, allowing for lower reactor temperatures due to the
longer particle residence time and relatively lower heat losses
associated with larger scale reactors.

Product quality assessments of the solar-calcined alumina
provide strong evidence that solar calcination can result in
improved quality alumina, relative to conventional indust-
rially-calcined alumina. The addition of steam (to a water
vapour partial pressure of 68.6 mbar) to the reactor transport
gas flow resulted in an increase in the amount of adsorbed
moisture (from 5.91% to 7.99%). This implies that the use of
solar calcination, which avoids the production of steam by
combustion, can reduce the amount of surface-adsorbed
moisture in the alumina product (which is deleterious to
alumina smelting). Consistent with this, the amount of moist-
ure adsorbed by the alumina surface also depends on the par-
ticle to air volume fraction. This is because an increase in the
partial pressure of water vapour, resulting from an increase in

particle to air volume fraction, was found to inhibit diffusion
of the water vapour into the transporting air phase.

The alumina microstructure analysis provided further evi-
dence of the improved product quality from solar calcined
alumina. The conditions producing a conversion of 95.8%
were associated with a specific surface area of 132.7 m2 g−1

and critically, a mean pore diameter of 5.8 nm. The mean pore
size of the solar-produced alumina was found to increase with
the extent of conversion and can be expected to increase
further with scale-up. The solar-produced aluminas of the
present investigation are characterised by a relatively large
specific surface area and mesoporous structure (with large
pore sizes), which is desirable for increased hydrogen fluoride
adsorption required for the downstream dry-scrubbing process
in aluminium smelting.

The X-ray diffraction analysis revealed that the alumina pro-
duced with concentrated solar thermal energy is typically
characterised by a high fraction of γ-Al2O3 phase and a low frac-
tion of α-Al2O3. This is consistent with published results from
refinery-produced aluminas. Furthermore, the transition
pathway was found to be consistent with that associated with
high heating rates.23,24,26 That is, the gibbsite is deduced to pri-
marily decompose via the amorphous χ-alumina before reach-
ing γ-alumina (pathway c of ref. 23, 24 and 26). Significantly,
the cases with highest particle volume fraction (ϕ > 10–5), which
are associated with greatest partial pressure of water vapour
from the calcination reaction, were found to exhibit some
decomposition of the gibbsite via boehmite before reaching
γ-alumina and higher order transition aluminas.

Nomenclature
AS Reactor internal surface area [m2]
C Solar concentration ratio (1 sun = 1 kW m−2)
Dc Reactor cavity internal diameter [m]
dp Mean particle diameter [µm]
dpore Mean pore diameter [nm]
ΔḢ Rate of enthalpy change of a species [W]
Δh̄° Standard enthalpy of reaction [kJ mol−1]
LoI Loss on ignition [wt%]
m Mass of a species/sample [g]
ṁ Mass flow rate of a species [g min−1]
n Number of moles of a species [mol]
Q̇s Solar radiative power input [W]
r Radial coordinate [mm]
Sk Stokes number
T Temperature [K]
Uin Transport air inlet velocity [m s−1]
V Reactor internal volume [m3]
Vpore Total specific pore volume [cm3 g−1]
V̇ Total gas volumetric flow rate
X Chemical conversion [mol%]
z Horizontal coordinate [mm]
η Solar energy conversion efficiency [%]
θ XRD incident angle [°]
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µ Dynamic viscosity [kg m−1 s−1]
ρ Density [kg m−3]
τ Nominal particle residence time [s]
ϕ Particle to air volume fraction
φ Angular coordinate [°]

Subscripts

1273 Over the temperature range 573–1273 K
ads Of adsorbed moisture, evaluated over the range

298–423 K
air Of air (making up the transport gas flow)
Al(OH)3 Of aluminium hydroxide (gibbsite) feed particles
Al2O3 Of aluminium oxide (alumina) produced
calcination Of the calcination reaction
H2O Of evolved water vapour
n At normal conditions (273 K, 1 atm)
p Of the particle
products Of the reaction products
reactant Of the reactant
reactor Of the reactor cavity
steam Of additional steam (into the transport gas flow)
TGA Reference TGA temperature
wall Of the reactor wall
X Over the range for determining X, evaluated over

the range 423–1273 K

Superscripts

TR Evaluated at reactor cavity temperature
o Evaluated at standard conditions

Abbreviations

BET Brunauer–Emmett–Teller
BJH Barrett–Joyner–Halenda
CCD Charge-coupled device
CST Concentrated solar thermal
GHG Greenhouse gas
ISO International Organization for Standardization
SEM Scanning electron microscope
SGA Smelter grade alumina
SSA Specific surface area
TGA Thermogravimetric analysis
XRD X-ray diffraction
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B
Supplementary information to the
thermal performance modelling

B.� Radiation shape factor calculations

The receiver cavity is discretised into a number of volume zones (containing gas and particle phases) and surface zones
that are small enough to be considered isothermal in the present numerical model. Figure B.� illustrates these surfaces,
which include the �ctive aperture disc, the front wall, the end disc and n annular (cylindrical and conical) wall elements.
The heat transfer model requires that the radiation shape factors between each of these surfaces is known. That is, each
element in the following matrix needs to be calculated:

F =

2

6666666664

Fw1�w1 Fw1�w2 · · · Fw1�ap Fw1�fr Fw1�end

Fw2�w1 Fw2�w2 · · · Fw2�ap Fw2�fr Fw2�end
...

...
. . .

...
...

...
Fap�w1 Fap�w2 · · · Fap�ap Fap�fr Fap�end

Ffr�w1 Ffr�w2 · · · Ffr�ap Ffr�fr Ffr�end

Fend�w1 Fend�w2 · · · Fend�ap Fend�fr Fend�end

3

7777777775

, (B.�)

For the present numerical model, the calculation of F has been programmed with Matlab, such that any cylindrical
cavity with conical section can be considered. That is, F can be calculated for any values of total length, cavity diameter,
aperture diameter, end diameter, cone angle and number of axial discretisations. The following sections outline the
calculation method of each Fi�j and the geometric shape factor relations used. The calculation of shape factors follows
the di�use gray surface model, and the reciprocal rule and summation rule are also used; AiFi�j = AjFj�i and
Fi�(j+k) = Fi�j + Fi�k .

Note that in the present numerical model, the radiation shape factors from the aperture are weighted to account for
the directivity of concentrated solar radiation. Here, however, the shape factors are calculated for a di�usely radiating
�ctive aperture surface.

���



B. Supplementary information to the thermal performance modelling

Figure B.�: Illustration of the receiver cavity surfaces, for which the radiation shape factors are calculated.

B.�.� Shape factors from the aperture

Fap�ap

• The aperture is considered as a �at disc, therefore:

Fap�ap = 0. (B.�)

Fap�fr

• The front wall is a �at annulus in the same plane as the aperture disc, therefore:

Fap�fr = 0. (B.�)

Fap�wi

• The shape factor from the aperture to a wall element wi (Figure B.�) is calculated as the radiation reaching a
disc covering the up-beam face of element i, minus the radiation reaching a disc covering the down-beam face.

• Here, up/down-beam refers to the beam direction of the incident concentrated solar radiation entering the
receiver cavity through the aperture.

• The shape factors are then calculated using the relation for a disc to a parallel coaxial disc of unequal radius
(Hamilton & Morgan ����; Leuenberger & Person ����; Feingold ����), as follows:

Fap�wi = Fap�iu-b � Fap�id-b , (B.�)

where:

Fap�iu-b =
1

2

2

4Xiu-b �

s

X2
iu-b

� 4

✓
riu-b
rap

◆2
3

5 , (B.�)

Fap�id-b =
1

2

2

4Xid-b �

s

X2
id-b

� 4

✓
rid-b
rap

◆2
3

5 , (B.�)

and:

Xiu-b = 1 +
1 + (riu-b/ziu-b)

2

(rap/ziu-b)
2

, Xid-b = 1 +
1 + (rid-b/zid-b)

2

(rap/zid-b)
2

.

���



B.�. Radiation shape factor calculations

Figure B.�: Illustration of the surfaces used to calculate Fap�wi , showing the emitting aperture and the absorbing
cylindrical and conical wall elements.

Fap�end

• Similarly, the shape factor from the aperture to the end wall (Figure B.�) is calculated using the relation for a
disc to a parallel coaxial disc of unequal radius (Hamilton & Morgan ����; Leuenberger & Person ����; Feingold
����), as follows:

Fap�end =
1

2

2

4Xend �

s

X2
end � 4

✓
rend
rap

◆2
3

5 , (B.�)

where:

Xend = 1 +
1 + (rend/zend)2

(rap/zend)2
.

Figure B.�: Illustration of the surfaces used to calculate Fap�end, showing the emitting aperture and the absorbing end
wall.

B.�.� Shape factors from the end wall

Fend�end

• The end wall is treated as a �at disc, so:

Fend�end = 0. (B.�)

Fend�ap

• To calculate Fend�ap the reciprocal rule is used:

Fend�ap =
Aap

Aend
Fap�end. (B.�)
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Fend�fr

• The relation for a disc to a parallel coaxial disc of unequal radius (Hamilton & Morgan ����; Leuenberger & Person
����; Feingold ����) is used to calculate shape factors from the end wall to the front wall (Figure B.�).

• Speci�cally, Fend�fr is calculated with the summation rule to be equal to the shape factor from the end wall to a
disc of same outer radius as the front wall, minus the amount of radiation reaching the smaller aperture disc.
That is:

Fend�fr = Fend�front disc � Fend�ap, (B.��)

where:

Fend�front disc =
1

2

2

4Xfr �

s

X2
fr � 4

✓
rfr
rend

◆2
3

5 , (B.��)

and:

Xfr = 1 +
1 + (rfr/zend)2

(rend/zend)2
,

Figure B.�: Illustration of the surfaces used to calculate Fend�fr, showing the emitting end wall and the absorbing front
wall.

Fend�wi

• Shape factors from the end wall to the receiver wall elements are calculated similarly to the previous section for
shape factors from the aperture:

Fend�wi = Fend�id-b � Fend�iu-b , (B.��)

where Fend�id-b and Fend�iu-b are the shape factors from the end wall disc to discs covering the down-beam and
up-beam faces of the receiver wall element, respectively (as shown in Figure B.�)

Figure B.�: Illustration of the surfaces used to calculate Fend�wi , showing the emitting end wall and the absorbing
cylindrical and conical wall elements.
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B.�. Radiation shape factor calculations

B.�.� Shape factors from the receiver wall elements

Fwi�ap & Fwi�end

• Radiation shape factors from the receiver wall elements to the aperture and end wall surfaces are calculated
with the reciprocal rule:

Fwi�ap =
Aap

Awi

Fap�wi , (B.��)

Fwi�end =
Aend

Awi

Fend�wi . (B.��)

Fwi�wi

• The radiation shape factors between the discretised cylindrical and conical wall elements are divided into four
types of calculation:

�. cylindrical wall section to itself (Figure B.�),

�. cylindrical wall section to other wall element (Figure B.�),

�. conical wall section to itself (Figure B.�), and

�. conical wall section to other wall element (Figure B.�).

• The �rst type of shape factor (Figure B.�) is calculated using the relation for the interior surface of a cylinder to
itself (Buschman & Pittman ����), which is:

Fwi�wi = 1 +
�z

2ri
�

s

1 +
�z2

4r2i
(B.��)

Figure B.�: Illustration of the wall element surface used to calculate Fwi�wi for cylindrical wall elements, which
absorbs some of the radiation it emits.

• The second type of shape factor (Figure B.�) is calculated using the relation for the interior surface of a cylinder to
a coaxial disc perpendicular to the axis of the cylinder (Buschman & Pittman ����).

• The shape factor from a cylindrical wall element to another wall element (cylindrical or conical) is the di�erence
between shape factors to the discs covering the down-beam and up-beam faces of the element, calculated as:

Fwi�wj = Fwi�ju-b � Fwi�jd-b , (B.��)
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where:

Fwi�ju-b =
1

4Ru-b(L2,u-b � L1,u-b)

⇥
h
(X1,u-b �X2,u-b)�

q
X2

1,u-b � 4R2
u-b +

q
X2

2,u-b � 4R2
u-b

i
,

(B.��)

Fwi�jd-b =
1

4Rd-b(L2,d-b � L1,d-b)

⇥
h
(X1,d-b �X2,d-b)�

q
X2

1,d-b � 4R2
d-b +

q
X2

2,d-b � 4R2
d-b

i
,

(B.��)

and:

Ru-b =
rwi

rju-b
L1,u-b =

zju-b � zid-b
rju-b

L2,u-b =
zju-b � ziu-b

rju-b

X1,u-b = L2
1,u-b +R2

u-b + 1 X2,u-b = L2
2,u-b +R2

u-b + 1

Rd-b =
rwi

rjd-b
L1,d-b =

zjd-b � zid-b
rjd-b

L2,d-b =
zjd-b � ziu-b

rjd-b

X1,d-b = L2
1,d-b +R2

d-b + 1 X2,d-b = L2
2,d-b +R2

d-b + 1.

Figure B.�: Illustration of the surfaces used to calculate Fwi�wj for a cylindrical emitting wall element and both
cylindrical and conical absorbing wall elements.

• The third type of shape factor (Figure B.�) is calculated using the relation for the interior of a frustum of a circular
cone to itself (Sparrow & Jonsson ����), which is:

Fwi�wi = 1 +

⇣
1� ⇠id-b

⇠iu-b

⌘
cos2 ↵�

r⇣
⇠id-b
⇠iu-b

+ 1
⌘2

� 4
⇣

⇠id-b
⇠iu-b

⌘
cos2 ↵

⇣
1 +

⇠id-b
⇠iu-b

⌘
sin↵

, (B.��)

where ↵ is the cone angle and ⇠id-b and ⇠iu-b are coordinates along the cone slant from the cone vertex to the
down-beam and up-beam faces of conical wall element wi, respectively.

Figure B.�: Illustration of the wall element surface used to calculate Fwi�wi for conical wall elements, which absorbs
some of the radiation it emits.
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B.�. Radiation shape factor calculations

• The fourth type of shape factor (Figure B.�) is calculated using the relation for a finite frustum of a circular cone to
a separated finite frustum of the same circular cone (Buschman & Pittman ����), which is:

Fwi�wj =
1

2(L3 � L2)(2� L2 � L3)
⇥

n
(L3 � L1)

p
(L3 � L1)2 csc2 ↵+ 4(1� L1)(1� L3)

�(L2 � L1)
p
(L2 � L1)2 csc2 ↵+ 4(1� L1)(1� L2)

�L3

q
L2
3 csc

2 ↵+ 4(1� L3)

+L2

q
L2
2 csc

2 ↵+ 4(1� L2)

+2L1(L3 � L2) cos↵ cot↵
o
,

(B.��)

where:

L1 =
zjd-b � zju-b
zvertex � zju-b

L2 =
ziu-b � zju-b
zvertex � zju-b

L3 =
zid-b � zju-b
zvertex � zju-b

• Note that Equation (B.��) is only valid for zi > zj . Therefore, the reciprocal rule is used for all other conical
wall elements: Fwj�wi = (Awi/Awj )Fwi�wj .

Figure B.�: Illustration of the surfaces used to calculate Fwi�wj for a conical emitting wall element and a conical
absorbing wall element.

Fwi�fr

• To calculate the shape factors from the cylindrical and conical wall elements to the front wall, the summation
rule is used again, where:

Fwi�fr = Fwi�front disc � Fwi�ap. (B.��)

• Using the reciprocal rule, Fwi�front disc is calculated from Ffront disc�wi , for which the relation for a disc to parallel
coaxial disc of unequal radius (Hamilton & Morgan ����; Leuenberger & Person ����; Feingold ����) is used.

• It is shown schematically in Figure B.�� and is calculated as follows:

Ffront disc�wi = Ffront disc�iu-b � Ffront disc�id-b , (B.��)

where:

Ffront disc�iu-b =
1

2

2

4Xiu-b �

s

X2
iu-b

� 4

✓
riu-b

rfront disc

◆2
3

5 , (B.��)
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Ffront disc�id-b =
1

2

2

4Xid-b �

s

X2
id-b

� 4

✓
rid-b

rfront disc

◆2
3

5 , (B.��)

and:

Xiu-b = 1 +
1 + (riu-b/ziu-b)

2

(rfront disc/ziu-b)
2
, Xid-b = 1 +

1 + (rid-b/zid-b)
2

(rfront disc/zid-b)
2
.

Figure B.��: Illustration of the surfaces used to calculate Ffront disc�wj showing an emitting disc and absorbing wall
element.

B.�.� Shape factors from the front wall

Ffr�fr

• The front wall is considered as a �at annulus, therefore:

Ffr�fr = 0. (B.��)

Ffr�ap

• The front wall is in the same plane as the aperture disc, therefore:

Ffr�ap = 0. (B.��)

Ffr�wi

• Following the calculations of the previous sections, the shape factors from the front wall to the discretised wall
elements are calculated with the reciprocal rule, as follows:

Ffr�wi =
Awi

Afr
Fwi�fr. (B.��)

Ffr�end

• Similarly, the reciprocal rule is used for the shape factor to the end wall:

Ffr�end =
Aend

Afr
Fend�fr. (B.��)
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B.� Additional sensitivity studies

B.�.� Sensitivity to receiver length

Figure B.��: Assessment of the operation of the SVR with varying length to diameter ratio, L/Dc, other reference
case geometries, (Dap = �.���m,Dap/Dc = �.���, ↵ = ��°) and solar thermal input, q̇s = ���� kWm�� (Q̇s = �.��� kW),
ṁair = �.��� ⇥ 10�4 kg/s, Tin = ���K and � di�erent values of mass loading. Presented are (a) the receiver thermal
e�ciency, ⌘th; (b) the particle and air outlet temperatures, Tp,out and Tair,out; and (c) the energy absorption ratio, �air�p,

as a function of length to diameter ratio, L/Dc, for three di�erent values of mass loading, ṁp/ṁair.

B.�.� Sensitivity to input temperature

Figure B.��: Assessment of the operation of the SVR with varying inlet temperature of the particle and air phase,
Tin, with reference case geometry (Dap = �.���m, Dap/Dc = �.���, L/Dc = �.�� ↵ = ��°) and solar thermal input,
q̇s = ���� kWm�� (Q̇s = �.��� kW), ṁair = �.��� ⇥ 10�4 kg/s, and three di�erent values of mass loading, ṁp/ṁair.
Presented are (a) the receiver thermal e�ciency, ⌘th; (b) the particle and air outlet temperatures, Tp,out and Tair,out; and
(c) the energy absorption ratio, �air�p, as a function of particle and air inlet temperature, Tin, for three di�erent values

of mass loading, ṁp/ṁair.
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B.�.� Sensitivity to overall conduction heat loss coe�cient

Figure B.��: Assessment of the operation of the SVR with varying overall conduction heat loss coe�cient, hw�1,
with reference case geometry (Dap = �.���m, Dap/Dc = �.���, L/Dc = �.�� ↵ = ��°) and solar thermal input, q̇s =
���� kWm�� (Q̇s = �.��� kW), ṁair = �.���⇥ 10�4 kg/s, and three di�erent values of mass loading, ṁp/ṁair. Presented
are (a) the receiver thermal e�ciency, ⌘th; (b) the particle and air outlet temperatures, Tp,out and Tair,out; and (c) the
energy absorption ratio, �air�p, as a function of overall conduction heat loss coe�cient, hw�1, for three di�erent

values of mass loading, ṁp/ṁair.
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B.�.� Sensitivity to emissivities

Figure B.��: Assessment of the operation of the SVR with varying particle emissivity, "p, with reference case geometry
(Dap = �.���m, Dap/Dc = �.���, L/Dc = �.�� ↵ = ��°) and solar thermal input, q̇s = ���� kWm�� (Q̇s = �.��� kW),
ṁair = �.��� ⇥ 10�4 kg/s, and three di�erent values of mass loading, ṁp/ṁair. Presented are (a) the receiver thermal
e�ciency, ⌘th; (b) the particle and air outlet temperatures, Tp,out and Tair,out; and (c) the energy absorption ratio, �air�p,

as a function of particle emissivity, "p, for three di�erent values of mass loading, ṁp/ṁair.

Figure B.��: Assessment of the operation of the SVR with varying particle emissivity, "p, with reference case geometry
(Dap = �.���m, Dap/Dc = �.���, L/Dc = �.�� ↵ = ��°) and solar thermal input, q̇s = ���� kWm�� (Q̇s = �.��� kW),
ṁair = �.��� ⇥ 10�4 kg/s, and two di�erent values of mass loading, ṁp/ṁair. Presented are (a) the receiver thermal
e�ciency, ⌘th; (b) the particle and air outlet temperatures, Tp,out and Tair,out; and (c) the energy absorption ratio, �air�p,

as a function of particle emissivity, "w, for two di�erent values of mass loading, ṁp/ṁair.
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C
Supplementary information to the

solar calcination of alumina

Table C.�: Summary of operational conditions and the measurements taken during the �� nominally steady-
state solar calcination of alumina experimental runs.

# Q̇s V̇air,n ṁtrans ṁsteam ṁAl(OH)� Treactor Twall � ⌧nom X ⌘th LoIads LoI573a LoI1273b SSA dpore
[W] [Ln min��] [gmin��] [gmin��] [gmin��] [K] [K] [-] [s] [mol.%] [%] [wt.%] [wt.%] [wt.%] [m� g��] [nm]

� ���� ��.�� ��.�� - �.�� ���� ���� �.��⇥ ���� �.�� ��.� ��.� �.�� �.�� �.�� ���.� �.��
� ���� ��.�� ��.�� - �.�� ���� ���� �.��⇥ ���� �.�� ��.� ��.� �.�� ��.�� �.�� ���.� �.��
� ���� ��.�� ��.�� - �.�� ���� ���� �.��⇥ ���� �.�� ��.� ��.� �.�� �.�� �.�� ���.� �.��
� ���� ��.�� ��.�� - �.�� ���� ��� �.��⇥ ���� �.�� ��.� ��.� �.�� ��.�� �.�� ���.� �.��
� ���� ��.�� ��.�� - �.�� ���� ���� �.��⇥ ���� �.�� ��.� ��.� ��.�� ��.�� �.�� ���.� �.��
� ���� ��.�� ��.�� - �.�� ���� ��� �.��⇥ ���� �.�� ��.� ��.� ��.�� ��.�� �.�� ���.� �.��
� ���� ��.�� ��.�� - �.�� ���� ���� �.��⇥ ���� �.�� ��.� �.� �.�� �.�� �.�� ���.� �.��
� ���� ��.�� ��.�� - �.�� ���� ���� �.��⇥ ���� �.�� ��.� ��.� �.�� ��.�� �.�� ���.� �.��
� ���� ��.�� ��.�� - �.�� ���� ��� �.��⇥ ���� �.�� ��.� ��.� �.�� ��.�� �.�� ���.� �.��
�� ���� ��.�� ��.�� - �.�� ���� ���� �.��⇥ ���� �.�� ��.� ��.� �.�� �.�� �.�� ���.� �.��
�� ���� ��.�� ��.�� - �.�� ���� ���� �.��⇥ ���� �.�� ��.� �.� ��.�� ��.�� �.�� ���.� �.��
�� ���� ��.�� ��.�� - �.�� ���� ���� �.��⇥ ���� �.�� ��.� ��.� �.�� �.�� �.�� ���.� �.��
�� ���� ��.�� ��.�� - �.�� ���� ���� �.��⇥ ���� �.�� ��.� �.� ��.�� ��.�� �.�� ���.� �.��
�� ���� ��.�� ��.�� - �.�� ���� ���� �.��⇥ ���� �.�� ��.� ��.� �.�� �.�� �.�� ���.� �.��
�� ���� ��.�� ��.�� - �.�� ���� ���� �.��⇥ ���� �.�� ��.� ��.� �.�� �.�� �.�� ���.� �.��
�� ���� ��.�� ��.�� - �.�� ���� ���� �.��⇥ ���� �.�� ��.� ��.� �.�� ��.�� �.�� ���.� �.��
�� ���� ��.�� ��.�� - �.�� ���� ��� �.��⇥ ���� �.�� ��.� ��.� �.�� �.�� �.�� ���.� �.��
�� ���� ��.�� ��.�� - �.�� ���� ���� �.��⇥ ���� �.�� ��.� ��.� �.�� �.��� �.�� ���.� �.��
�� ���� ��.�� ��.�� �.�� �.�� ���� ���� �.��⇥ ���� �.�� ��.� ��.� �.�� �.�� �.�� ���.� �.��

a Evaluated over the TTGA range ��� – ���K.
b Evaluated over the TTGA range ��� – ����K.
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